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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
STRESS INTENSITIES IN STRUCTURAL STEELWORK."

SYNOPSIS.
The stress intensities permitted in the design of steel 

structures 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 material, must be such that 
the structure will remain stable and serviceable under the given 
conditions of loading. 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 members; 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 structure 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 specifications. The formulation
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2 .

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 manner 
in which he uses these rules and this information, in selecting 
the form which the structure is to take,and the proportions of 
its members. The relationship between the prescribed permissible 
stresses and the actual stresses which will occur in the completed 
structure 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

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 supplied for any-given project is suitable, the supplier 
is expected to make certain tests on representative samples, and 
to give to the purchaser certified 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 stated (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 property." 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 "AO" 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 
assumed 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
istic points are noted. There is the proportional limit, or the 
point up to which the stress-straip relationship is expressed by 
a straight nine. There is also the elastic limit, establishing 
the range through v/hich 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 
as the same thing. In the Belgian standards (6), the term 
"apparent limit of elasticity" is used, and defined in such 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 design, 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 pieces of steel which may be 
considered as truly representative of those components. It is, 
therefore, necessary 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) has 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 
speed at which the test is conducted.
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5.
(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 any 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 (Pig.l) 
show a stress drop at yield of from 6.29% to 12.1%. 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 value 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
standard 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 length. 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 approximately 0,05 in. per inch 
per minute, or0.00083 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 10"^ to 9.5 x 10"? 
effects a reduction in the yield point of about 400 psi. Since 
the strain rate permitted in standard practice is 8.3 x 10""̂ , 
it must be concluded that in commercial 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, 
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 tv/o 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 comparisons 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 ratecf cooling, 
which is fastest in the web, and slower in the flange, being 
slowest 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 Algoraq Steel Corporation made flange and 
web tests 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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7.
Steel Structures Research Committee: First Report,

Section:
24 X 7& R.S.J.
(# 90#/ft.)

Fige, thickness
= 0,984 in.

Web thickness
= 0.52 in.

location of Test Specimens.

RESULTS OF TENSILE TESTS; (Stresses in pounds per sq. inch)
Specimen
Location

Type of 
Specimen

1, Yield 
Stress

Ultimate
Stress

—  —  -
Str.drop 
at Yield

^Elongatn.
%

»»E"
(psi)

1 Flat 38,100 71,000 - 19.25 28,6 X ]0
1 Turned 40,300 72,800 11.8# 38.0 28.2 1
2 Flat 31,400 67,600 - 27.4 28.0 1!
2 Turned : 31,400Î 70,000 6.29 41.0 29.2
3 Flat 33,600 67,200 28.0 27.4

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 j
7 Turned 33,200 71.000 7.3 43.2 28.8 1
a Flat 30,400 68,800 — 32.0 29.7 I
8 Turned 29,100 70,000 — 41.0 28.4 1
8 Turned

normalized 37,700 72,100 10.7 39.0 29.6
8 Turned

tempered 37,500 74,000 11.3 38.5 30.0

9 Flat 35,800 69,500 — 26.4 27.9
9 1 Turned 35,400 69,500 11.5 43.5 29.4
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TABLE 1. 9.

6"015.5

6"02O,

Av.

8"031

Av.

COMPARISON OF MECHANICAL PROPERTIES OF WEBS AND FLANGES OF
ÜTDE FLANGE BEAM SECTIONS : SPECIFICATION CSA G40.8 GRADE A.

TENSILE TEST DATA.

Yield Strength pel. Tensile Strength psi.
. Web Flange Web Flange
44500 45600 65100 65100
46100 44800 65100 67000
48400 48100 68800 66800
48000 45600 65900 65300
49600 47500 69900 68900
53600 45600 69900 66600

: 51900 49100 70500 69100
49100 47700 68400 67300
52100 48300 71700 74500
49200 46900 68400 67900

44600 44800r 65200 66800
50100 45400 67700 66200
52700 45500 76200 66900
50200 41900 76200 65100
49400 44400 71300 66200

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 65600 65100
48500 43900 68700 64700
44500 45000 65300 66500
47700 43800 69000 67600
46300 43200 66700 66800
49200 42900 69900 67300
49800 46100 70200 67700
48490 44860 69860 68O7O
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TABLE 1 (continued) 10.

PROPERTIES OP WEBS AND FLANGES.

Yield Strength psi. Tensile Strength, ps:
Web Flange Web Flange

10" © 21
53600 46400 71400 6960050600 45800 69200 67500
53100 47600 74400 69300
57400 47200 74800 6970050900 46500 70200 68600
48700 44200 67800 67000
48200 45800 69400 68000
47600 46500 68000 68600
51500 48000 73900 7370048000 46800 69700 7190051100 45700 70800 67300
50300 46900 69700 6830051400 45400 70800 66300
52200 45400 68300 66500
50300 44800 70800 68000
49000 45300 69400 68400
49800 46200 6O6OO 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
47730 42000 67400 64600
46500 42100 64200 64600
55400 46100 74500 69300
49500 44300 70500 68400
49400 45300 69500 68100
5O8OO 43400 70400 67100

Av. 49200 43600 6GG00 66100
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TABLE 1 (continued) 11,

PROPERTIES OP WEBS AND FLANGES.

Yield Strength psi. Tensile Strength ps:
Web Flange Web Flang'

12" © 2752100 46800 70000 6730055400 48900 73900 7090058700 48500 75700 7100058700 47600 74900 72100
51100 47400 69300 6900050500 46400 69300 6840051500 47100 71200 6730052100 45800 72100 7580055700 44900 72000 6210054700 44500 67700 6180050900 46700 65300 6410050300 46900 66700 6580051500 46800 69500 6730051700 45700 70000 6700053000 47100 69200 67100.52200 47300 70300 6820059500 49400 73300 6900056300 47100 72000 68200

A?» 53660 46940 70690 67910

14" © 30
*

51900 46300 74300 74400526OO 48500 74800 7530050500 ' 45600 72400 7200053400 72100
51800 72100

Av, 52000 46800 73100 73900

14" © 34
47900 50900 68600 73600
47800 45000' 68700 661005O6OO 46300 696OO 66700
49900 48500 71000 69300
53200 48200 72300 69900
49000 46300 69600 671005O8OO 48000 75000 69300

Av. 49900 47600 70700 68900

(Information supplied by Algoraa.Steel Corporation.)
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1 2 .

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 
will 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 is, 
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 mill 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-point 
which would determine the usefulness of that particular piece of 
steel. There is another type of variation which affects the 
properties of structural steel,- the variation between different 
heats, between different parts of a heat, and even’bètv/een 
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, 
some of the constituents separate around the outside in the first 
stages of solidification, and any variations in the properties 
through the cross-section 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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in certain applications of the end product, have their origin 
in the conditions under which the ingot is made. Mill practice 
is planned 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 
steel is produced, in Canadian and U.S. mills, require one tension 
test if the finished material from a heat is less than 30 tons, 
and two tests if the product 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 igiclude 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. Figures 4 to 22 inclusive are graphical presentations 
of the relative frequencies of occurrence 6f the various strength 
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. 
Even 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 
industry. Although the designer and the fabricator hear of some 
major changes, they do not necessarily know all the details, and 
may not appreciate the full significance 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 
representing 33,000 tons of struct
ural steel on nine projects, between 
1938 and 1951.

%o 3S 40 
YIC.LD Po in t

PIG. - Probability Curve of 
Mill Tests for Steel 

( ASTM A-7)
From "properties of steel and Concrete 

and the Behavior of Structures", 
by George Winter. Trans. ASCE 1961
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time for grain grov/th, with a consequent lowering of the yield 
point. It siiould be noted that the material near 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 
readily accessible, will be the sources of the coupons for the 
tension test performed at the mill. The difference in the yield 
point between specimens from the ends of the coil, and those from 
an intermediate part, might v/ell be expected to exceed those 
noted between the web and flange of a «vide-flange section. Inform
ation on this subject is not available. The ultimate effect of 
this feature may not be very serious, however, because in the 
majority of structures the lighter plates, which may be subject 
to the effects of coiling, will only appear in a secondary role, 
in gusset plates and similar details. Where plates begin to play 
a more important part in a structure, it will usually be found 
that they are the heavier sections which are not coiled at the 
mill.

The diagrams showing the yield points and tensile strengths 
for various types of steel, figures 4 to 22,illustrate the way 
in which the steel producer adjusts the factors at his disposal 
so that the finished product will have a yield point and a tensile 
strength 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 Ücrowd" the 
specified minimum, and while the producer is meeting his oblig
ations quite satisfactorily, it appears that his practice has 
been devised to permit a lower "aim" for this particular grade; 
the possibility exists that the production of this steel has been 
combined v;ith a grade of lower strength, the latter furnishing 
an outlet for any material under the required level of the former.

Phe data in figures 4 to 22 refer, basically, to eight types
of steel. Specifications G40.4 and A? may be regarded as identical. 
It is 'instructive to compare.„figures S’ and 9, both of which refer
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to this type.. Figure 6 dates from 1957, when this steel 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, ASTM A36. The figures in figure 9 are 
indicative of a level generally higher than was found in the 
earlier survey, although the specification, requirements had not 
changed. A change in mill operations is refledted; to simplify 
ingot production, practically all the heats are now being designed 
for the production of A36, and in cases where G40.4 or 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 
strength and the general average 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. When a new specification has been published, 
the tendency may be for the stee1-maker to err on the safe side 
in selecting the composition of the first heats. Either of these 
conditions lead to the production of steel which is v/ell 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 raised, that so long as the designer, and 
the writer of a design specification, observe the properties 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 
is 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 yield 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 to 
changes of circumstance.
The Elastic 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, values of E appear which range from 27.5 
to 30.2 million. In simple design, the value of E is not required 
unless it becomes necessary to calculate a deflection.Jn 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, 
but possible variations of its,value in this respect are of 
less donsequence, than other factors in compression theory.

There is a design field in which the elastic modulus may be 
found at a lower level than in ordinary practice. In the testing 
of cold-formed sections, the initial slope of the stress-strain 
curve may correspond with a value of 25 to 27 million psi. This 
reduction appears to be the result of the coD.d-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 as CSA G40.1 and ASTM A6 give 

tolerances for the main dimensions of the cross-section 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. This is the figure 
applicable to shapes; for plates, the minus tolerance is very 
small, most of the variation allowed being on ÿhe 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 its construction, and 
preparing any special instructions which may seem to be required 
for the guidance of the fabricator and erector.
Initial Decisions.

First, the general shape and function of the structure must 
be knovm; this information will include the outline, the main 
dimensions, the nature of the foundations or supports, and 
similar data.

Second, the magnitude and distribution of both live and dead 
loads must be determined, with due regard 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 Loads.

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 various types of bridges and buildings is generally the 
result of much collective experience in that field, continually 
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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in the attempt to gain greater accuracy and economy, the rules 
are in some respects made a little more complicated, and it is 
the designer’s duty to become fomilar with all phases of such 
rules. For 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, must 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 v/eights of the various 
materials being used in its construction. The weight of the steel 
itself presents a problem, since the weight must be estimated 
before the sections 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 design.

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 represent exactly the actual loading 
on thé structure. The unit weights of material are subject to 
some variation; the weight' of concrete will depend on the type 
of aggregate used and other factors; the v/eight 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 v/hich should be added. It is a 
commun 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 was reported not 
many years ago v/here 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 thàt expert advice was 
sought, which led to the hasty removal of the overload. V/hile 
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 
some degree of overloading is provided for in the "safety factor" 
in the design specification he is using.
Determination of Permissible Stresses,

The individual 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.H.Preudenthal (10);

".. basic aspects of engineering science have a particular 
bearing.on the preparation of standard specifications for struct
ural design. The designer relies on the specifications for all 
relevant information about the •fundamental assumptions and premises 
o f h is  d e s ig n . He cannot and should  n o t be expected to  a s c e r ta in ,  
select and appraise, for each structure individually, the basic 
facts and conditions, such as load or permissible stresses, by 
which, both the safety and economy of the structure will be deter
mined. This is because only in exceptional cases will he command 
the wide knowledge and experience required for such selection 
and for the appraisal of all implications, With the increasing 
complexity of engineering problems he will have to rely increasingly 
on the organized collective experience of the profession and to 
substitute the considered objective judgment of the group for his 
individual opinion."

Further from the same source:
"Among the subjects of fundamental character covered by spec

ifications for structural design are: (1) Design Load; (2) Resist
ance of structural members and shapes and their oermissible
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stresses; and (3) Performance, selection, and quality control 
of structural materials. These are interdependent and must be 
coordinated. Thus, a specified permissible stress has real mean
ing only in conjunction with the specification of the design 
load and the metliod of structural analysis."

The relationship between material properties, applied loads, 
and design procedures, has received attention from a number of 
writers in recent years. Besides the paper (10) by Professor 
Preudenthal from which the above extract had been taken, there 
are 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), Hsuan Boh du (14), and Malcolm 
S. Gregory (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 factors 
should be the subject of statistical study, and in some phases 
of the subject, this approach has been used by Professor Preudenthal 
and others. In spite of all this, there seems to be difficulty 
in finding the numerical data without v/hich the practicing engineer 
or the writerof specifications is at a loss. Yet the engineers 
v/ho 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 
specifications is v/ell expressed in the words of Professor Preud
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 tb the
inclusion of some clause, or the degree to wJiich some rule should 
be elaborated. It is necessary to foresee, as far as is possible, 
the assumptions which will be made, and the methods which v/ill 
be used, by those who refer to the specification. The v/ork 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 v/ith different degrees of experience, in architects’ 
offices and in the fabricators’ 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, unfortunately, 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 the manner in which a simple rule 
may be misinterpreted, it is of interest to turn to clause 11,1 
of the Canadian Standards Association standard 816. This clause 
says 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 aritlimetic. 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 is 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 to 
v/Iiatever moment is due to the eccentric connection of the beam.
In spite of this, and of the final sentence in said clause 11.1, 
which 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 
the loading were purely axial.
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SECONDARY STRESSES.

Definition of Secondary Stresses.
For 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 assumptions".

The above definition is taken from the Belgian standard for 
steelwork for buildings (16). An important feature of any design 
method lies in the simplifying assumptions v/hich 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.

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, the moments developed at the joints of a struct- 
uceuform 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 perfectly 
rigid, but the effects of v/liatever 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" makes it easy for the designer to select the sections 
required for the structural members by reference to capacity 
tables in the design manuals.

From 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 secondary stresses are omitted from conventional design 
calculations, designers sometimes assume that they are actually
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so small as to be negligible. The fact is, that such stresses are 
frequently of appreciable magnitude, and may be neglected from 
the calculations in the co.Lventional method of design.only because 
some allowance has been made for them in the design rules.

In connection wit]' conventional design, a striking inconsist
ency is to be found. Seams,, trusses and columns are designed as 
if all the connections were frictionless hinges. At the same 
time, if the conieotiens provided by the fabricator approached 
that condition, the result would be greeted with some dismay, by 
architect and builder alike. The building frame which is designed 
as "non-rigid'^ is expected to possess sufficient rigidity to remain 
stable when erected. On the completion of the building, there 
are usually walls and other elements which provide stability, 
but the occasion can and does arise when a steel frame may be 
left standing alone for some weeks, before walls and roof are added, 
As has been pointed out by a number of writers, the usual type 
of connection used in "non-rigid" frames actually does possess 
an appreciable degree of rigidity.
Increasing Importance of Secondary Stresses.

It has been pointed out, above, that changes in specifications 
and in building codes make it inadvisable to accept past experience 
as a guide wit 11 out some critical scrutiny of the effects of the 
changes. This necessity 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 
might 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. Permissible stresses have 
been progressively increased; they are now based on 16 kg/mm^
(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 itself 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 adaptive 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 what 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 who, in the absence of a proper evaluation, tends 
to estimate them at excessive values.)"
Specification Rules on Secondary Stresses.

Since the definition of secondary stresses given above has 
been taken from the Belgian standards (16), it is fitting that 
the provisions of those standards be repeated here:
"Charpentes Métalliques; NBB 1"

"The calculation of secondary stresses is not required as a 
general rule. The adopted limits of safety ÿake into account the 
additional stresses of this kind which may occur in a structure, 
in a job which has been correctly designed, and fabricated under 
normal conditions."

"It is a function of the designer to determine whether, in 
special cases, the secondary stresses.may attain unusual 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 816, "Steel Structures for Buildings":

"18.1 Eccentric Connections. Members of a frame meeting at a 
joint shall, if practicable, be arranged 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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"18,2 Symmetry.
Members in general shall be of symmetrical sections. All 
connections and splices shall bo, as nearly as practicable, 
symmetrical about the axes of the members connected thereby." 

"18.3 Placement of Fasteners.
Rivets, bolts and welds at the ends of any member, which 
transmit stresses into that member, should have their centres 
of gravity on the gravity axis of the member; otherwise, 
provision shall be made for the effect of the resulting 
eccentricity. Pins may be placed to counteract the effect 
of bending due to dead load."

"18.4 Unrestrained Members.
Except as otherwise provided, all connections of beams, girders 
or trusses shall be designed as flexible, and may ordinarily 
be proportioned for the reaction shears only. If, however,the 
eccentricity of the connection is excessive, provision shall 
be made for the resulting moment."
"18.5 Restrained Members, 
fhen beams', girders or trusses are subject both to reaction

or to continuous or cantilever construction, their connections 
shall conform to the requirements of Section 9 (combined 
stresses) or Section 33 (plastic design), whichever is 
applicable."
In the "Specification for,the Design, Fabrication and Erection 

of Structural Steel for Buildings" published by the American 
Institute of Steel Construction, the corresponding portion reads: 

"Section 1.15' Connections.
"1.15.2 Eccentric Connections.
Axially otroGGod mombera mcctiny at a point cb-.all bavc tboir
gravity axes intersect at a point where practicable; if not, 
provision shall be made for bending stresses due to the 
eccentricity."

"1.15.3 Placement of Rivets, Bolts and Welds.
Except as hereinafter provided, the rivets, bolts or welds 
at the ends of any member transmitting axial stress into 
that member shall have their centers of gravity on the gravity 
axis of that member unless provision is made for the effect
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of the resulting eccentricity.Except in members subject to 
repeated variations in stress, as defined in Section 1.7, 
disposition of fillet welds to balance the forces about the 
neutral axis or axes for end connections of single angle, 
double angle, and similar type members is not required. 
Eccentricity between the gravity exes of such members and the 
gage lines for their riveted or bolted end connections may 
be neglected,"

"I.I5.4 Unrestrained Members.
Except as otherwise indicated by the designer, connections 
Of beams, girders or trusses shall bo designed as flexible, 
and may ordinarily be proportioned for the reaction shears 
only."

"Flexible beams connections shall permit the ends of the beam 
to rotate sufficiently to accommodate its deflection by 
providing for a horizontal displacement of the top flange 
determined as follows:
e= O.OOyd when the beam is designed for full uniform load and 

for live load deflection not exceeding 1/360 of span,
e = - Qg'A— when the beam is designed for full uniform load 

* producing the unit stress fg at mid-span.
where
e = the horizontal displacement of the end of the top flange, 

in the direction of the span, in inches,
fb= the flexural unit stress in the beam at mid-span, in 

pounds per sq. inch.
d = the depth of the beam, in inches,
E = the span of the beam, in feet. "
"1 ,15.5 Restrained Members.
Fasteners or welds for end connections of beams, girders or
trusses not conforming to the requirements of Sect. l.lp.4
shall be designed for the combined effect of end reaction
shear and tensile or compressive stresses resulting from
the moment induced by the rigidity of the connection when
the member is fully loaded."
British Standard 449: 1959, "The Use of Structural Steel in 

Building^ gives the following rules in Clause 43a:
"(i) Members of braced frames and trusses shall, where pract
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),"

"(ii) 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)." 

"Clause 48c: Members meeting at a joint.
For triangulated frames, designed on the assumption of pin 
jointed, connections, members meeting at a joint should, where- 
ever practicable, have their centroidal axes meeting at a 
point; and wherever practicable the centre of resistance of 
a connection shall lie on the line of action of t e  load so 
as to avoid an eccentricity moment on the connections."

"However, where eccentricity of members or of connections is 
present, the members and the connections shall provide resist
ance to the induced bending moments.’ÎÎ

"Where 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 30c: 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 angle at each end, 
or by their equivalent in welding, t e eccentricity of the 
cnnection with respect to the centroid of the strut may be 
ignored and the strut designed as an axially —loaded member 
provided that the calculated average 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 struts with single-bolted or riveted connections
shall he treated similarly, but the calculated stress shall 
not exceed 80 per cent of the values given in Table 17, and 
the full length E centre-to-centre of intersections shall 
be taken. In no case, however, shall the ratio of slenderness 
for such single angle struts exceed 180%'

"(ii) For double angle discontinuous struts, back-to-back 
connected to both sides of a gusset or section by not less 
than two bolts or rivets in line along the angles at each end, 
or by the equivalent in welding, the load may be regarded 
as apblied axially. The effective length E shall be taken 
as between 0.7 and 0.85 times the distance between intersections, 
depending on the degree of restraint, and the calculated 
average stress shall not exceed the values obtained from 
Table 17 for the ratio of slenderness based on the minimum 
radius of gyration about a rectangular axis of the strut. The 
angles shall be connected together in their length so as to 
satisfy the requirements of Clause 37."

"(iii) Double angle discontinuous struts back to back, connected 
to one side of a gusset or section by one or more bolts or 
rivets in each angle, or by the equivalent in welding, shall 
be designed as for single angles in accordance with c(i) and 
the angles shall be connected together in their length so as 
to satisfy the requirements of Clause 37."

"(iv) The provisions in this clause are not intended to apply 
to continuous angle struts such as those forming the rafters 
of trusses, the flanges of trussed girders, or the legs of 
towers, which shall be designed in accordance with Clause 26 
and Table 17."

(Note.- Clause 20 deals with the effective length of compression 
flanges for beams and girders.) 

hith regard to the connections of beams to columns or stanchions,
23 449 gives the following rules:

"Clause 34a:
For the purpose of determining the eccentricity of boom re- 
actims or similar loads on a stanchion or column, the load
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.shall be assumed to be applied as given in Table 18 but at 
a distance not less than 2 in. from the centroid of the 
strut section, except in case (v) and where packing is used.'

TABEE 18. ASSUMED ECCENTRICITY 0? EOADS ON
STANChlONS AND SOEID COEUENS.

Type of Connection. 1 Assumed point of Application.
(i) stiffened Bracket 1 Mid-point of stiffened seating.
(ii) Unstiffened Bracket. i Outer face of vertical leg of 

! bracket.
(iii) Cleats to web of beam. i
(iv) Cleats on tube.
(v) Cap:

a) Beams.

^Roof truss bearings,

Face of strut. 
Outside of tube.

Face of column shaft or stanchion 
section towards span of beam.
No eccentricity for simple bearings 
without connections capable of 
developing an appreciable moment.

"b. In effectively jointed and continuous stanchions the 
bending moments due to eccentricities of loading at any one 
floor or horizontal frame level may be taken as being:

(i) Ineffective at the floor or frame levels above and 
below that floor.

(ii) Divided equally between the stanchion lengths above 
and below that floor or frame level, provied that the moment 
of inertia of either stanchion section, divided by its actual 
length, does not exceed 1.5 times the corresponding value for 
the other length. In cases exceeding this ratio the bending 
moment shall be divided in proportion to the moments of inertia 
of the stanchion sections, divided by their respective lengths." 
The corresponding French regulations, "Regies pour Ic Calcul

ettl'Execution des Constructions Métalliques" contribute this:
"Art.3,402 Secondary Stresses.
"Riveted, bolted or welded assemblies shall be devised in such 
a manner that secondary stresses shall be kept to a minimum.
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"In particular;
1) In trussed members, the centroids* of the chords and of web 

members shall intersect 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 French spec
ification is not very elaborate, the remark on the subject in 
the commentary, "Commentaires des Regies pour le Calcul etc. " ( 
is of particular interest in the light of our present investigation: 
"Secondary Stresses:

Once more it becomes necessary to call attention to secondary 
stresses, certain unfortunate occurrences to metal frames having 
been largely due to a lack of observation of the rules set forth 
in 3,402 1 and 2. "

Although it.is not proposed to make a detailed study of the 
secondary stresses in bridges here, this is 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 is 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 as small as 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 is 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 excess
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shall he treated as a primary stress. The above stress of 4000 psi 
for tension members when added to the maximum allowable stresses 
for all of the forces named in Art.29 results in a maximum com
bined stress of 18,000 + 4,500 + 4,000 = 26,500 psi, which is 
considered to be the maximum permissible."

"This article also provides that secondary stresses due to truss 
distortion usually need not be consicorco in any member the width 
of which, measured parallel to the plane of distortion, is less 
than 1/10 of its length. Excepted from this general provision 
should be the effects of secondary truss members, such as floor- 
beam hangers and subverticals; these may produce excessive secondary 
stresses in the chord unless adjustment is made in the length of 
the verticals."

Secondary stresses in bridge trusses form the subject of a 
chapter in the text, "Modern Framed Structures", by Johnson,Bryan 
and Turneaure. In this field of design ,they identify such stresses 
as arising from four, causes;
(1) Bending stresses in the plane of the main truss due to rigidity 

of joints.
(2) Bending stresses in members of a transverse frame duo to the 

deflection of floor beams.
(3) stresses in a horizontal plane due to longitudinal deformation

of chords, especially the stresses in floor booms and connections.
(4) Variation of axial stress in different elements of a member.

Of the foregoing, the bending stresses of type (1) are said to
be, "sometimes of large amount and required careful consideration.
It is generally possible and sufficient so to design a structure 
as to keep these stresses within reasonable"limits and then to 

neglect them in the calculations, but in many special cases, and 
in large and important structures, they should be calculated."

The same text goes on to say:
"The secondary stresses are in general proportional to the 

primary stresses, and therefore, are conveniently expressed in 
percentages of primary stresses."

"Other things being equal or similar, the percentages of second
ary stress are proportional to the distances from gravity axis to 
outer fibre in the plane of bending, and. inversely proportional to 
the lengths of the members. Then the members are symmetrical the 
secondary stresses are proportional to the ratios of widths to lengths

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



5 2 .

"TJîe more uniform the proportions of a truss, the less, in 
general, will be the secondary 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 ihis text. For a riveted Pratt truss, 
with a l60-ft. span, trusses 31 feet deep and panels 26*8" long, 
the secondary 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’ li" hong, the stresses run 10% in end post; 20 and
30% in top chord; 30 and 40% in bottom chord; 10 and 20% in diaaonalg
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 developed in the text are the adverse effec.t; of 
subdividing the panels of the chords, and the possibility of 
serious 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 Bridges", 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 cf off-joint loading generally (i.e. loads rolling direct on 
chords, self weight of member and wind loads mn member),"

"(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:
"b. 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 stresses which are the result of the elastic 
defrmation of the structure and the rigidity of the joints 
(a(ii) above) need not be calculated for a truss in which the 
ratios of the widths of the members ( in the piano of distortion) 
to their lengths between centres of intersections are not greater 
than 1/12 for chord members and 1/24 for web members, provided 
that the allowable working axial tensile stresses are reduced by 
10% in all web members in which axial stresses due to live load 
and its dynamic effects are greater than those due to dead load."

"e. Where, for any combination of loading, all secondary 
stresses due to eccentricity of connections and off-joint loading 
generally, and to the elastic deformation of the structure combined 
with the rigidity of the joints, are computed and combined with 
the co-existent axial stresses in accordance with Clause 23, the 
appropriate allowable working stresses shall be increased by 20%."

"f. Structures may be prestressed to counteract the effects 
of secondary stresses, in which case it is permissible to ignore 
these stresses in the members relieved."

It is a general practice in the fabrication of bridge trusses, 
to adjust the lengths of the truss,members by amounts equal to 
all, or some specified proportion, of the elastic deformation which 
those members are expected to dovelope. This adjustment is made 
in order to produce camber in the span. If at the same time, the 
gusset plates at the joints are laid out so that the angles pro
vided between the truss members correspond with the original, 
uncambered lengths of members, then in theory at least, the members 
will come into the correct alignment after they have been stressed 
by dead load, or dead plus half live load, or full dead plus live 
load, as the case may be. In that case, the members arc assumed 
to be assembled at the site with some initial bonding in them, due 
to their being forced into alignment with the holes in the gussets, 
this initial bending being cancelled in whole or in port when the 
truss receives its elastic deformation under load. This practice, 
if applied correctly, would eliminate toe bending stresses duo to 
elastic deformation and to rigidity of joints. There is, of course, 
some question as to how accurately the members will assume the 
correct angles with relation to each other, during erection. As
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mentioned above, the members have to be forced into the required 
alignment, and even with connections reamed and matched in the 
proper manner, there could be some slight relaxtion at the joint.
If, on the other hand, the geometry controlling the gusset details 
is that of the "cambered" truss, then the members will fit together 
at the site without any effort, but will be subject to the full 
effect of elastic deformation and joint ri^ility when the loads 
are imposed.

The foregoing review of practice in bridge design is instructive 
in several respects, but chiefly, in this context, for information 
regarding the approximate magnitude of the allowance made for 
secondary stresses, in the selection of the permissible stresses 
in the specifications. In the AREA commcnjary, for exemple, we 
learn that while the basic stress is set at 13,000, this stress 
is selected so that allowance may be made for an additional 4,500psi 
for a certain combination of forces due to impact, centrifugal, 
lateral and longitudinal effects, and to this may be added yet 
another 4,000 psi for secondary stresses. Those figures would 
apply to structural steel of the A8TM A7 grade, with a specified 
minimum yield strength of 33,000 psi.

The approach of the British standard 153 ia different, but 
produces much the same effect. In trusses with comparatively 
slender members, there is a proviso calling for a 10% reduction 
in the permissible stress for the more vulnerable web members; 
this 10% would be applied to a basic design stress of 20,000 psi, 
as against 18,000 for the same type of steel in the AREA manual.
On the other hand, if the designer calculates and makes provision 
for the secondary stresses, the appropriate permissible stresses 
may be increased by 20%, This 20% would be 4,000 psi for this 
type of steel, which is the same figure as allowed by the AREA 
as the margin included for secondary stresses.

A comparison of the specifications for bridges with those for 
building frames, previously outlined, will disclose that the 
latter are less precise in the wording of their requirements 
where secondary stresses are concerned. They recognize their 
existence, request the designer to do what he can to minimize 
them, and more or less leave it at that. One reason for leaving
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the problem and its treatment in such general terras, is the 
far greater variety of conditions which can arise in building 
frames, as compared to bridges. It must be recognized that 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 
designers 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.
Causes of Secondary Stresses.

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 aMpurpose 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 basis for his 
work, supporting exactly those dead and live loads which he has 
estimated or adopted, and having connections which may be hinged, 
or rigid or semi-rigid, according to the design 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 its properties, and also in the behaviour 
of the connections. Any of these differences between the model 
and the actual structure may cause secondary stresses. They may 
be classified as follows:
(a) Effect of Elastic Deformation: This is most readily seen in

a truss designed on the common assumption that all connections 
are hinged. V/hen loads are applied, the members of the truss
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suffer elastic deformation, becoming slightly longer or 
shorter, and thereby changing the geometrical 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 Connections: In members of a truss or 
triangulated frame, meeting at a joint, ten resultant of 
the forces in any group of those members should, by the rules 
of static stability, be exactly equal and opposite to the 
resultant of the forces in the remaining 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 alignment. The resulting eccentricity produces 
a moment at the joint.
Eccentricity may develops in another way: a beam connected 
to the flange of a column may be assumed to impart to the 
column a moment equal to its end reaction multiplied by the 
half-width of the c&umn. This assumption is only exactly 
correct if the beam connection acts as a hinge. If, on the 
other hand; the connection resists to any degree the rotation 
of the end of the beam as it seeks to deflect, then this 
resistance will produce an additional moment, equivalent to 
the application of the reaction from the beam at some point 
further from the centre-line of the column.

(c) Effect of Inaccuracies in Fabrication: 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 bottom chords of a truss are not accurately squared, these 
comicétions will not be correctly aligned with the surfaces 
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 a 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 appreciably by 
the small deviations from the correct angle, but the elastic 
range in a standard connection is small. When the connection 
begins 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,

(d) Differential Settlement of Foundations: The behaviour of the 
foundations of a structure are primarily the responsibility 
of the designer of the substructure, 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 settlement 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.

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

by the British Government, began a study of current practice in 
the design and fabrication of steel structures, both bridges and 
buildings, with the intention of finding ways of applying modern 
theory where it would lead to more efficient and economical 
design. The work was mostly in connection with steel frames for 
buildings, and v;as the subject of three reports; a "First Report" 
in 1931, a "Second Report" in 1934 and a "Pinal 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 v/aseexamined.
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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.)
Figures 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 detail 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 a column under the 
applied loading was just less than 3 ksi.

Figure 26 shows a typical analysis by the Committee of stresses 
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 building 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 such as those examined, when 
completed, have the main beams and the columns encased in concrete, 
the effect of which is 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 Supplement Uo.l to

UNIVERSITY OF W I K G R  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 beam 
is determined according to the type of connection used, while 
on the other hand the calculation of the moments applied to the 
column is based on the fixed-end moments of the attached beams.
This requirement is 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 
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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(r ŜF. FlCy.

loc

% b%

400

CMAh ûE Qp A^^LÊ- rad. X'O

i?OKi nj ec.-Ti ON AM a-ufc 6 6'* 4-x. 2. 
HIC-H-STR£k c TH PolT6'.

(iîÈj;, pi&. C24 . p. 3°l)

FIGURE 30,

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



G 8 .
SECOND R£?oRT OF THe STKVCTvRGô RESCA%ct4 CoMMiTTSe .

f  loo

eW AN&E £>F A M & L e  -  RAP, y lo

NOMMT - ROTATION CuKvCa

&EANA -  Y l x S  RS7 (B 30 
CoL. - 12 x'&" R5J 65"'

CONNECTIONS- 4-%'4'ü'Z IP X3 LCkik 

PIVCT3

(f w . fic, ?o y,.7S)

100

4- c. <i to
C r iA N «  OP ANfitije —  R A p  X. l o

b e a m  - 12"X5' R,SJ. 0 30
Cov. ' 12"V2" R.S.3. @ Cs"

V "
CoMKje.oTioNs -  4 x 4 - / ' ^  S' 

Rivers

(pÉf. m^.si p,7s)

m 4oO
ÛXin
? 300

(k2U.1
s :
o£

2do

\oo

/x 1

V 1 lO -3

B&am — l2\5 K.̂ r !g> 3o* 
COL. — 12 x& f?s J 6

EONNECTiONS- 4'"x4*x 1  ̂ 5"
Rivers

( R E P . fia-,31 7G)
Ch a n c e  a h a l e  -  R AP. «■ lo

pTl CURE. 31
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



SecoM P R tP O R T  Gf? T h e  s t e e l  s t r u c t u r e s  ■R’E'seaRjCH C O T iK IT T L E

t3

400

BEAM- S'R.SI& 3 0

C O L , -  | 2 \ % "  R 6J(Ï_  6 5

.300

Co n n Cc-Tioms  -  4 ' ‘ 4 -k I /-■» X 5  

%  " f?\OCTS

4- b % |0_
CHANfirÊ Of A H Û U 6- 10"^

\2Vs"rsJ<b 3o' 
COL. -  '2"x ^'rSJQj (3 5"X 4oo

CONKttCTIOiOiS -  i.5 K 5

RvVE-rSi

4- « 10
CHAN G.E OF A MALE -  12Ap. x  |0 *^

F I G U R S  3 2 .

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



70.
s e c o n d  *R.£Pof^T o f  THE S TEEL STRUCTURES RESEARCH COMMITTEE.
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MO Lĝ  sh" %

NOTE y Y. F. of AWtW:MA-P(X,AL » 40.3

F I 6 V R E  4-7,

-çïMMerRicixu
A\>ovT

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



85.
Calculation of the Properties of Connections.

J.E.IiOtlieus (22) has proposed a method of calculating the 
effect of angular deflection on a standard beam connection, and 
obtaining the relationship between the deflection and the resist
ing moment developed therein. A slightly modified form of this 
method has been adopted where required for the analysis of typical 
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 adoption of some drastic approximations, 
in the face of the highly complicated problem of calculating the 
deformation of the flange or the web of a column section. Unfort
unately Professor Pothers did not take this source of deformation 
into account, and the experiments of Professor Pathbun were 
conducted on pairs of connections attached on opposite sides of 
a solid plate. In figures 51 and 52 a connection identical with 
one tested by Professor Rathbun is subjected to analysis, the 
results of which are compared with the experimental curve.

In figure 53 a type of connection is analysed wn.ich differs 
materially from the "standard" beam connection. It consists of 
a plate or bar welded to the column, with the web of the connected 
beam bolted to the plate. It is evident that in this connection 
the plate is to all intents a part of the column, and that any 
rotation which takes place at the end of the beam will occur 
through slipping of the bolts. Research which has been carried out 
on joints with high-strength bolts in recent years furnish inform
ation on the resistance of such joints to slipping, and from 
such experimental data (19), the approximate moment which could 
be developed by such a connection has been calculated.
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111 tliin type of coiiiiccwioii, before 
the bolts are tî Îiterca. tliors ic 
sufficient play o bolts in the holes 
to periiiit some rotation of the onl 
of the beam.
3/4" bolt in 13/16'' hole -' h -allov/s relative movin ont -/f '
of the connectecl parts ; i

= 1/16"

In the t^rpical connection shov/n.; the 
correoponding (mn::iin:'.i) rotation v/onld 
be:

0 _ —

-'.■Ic-O
i-' !

: :
- ■ V .  Î 

;

■ 3 ..

hh, :: int.

' TCy
34- \ ‘ V 1"' i •

After the bolts have boon tinhtoned.. I'ot:

M i ,

.on of tno boem
relative to'the colui.ui can occur only aft.-r marinari loahrn^ 
on a bolt has encecdod the "olip roaiatanoc''' of the bolt. 
Experimental data for hin;h otronstli bolts (IS) give the 
following values: '
7/8 dia. 11,8. bolts, in connections with unnainted conto.ct 
surfaces free from loose scale:

Average slip coefficient = 0^458 
Specified clomping force for 3/4 dia. belt - 28.4 %
Slip resistance per 3/4" bolt in singlo-shear connection 

= 28 * 4 X 0.458 " 13 « 0 A
According to this, the connection shown \/ould be able to do-, elope 
without slip, a moment oqual to:

Eotc: High strength bolts in friction-tyi;e connectiono are 
s,ssumod to have a slip resistance equal to the shear 

value of a rivet of the sojae diameter, ar;:
v/hich can be almost doubled in practice.

e.g. Double shear value of 7/8" reive
10" value ),

18.04 ASlip value of 7/8" U.S. bolt in d.s. - 41. 3 A I n  te.
(av)

F I &  V  y
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Resistance to dotation of Column Bases.
In any steel 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 to 
rotation. In the type of structure which is to be analysed, 
designed by the conventional method, colur-n base 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 rarely four anchor bolts, comprises 
the usual base. The resistance of which it is capable is usually 
very small, and could well be neglected were it not for the fact 
that in some of the structures being studied the beam connections 
themselves have little resistance to rotation.

Methods used in calculating the properties of simple column 
bases are shovm in figures 54, 55 and 5S. The problem is highly 
in d e te rm in a te , but an approxim ate  method has been adopted for 
each case, with certain aasumptions being made regarding the 
distribution of bending stress in a transverse direction, and the 
elongation of anchor bolts embedded in concrete. ITo claim is made 
that the results are accurate, but in each case it seems reason
able to suppose 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 stresses 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 
rather than to the designer of the steel frame. 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 designer 
of the steelwork. If his design is to take official cognizance of 
some unavoidable weakness in the system of supports, then it 
will have to take into account the moments which will be likely 
to develops throughout the structure, and "secondary" stresses 
will cease to be such.
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RIGIDITY OF SIMFT,E CODUT.Œ' BASES.
93 .

The type of colurm base moot ccïmaonly 
used on the structures being ajialyeed 
is BS shovm. The base plate is attached 
by v/elding to the flanges.
Rotation of the columin at the base 
will be due to -

a) Bending of
b) Elongation o:

plate 
the anchoi- bolt:

.r:::

On LL- V. M

r ; . - .

'w in: A

Both of these factor,.; are inc'eterminato, 
but approximate information may be obto.inod 
by making some simi^lifylng assumptions.
It will be found in ttio ansilysis of 
typical structures that the moment at 
the column bases is not critical.

!■ *

L j

f -  An\.: ;-;c

It will be assumed that under :momcnts of the m.agnitudo generally 
found, the concrete substructure re,slots rotation.

Bet M = Moment at base ( %-ins. )
Uplift at r.h. weld - A Kins.

/, B.M. in plate = ^ (2.35) = 0.39M K-ins.
! I(I = 0.281 I I

For 8 % 3/4 piece,  ̂g = 0.75

f^ in plate =

a.

P L / :

= 0.52M ksi

Deflection == .1671: (2.35)'

Rotation of Coluirin

P " 30l'OD(TrT28l
-4= 8b :c 10 M inches.

8 b  X 1 0 '%
b

= 14.3 X 1 0 %  radians 
Tension in each anchor bolt= r(M/3) 
Assume 9" of bolt can extend; then 
extension Si, =

83 X 10'% ins. 

F i G U R g  5"4u

1 / 't < \ ■■

0
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94.
Rotation of column ûuo to elongation of anchor bolto

03 n 10 M
J = 27,3 % lOTh Radians.

-cRotation of column duo to both cauoos = 14*3 n 10 h ^ 27.0% 1 0 Im
42.1 in : - Radians

Stresses developed: f̂  in plate = 0.32H K/sq.in«
f^ in bolts = *lu7n/o42 = 0o40n R/sq,in,

(on nett area)
If fu = 40 ksi, value of K at nhich plastic bonding in plate
begins = 40/0*52 = 77 h-inc. ^
Rotation/Moment ratio = /  = _ 42.1 % :f ^ ! h-zns

Column Base with 4 Anchor Bolts,

If B.H. in plate at A, and upward 
displacement at 3 = &, then ^

/.Mp = = 24,000 8 .
Slope of plate at B = 1.50 8
Deflection of plate between B and 0 
due to tension in 2 anchor bolts,

(2.T25f P 3.2 P 
3^^ "  -

/.Resultant movement at C,
= 1.50b(2.125) + 9.752 - -
= 12«94y — 42,0Mf _ 3^2P

31 3-■i.

■=:f

vV

18?
Tirr:2T73

1" 1 7: 
lk-"Fuû'l -,

i '

■>:)

(3-

!1-

i>-

0

, 'h

But this movement at G = elongation
n ^,^in anchor bolts,

■3

Equating, 7.34 PI = 42.0%^- 3.2P 
where I « = 2*60,
^ 22.28 P = 42.0 or P = 1.885 m,.
But total moment M = + 11,875? = 23.39M^
whore M.= 24,000 6, /, M = 56.16 x 10^6

H -12:

-aA g/E = 1/56.16 X 10'= 1,70 X 10 ' 
(limit for M, f^ = 40 at B, H = 970 K-in.) i'p

FIGr. 55'
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Rigidity of Column Base about Y-Y Axis,

Assumption made in this case is that 
a strip of the base plate exerts beam- 
action between the lines of attachment 
to the column flanges, The bending of 
this strip, plus the elongation of the 
tensile anchor bolt, controls the 
rotation of the column.
Take strip of plate from column axis 
to right-hand edge (4*5")

I = ^ 0.159

2  2^ 12̂ 2 "

LD

M

4.5 (.75)'
g = 0.422

Elastic deformation of plate 
at bolt

P(8)^ 512P
"48“eT” - 48 X 30,000X .159

= 0.00224P
Elongation of anchor bolt

= 3O . O O o V . -4-4 =0-°0121P

S',! I

-0-
i  '<■ 4- PiATe-

Total movement at bolt = (.00224 + .00121)? = 0.00345? 
Rotation = -= 0.00060? Radians.
Moment = 5*75? K-ins. '
y  = -J- = = 0.000104 = 104 X lO"^ Radians/ K-ins.

F I G ,  5 G .
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Analysis of Moments in Conventional Designs,

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

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 forces
such as wind loads. Lateral forces are supposed to 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 life of the structure, lateral forces are 
not included in the calculations, which 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
ical basis. For such a purpose, it would be necessary to obtain 
precise measurements of every piece of steel 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, if 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 Situation has been 
described by Professor Sreudenthal in a paper already cited (10); 
"Much engineering knowledge is still descriptive, although its 
presentation is mathematical. ... The development toward an exact 
science by using mathematical abstractions and mathematical 
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 expression of physical 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 design, even as regulated by the 

appropriate specifications, is not always consistent in the 
assumption that the ends of beams are hinged. Provision is made 
in CSA 816 (clause 12.4.2) and in the AISC specification ( Section 
1.5.1.4) for the design(^Ifully-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 
the frame from "Structure 790". In this bent, the column base is 
so embedded that it may be regarded as rigid, for reasons connected 
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 later.

The analysis of typical structures which will be found in the 
following pages has been carried out on the basis of a treatment 
described in "The Analysis of Engineering Structures", by Pippard 
and Baker (1957). Generally,the intent has been to find the moments 
generated by the semi-rigid joints, or by the truss connections.
The moment on colunns due to the application of the beam reactions 
at some distance from the axes of the coluitns, is shown as a 
separate item where it has been introduced. This course has been 
adopted because the latter type of moment is here regarded as 
a primary rather than a secondary one, despite the fact that some 
designers fail to include it in their calculations.

Structures "42" and "90" represent a 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 
important column moment being the one at the exterior columns.
A preliminary analysis was made, assuming the interior 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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_ 1̂ 44 * 2<,o_

(07%x/cr'^MÊC.

SE. M. 12 36?.% If'"*

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



SLOt'JL-DCfLGCTiUW

Mcl -  5L,zc(_24,^^.r 4)̂ 2) 4 %^'^ (I)

9S.

gA , -̂ (7. '
Mf.& ^ fu 2ÜO ( -̂ 2 %  ")

n  Me;. (zg^+ 9g:)
M SV2':)('fc^+:2c(i^A-5G^',% @  Mg.^=,|o^2Go(^e^T2%') 0DC.

M

r" 9 CP
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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" is unsymmetrical, so that the interior coltmn 
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. V/hen the reaction moment is added, a stress of 
almost 15 ksi is attained. Even more severe stresses could be 
produced in this column if the span EC were loaded and the span 
OB 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 momenta 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 plates 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 13*72 ksi on the addition of the reaction 
moment.
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Roof trusses are a coinmon 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 v/hich 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 purlins, but is distributed along 
the top chord. The nature of the supports is such that no end 
moments of any consequence could be developed. The truss was 
assembled by welding, with gravity 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 to the 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 
section rarely coincides with the position of the gravity axis, 
and may be almost an inch away from it, this practice produces 
eccentricity inmost of the joints.
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Fo r c é s  iw Hè-i^ E R S  ARE t a *<ê k i p%oM t r u s s  D ÊS ltsJ.

MEMBER SECTION MEMeeR secTioK MEMbCR î>ecTioH

LVU, 6.T. L|Lj_ ST. 6  @ \3.S 0 «Li 2 T 3 y 2 x k

Ü|Oî w LjLs UiLo. 2 ir
UiUj w L4 II 0  ̂L) 2 T  2 x2 * Vo
Üï w U L s g.T. ^"(g (8 Ujl-4 2 nr Vc
Ü4.ÜÇ S.T. S’es 20 Ls Lk u til-i-Ç %»

l« L& Lt w U f  L(, II
üt w y Li Lg V Ue . L t I*

H U4 U Zir 2k x 2^x Vo, Üt U w
U\L\ '2T LyLs 2 ir 2 x2 -Vc
UiL% *2 nr U* U 2 nr 2i« 24)4 Vc*
U3L3 11 O7 L7 

Üg Lg
2 nr 2*2*3^
2 “ir 2 k * ? ' 7 x \  *

lSf MÉMftER 5\zes IHCKÊMIfeP To PROVIDE CCAJ/viÉCTioNS foR BRAC^niO-.

SECOND A R T 5TRg5SÉZS DVE TO ECCBfJTKIClTICS AT TMC TOINTS WILL fvOT 

OtCAJR IM THIS TRUSS. ELASTIC DCfoRMATlOlV OF M'CMBERS W/LL CAUSS- SoM£

&eNDiN6r STRÊssea. ’ôéhdiioct im t h t  t o p  c h o r p  p v e  ro  D iSTRt^urao loap w as  

Tr^eATEo AS A PRtMAflY STRESS N  mg- DESKWv,

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



109.
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:
1. 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 right angles to the
member, are measured.
4. From data on the stiffness of each member, and the relative 

displacement of the ends, the bending moments at the ends
are found.
5. The unbalanced moments at the joints are distributed through 

the truss, by means of the cross method.

of
jLOCATOK 
j OF

j ]--
LbCATIO!
OF

t i StKOlMi
(X/,

(K-i-us) Toe. iMoMCMT (k- .TOC HEEL Toll
U^Uv +1 + .06 -.19 Li Lg +4 -.43 +1.67 Ucl, 1 -1 -.45 +.91

i+4 -.25 +.78 LzLi +5 + .53 -2.09 l.Uc, 1 +1 -.45 +.91
+1 + .06 -.19 i -5 +.53 -2.09 U,l2 +1 +.76 1-1.73

UzU, +10 -.62 +1.96 1I, jig +3 +.32 -1.26 1 -.76 +1.73
UzU; -10 — .62 +1.96 I -4 + .43 -1.67 U2I3

L5U2
! +1 +1.05 -2.63

+16 -.99 +3.15 I L4.L3 +7 +.74 -2.92 +1 -1.05 +2.63
U3U4 -16 -.99 +3.15 ! L4.I15 -6 +.37 -1.12 IU3I4.I +1 +1.41 -3.57
U4 U3 +5 -.31 +.93 +14 +.87 -2.61 0 0 0
U4U5 -5 -.28 +.93 j -15 + .93 -2.79 +1 +1.41 -3.57

+19 —1*04 +3:53 1 +14 +:87 -2.61 IT U 4 +1 -1.41 +3.57
-18 -.99 +3.35 i161] -15 +.93 -2.79 : Uglc -1 -1.41. +3.57

UkUs +14 -.77 +2.62 j +14 + .8 7 -2.61 +1 -1.41 +3.57 1
U&U7 -15 -.82 +2.79 j I7I8 -15 +.93 -2.79 +1 +1.41 -3.57 {
Ü7 UC +17 -.93 +3.16 ! LsLv _+13_ + .82 j-2.42 0 0 1 0 I

1 U^Ug —16 1 -.88 +2.98 I Usls" +1 -.63 "+1.67 U y l s -1 -1.41 +3.57 !
! +13 ! -.71 +2.42 I 13U3 0 0 _I&U7 0 0 _ 0____i

-6 1 +2.0 ' U4.L4- 0 0 0 1Ucltj I -.63 1"+Î1671
j 1 ,U , -4 1 -1.33 +2:86 IL4.U4 ! -1 -.63 +1.67 }j 0 1 0 1 0 s
! +1 - .63 +1.67 1 -1 +1.05 -2.63 1 0 ! 0 1 0 1

+1 ; + .63 -1.67 IrUrl -1 -1.05j+2.63| L ,0 7 | 0  1 0 °  1
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111.

WES. MüMse’i'sS
Top CHOQ.O

Moments arising from Eccentricities in Connections.
U

Typical; At U, horizontal 
components equal to 36.7K 
are separated by a moment arm 
of 1.75" and produce a moment 
acting on the joint

= 36.7 X i;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, Uz Ug Lt L-.1 L 3
Resultant 36.7K 28.8 21.0 44.5 36.7 28.8
Ecc’tridity 1.75" 1,50 1.20 3,47 3.43 3,15
Moment 64.2 43.2 25.2 154.3 126.0 9o;6

Moments at joints due to elastic deformation are calculated by 
the method outlined on p.109. The two sets of moments, before 
distribution, are as below, (K-in units.)

Î OH.LOCAT\OH. WE TO gCC. DOE lb D&f MOM. LOCATION DO 6 TO eec.
U qU, 0 +394 -30 +394 i
u.u^ -27 +277 UzU, -20 +277

-20 +210 1 U3U2 -12 +210
UsU* -12 +101 1 U4.Û3 0 +101 1
loi., 0 +76 I,,1,0 +44 +7 6 1

+53 +59 Izl, +13 +59 !
1115 +13 +46 l&lz +11 +46 i

1 13I.4- +11 +25 L4I2, 0 +25
i U,L, -4 +32 L.U, +36 +32 !
1 Uzlz -2 +15 1,20,2 +5 +15 !
1 Uals -1 +5 In, Us +3 +5 i

U0I 1 0 +25 L.Uo +21 +25 1
-3 +27 W , +6 +27 !

U1I 3 -1 +12 +4 +12 ;
0 +3 1 4 % 0

•
+3
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112.
The following table gives the moments resulting from the 
distribution of the two series of momenta, and the bending 
stresses at ends of members due to their combined effect.

LOCATIONor
MOMENT

M O M Ê . H T S  ( m - S T SECTION MODULUS B E N D I N G
- 1 STRESS !

- €CC: TOTAL HtEL TOE HC&L Toil ;

UoU, -10 ' +5 ' -5 ! 15.8 7.7 -0.3 +0.7 !
U,Uo -35 +25 -10 : :: ti +0.6 -1.3
U,U, -40 -9 -49 !l II -3.1 +6.4 i
UiU, -27 +14 -13 JI II +0.8 -1.7 :
UtUs -16 -7 -23 ' II II -1.5 +3.0 !
U3U2 -17 +18 II II -0.1 +0.1 1
U3U4 1.. “ 9 . -12 -21 i II II -1.3 +2.7
% U 3 -4

. LoLj
+44

+45
0

+33

; +411-----0
- t - +77 ) I? tt

“2.6
0

+9.1

_+5_.3_
0__

^30.8
1 ( +55 -9 1 +46 j II 1 " -5.4 ! +18.4 I
r izi, i +29 0 1 +29 i ’’ ■' " +3.4 1 -11.6 !
! I2I3 i +8 +3 1 +11 ; " II -1.3 +4.4 !
i L3L2 ! +12 +6 ! +18 I , " II +2.2 I -7.2 j
1 I3I+ 1 +11 0 i +11 J' i n -1.3 j +4.4 i
1 I4I 3 t +5 +13 i +18 S tii 1 " ■ +2.2 ! -7.2 1
1 U,L, I +13 -14 1 -1 i 3.2 ( 1.5 +0.3 1 -0.7 i
1 1 ,U , 1 +34 -18 1 +16 " ! " +5.0 1 -10.7 i
; uzi.2 i -1 -5 1 -6 2.2 j 1.1 +2.7 ! -5.5 }
1 IzU, 0 -4 1 -4 " 1 " -1.8 i +3.6 ;
1 .Ual^ +1 -4 -3 1.9 i 0.78 +1.6 1 -3.9 1
! +2 -5 -3 t» r  " -1.6 i +3.9 :

UoL, +10 -5 +5 3.5 1.4 +1.4 1 -3.6 i
+21 —6 +15^ II --H - 1 -4.3 i +10.7 ;

U, -2 -2 —4 3.7 1.6 -1.1 1 +2.5 !
1%U, 0 +1 +1 M " -0.3 1 +0.6 1
U3I 3 +1 -2 -1 2.5 1.1 -0.4 r  +0.9 1
L3U2 +4 I -1 +3 11 11 -1.2 I - +2.7 1" tt r 0 i — 2 —2 1.9 0.78 -1.1 +2.6 I
Ii+Us 0 i. . 1 +1 +1 11 11 -0.5 : +1.3 I
Moments are in Kip-ins.; Counterclockwise + 
Stresses are in K/ sq. in.; Tension +
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114.

Distribution of the unbalanced moments gives the following condition,

AOCATtOMof
MOMENT

MOMENT j.SECTlOt̂  (MODULUS 1 bENDtNCr STRESS
(_K- IMiS,') HEEL ! TOE HELL 1 TOE.

UoUi -7 1 5.6 : 2.1 -1.2 1 +3.3
U, Uo +3 1 5.6 2.1 -0.5 1 +1 » 4
U, U-2 -11 ■ 5.6 2.1 -2.0 1 +5.5 i
U^Ui +2 5.6 2.1 -0*4 +1.0 I

0 8.3 3.9 0 i 0 1
L,Lo +52 8.3 3.9 +6.3 -13.3
L, L,' -2 8.3 3.9 +0.2 1 -0.5 I

.. +2 8.3 3.9 +0.2 -Ô.5 1
UoD, +7 5.4 2.5 +1.3 -2.8
L,Uû , +34 5.4 2.5 -6.3 +13 e 6
U.L, -3 1.64 0.76 +1.8 —4.0
L,U, +3 1.64 0.76 +1.8 -3.9 i1

+7 2.5 1.1 +2.8 -6.3 I
i

U^L, +7 2.5 1.1 -2.8 +6.3 1
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117.
The analysis of the foregoing trusses showed that in a 

rivetted truss, the secondary stresses due to eccentricities 
at the joints are usually more important than those due to the 
elastic deformation of the members. The local bending caused by 
the latter 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 applied 
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 
same 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 
panel of chord at each end. This member is supposed to be free 
from axial loading. However, it is connected 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 so 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 to the effect that at any connection where an 
appreciable moment tends to develops, there will be some slippage 
in the rivetted 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 
selected 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 substantially the applied moment.
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Trusses, like beams, may be designed on the assumption that 
the ends are freely supported, and yet may develops 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 to 
develops 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 is 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 
necessary positive end-moment.

In order to obtain information regarding the secondary stresses 
in a truss-column system, portions of two structures, "05" and 
"790" have been selected for analysis. The first of these consists 
of three bays, the columns at either end being without loading 
on the far side. The system is symmetrical with regard to truss 
loading and design, but unsymmetrical in that the exterior columns 
are not alike. The trusses are of welded construction, 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 proportions in order to minimize the end 
moments in the trusses.

In structure "05", the calculation of the rnoment-rotation 
factor at the ends of the trusses presents some special problems.
The magnitude of the negative moment which could be developed 
is limited to some extent by the detail of the top chord connection, 
which can develops 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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120.
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 effect of reducing the 
stresses in most of the members from the calculated simple-span 
stresses; hence the effect 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 right-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 justified the truss 
detailer in adopting a form of connection v/hich, 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 
the 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 the right-hand column,
which is designed for rigidity, and is embedded in two feet of 
concrete, is assumed to be fixed.

Other significant features of the connection details in 
structure "790" will be developed later.
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A L L  S W o P  C O N N E C T I O N S  N  T R u S s e S  W ^ L ù E O ;  m C L D  C O N N E C T I O N S  T t J  C O L U M N S  

M A P t  W I T H  %  P l A .  W IC H  S T R E N C T W  B O L IT S .

WEtPet» JOINTS bCSICNED TO CUMiNAfTE. CCCEMTsuCttV.

d : l _ A

COL. 5 2%

/4

/F

A Li_ -A
k-Hpifc. >f is"

N

3.
 rpiA. K IO!z*FFfCCTivEICN&TW.

14'

Cols. DIS C o l .

C O L U M N  BASE. DETAILS.

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



122..

î

r iÊ u o  CbNNÊcr/Ofvjs ; 4 p»a . U.^.Boirrs, CO

in

C O K M t c n o M  T O

totuMK COKtAECTlOH TO
COLUMNS D1S.H>5.

D E T A IL S  o r  T R U S S -T O -  COLUMN CO NNECTIONS.

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



12.5.

/
Top Ct+o(?P C O N N E C TIO N  To COUVMN IS "MJMIMPM’’ CokMECT/OnJ . CAuOjuAT/onJ 

OF StrOPiNJGr W  TW& CoAiMÊCTioM ANfruSS &(VCS. XirtC APPRoki /̂ a-TG TCNsiLE
OAf/tOlTY oF t h é  Cowwï'CrtOfsl AS 5*  ̂ CoK/e,£5PoNJDi(sJ(i- WITH PÊVtU O PM FN T OF A 

PMSTic BCNDiwo CokjpITionI.

I^OTATiokJ OF TWt TRUSS RETUATlVE TOTHf; M lL &C RESISTED 6Y
Dvfôeor W'or.i'z o w t a u  r e a c -h ow s /tt rwt c w o r d s . it wivu Auso BCRe’sisreo B'F
T V e  A M O U N T  C7F R l C l D l T Y  i N H t R C H T  N  T l + E  B o T T a M  C H o R O  C o N J k J Ê C T ) o n J . T w f  

UattCe: \s D^TgRMw&t) BK TVs e-^PikCr or thc plate sr-gM ewT nhioh /s boltcp
T«3 TWG CouoMMj AND ûr ANT gGNDiNO- WHICH MAT OCCCR IN THG Co LvMN FuAnû-6 
09. AS *ntE CAsE MAY JBS.

F'.AN(̂e. >433*
EfoR tôslSloN ' ~2 PCR f TRAPiSi/CRî  oF Oo/VA/gCT/O/v;
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Secondary moments and stresses in truss members (L.H. half)
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i Prom 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 v/ill 
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 
weight 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 v/ould 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 would 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 bilts 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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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 slip resistance*
Seven bolts at top right; 7 x 25 = 175 K slip resistance.
These figures correspond with a maximum moment = 75 x 62.5 = 4680 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 K max.

giving a maximum 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 K 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" Por 1" length of .3/8" angle;
IL, = 1.46 B ^

8 = .0234 in"̂
% ee l " P 2 = .0352 in^

= = .00935 P
where P = pull per 1" per angle.
Bending stresses = = 62.4 P K/sq.in.

and = 46.2 P K/sq.in.
, Plastic condition begins at rivet when

62.4 P = 40 or P = 0.64 K 
For fully plastic condition, ^̂ '̂ heel“ '^^52 x 40

= 1.41 K-ins.
Giving maximum value of P = - —  = 1.41 K
If this value were developed uniformly through the full length (16.5")«of the angles, the resulting tensile capacity would be

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 
develops 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 7.74/0.44 = 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 
= Z-TL l Z  = 15.18 K per rivet.l.Vk4 .  _

or 15.18/ 0.44 « 34.5 K/sq.in. T-hVi— 4ns— 6.''Since the material specification for rivet
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" section of 5/8" thick angle; I = .0203
a = 1-7/8" 
b = 1-3/8"
:^iv. =:^'08P

8 = .0651 
Z = .0976

% e el = 0-793 P
^  = .00132 P -

1" section of column flange: I^= .0222 JhB.“■c
= P (^  12E Z. ^ JZlZL

p (2.5)'- 12 X  3O,0DO X 10222 ^
= .00196 P

Wo

>
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Rotation of end of truss relative to axis 
of column will tend to be about a centre at 
the bottom chord, owing to lack of flexibility 
in that connection. In this case, elastic 
deformation and accompanying bending stresses 
in top chord connection angles will be in pro
portion to the distance from this centre.
If P is the tensile pull per inch of angle, 
one could write (at top of conn.) = 64p

and (at bott. ) = 43p
giving a resultant for the whole connection

=  X 21p = = ll22p K per an
= 2244p K total.

rO:V,

JÜ._
rcwT oF

in
O'

RûTATlO.'s i

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 data on p.86, maximum bending in angles will be

1.08 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 . 8 8 x 3  = 11.3 K (double shear, adequate)
Max. tension per rivet = 1.88 x 4(abt.) = 7.5 K, causing

f̂  in rivet 7.5/ 0.44 = 17 K/sq. in. (elastic range)

Approximate moment arm at end of truss = 54.2"
Making maximum end moment = 66 x 54.2

= 3577 K-ins.
Deformation at top of connection (P = 1.88)

= (.00132 + .00196) 1.88 = .00617"
Angle of rotation ? .00617/64 = .00009635 rad. 
/. for connection = (96.35 x 10*^/ 3577

= .027 X 10'*" radians/ K-in,
This is quite a rigid connection.

-Z OÛ I^ j

S!
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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 h 
from centre of rotation at bottom chord,

P = total tension developed in connection 
= CPg4 + ) z 17.5

Put Pg4 = 6 4 p  and = 46.5p, 
then F  = 110.5p % 17.5 = 1933.75p 
Centre of tensile force is at (64 - 8.29) inches 
above centre of rotation,
/. Moment = 55.71P = 107,729p K-ins.

~ ^4p, referring to properties of connection, p.137 
maximum bending stress = 62.4P = 3993.6p 
and deflection A  = .00935p = .598p inches.

Rotation = = .01073p radians.

: 0.0996 X 10 ̂  radians/ K-ins.
(say 0.100 x 10”'̂ )

Limit of elastic range is attained when maximum stress = yield 
point; then if

3993.6 p =  40.0,
p = .0100

This corresponds with M = 107.729 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 y  
calculated above may legitimately be used. )
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Axial loads and deformations in truss members.

AREA A
. \N̂

. E r r c c T i V C .  

LENOTH L
FoRct DUE Tk)
V E R T  L ' l A D l N C '

Pv
fORce pdc TO 
H O R .  RCACTtoxs

P m

TOTAL
roRcc
Fr a Pvy T Pt.-1

I U R m ' V . j m i s J a l .  

1 D&fKM. X  E1 =t'£> = PL/4
UoU, 6.10 87 —56.0 +3.0 -51.0 i - 727

,  U, Ut ij 100 -56.0 +5.0 -51.0 1 - 836
U2U3 tl 100 I  -100.8 +5.2 -95.6 '' -1568

It 100 -100.8 : +5.2 -95.6 -1568
It 100 -56.0 i +5.4 -50.6 - 828

u . ' u l
It 87 -56.0 +5*4 -50.6 - 721

L o L ï 6.10 87 0 -4.9 - 4.9 - 70
L |  L '3 It 200 +89.6 -5.1 +84.5 +2770
13 ! , ;

It 200 +89.6 -5.3 +84.3 +2765
Ï; i 0 It 87 0 -5.5 - 5.5 — 90
Uol, 4.50 77 +66.1 —0.1 +66,0 +1129
liUg 3.86 87 -39.6 +0.1 -39.5 - 890

2.12 . 96 +13.2 —0 . 1 +13.1 + 593
1 Lsu; 2.12 96 +13.2 +0.1 +13.3 + 602

u;i,; 3.86 87 -39.6 -0.1 -39.7 - 894
L'.u; 'I 4.50 77 +66,1 +0 . 1 +66.2 +1132
U,L, 2.12 54 —14 *0 0 -14.0 - 357
U 3 I 3 2.62 54 -14.0 0 -14.0 - 289
u; L', 2.12 54 -14.0 . 0 -14.0 - 357

- ...... ............................. .....  ... 1

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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Moments developed in truss members due to elastic deformation,

I L; iw. .

! I;
; I. |K= L

iFCR?. 
1 EA, vr - ̂Vl,

Mo 1 Mp Mg
i

jMAy.I -DOÙ T~'>1LocA-
1 M 
j * L

1 UoU, I 87 15.6 ! .179 III8OO -135.7 |145.8 1 -8 —8 i -16 i -30 I —46
I UtUo ! 87 n 1.179 i11800 -135.7 Il45.8i+15 -4 ; +11 - 9 ; + 2
! U, Uz i 100 ti ! .156 1 8040 — 80 0 4 1 75.1 1-14 -7 : -21 + 8 1 -13
Î UgU, 1 " It It i 8040 - 80.4 75.1 -2 -16 : -18 - i -18
' U.Us \ n T! : ” : 3930 - 39.3 36.8 -7 -15 ! -22 : -22
! UsUt It n ÎI ! 3930;- 39.3 36.8 +14 -7 : + 7 : + 7
i ItjLi 87 15.6 .179 1114201-131.2 141.0 0 : 0 0 i 0 !
1 87 10 !l II i It St 0 i+39 : +39 + 4 : +43 !
i L, 200 .078 :11680| - 58.4 27.Ô -13 i +21 + 8 + 2 I +10 1
! 200 Tf M 11 } II II +6 1 +10 +16 - I + I 6 l

UoLi 77 : 7.1 .092 : 1 :12820l -166.7 92.0 .8 1 +8 +16 -17 l - X  I
LiUo II ; It II ; " i " It +15 !+26 +41 - 7 : +34 1

87 4.7 .054 9400!-108.0 35.0 -Fl 1+13 +14 — +14 !
UzL, II : " II ; " 1 II n -f9 i +2 +11 - +11 1
U2I3 96 : 1.3 .014 ! 390ÔI — 40 & 6 3.4 0 i -1 - 1 - - 1 1
IsUg It II II : „ i II +2 i 0 + 2 — + 2 i
U,L, 54 1.3 .019 1 5I80!- 96.0 10.9Î -i| X 0 + 1 + 1
i,u, II i " II It 1 " " 1 +5 + 2 + 1 + 3

Mote: 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.

MoMSNT KOMilXT ! SLXntON MODULÜ: : I
LOCATION ! T O & I HnEL i -TOE

-46 1 9.7 i 4.6 I -4.7 i +10 90
! U.Uo + 2 1 " 1Î I -0.2 + 0 « 4
1 -13 ! It II ! -1.3 1 + 1.9
! U%U, -18 1 n II ! +1.9 : - 3.9
1 OfUa -22 ! " H ; -2.3 + 4.8
1 UsUt + 7 i ” II ! -0.7 1 + 1.5
1 _  i -bo-b) 0 1 9.7 4.6 i 0 : 0

+43 ! II) n ' +4 • 4 1 - 9.3
I, Is +10 ; ti

i:
n : -1.0 I + 2.2

+16 i. ” ; +1.7 1 - 3.5

Ual, : - 1 I 6.0 2.5 , — 0 9 2
1
! + 0.4

+34 II ij ! -5.7 1 +13.6 1
+14 : 4.4 1.9 ! +3.2 1 — 7.4 !

Ugl, I +11 II ; -2.5 1 + 5.8 ;
ü^i,3 ! - 1 i 1.6 0.76 1 — 0 9 6 i + 1.3 !
13U2 1 + 2 I ÎÎ !! ! -1.2 1 + 2.6 1
U,L, ! + 1 ; ■ u tf j -îO 96 I + 1.3 I
L,U, i + 3 i » 1! ! +1.9 1 - 4.0

Moments are given in Kip-inches.
Stresses are given in K/ sq, in.
Sign Convention: + Moments act counterclockwise on member:

Tensile 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 some value less than 
what would be found in a true simple 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 stresses will be superimposed on those due to the axial loads. 
On the other hand, the effect of end moments at the supports will, 
like those in a beam span, reduce the maximum axial forces in 
the truss, and thereby cause some reduction in the internal 
secondary stresses also.

In figure 57 four of the.trusses which have been analyzed 
as simple-span structures, are shown, with regions of high stress 
singled 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 affected adversely in a certain 
compression condition. To quote some of their conclusions:
"As a result of the re-adjustment in stress-strain relations, 
it 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 

I 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."

"(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 on the basis of design in B.S. 153 (24), Kerensky,
Flint 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, to question whether their conclusions can 
be applied, without reservation, to building frames. The eccent
ricity at connections, which can contribute a major portion 
of the secondary stresses in building 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 AREA or in BS 153, will indicate that it is possible.
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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 arm,of 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 Murer. 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 structures examined above, secondary bending stresses 

in columns have been found, ranging from 2 to 10 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 v/ould 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, omitting 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 
Q.18 to 8.29 times the moment at the top. If the Massonnet 
formula is used to determine the effective moment at mid-length;

Me = y o . 3 (  + M Î  ) - 0 . 4 (  M>Mî )

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; ^

T op o f  COLUMN, : 4 , =  "  / ^ 2  = 7.4%

IJghrtxKC Smfîi = 6.0 K&C )
rtl£>-rL0MÛTH; FoK = TÂS * = 142 * Co.̂ y. '4-7 » 2S f-w

"(k - = .|0 -t- = '23
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The column just taken as an example 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 
slenderness 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 weight of 
the section will provide a column with greatly increased capacity, 
will usually take advantage of the fact. Columns may be over-designed 
for these or for other reasons, 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 v/ould 
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 specification, 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-len'gth of the slender column should form the maximum 
combination permitted by the application of the interaction formula, 
then the addition of secondary bending stress v/ould 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.

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



153 .

COMBINED EFFECTS OF IvIATERIAL M B  STRESS VARIATIONS.

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 

tests, and as determined under very slow application of 
load: approximately 1%.

(3) Amount by vdiicli yield point in web of beam or channel 
section (reported) may exceed yield point in flange: about 12.5

(4) Amount by which the sectional area, and corresponding geomet
ric hical 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 beami and 
channel shapes the ratio would be 1/1.222 ( 0,818).

In CGA 816, 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, 
is 1.65/1. The relationship arrived at above between this yield 
point and the effective minimum yield strength would reduce 
this factor as follows:
(a) for plate and angles; 1.65 x 0.920 = 1.519
(b) for beams and channels: 1.65 x 0.818 = 1.350 

The next factor to be considered is that of possible overload
on the structure, which is taken at 5% of the total loading. From 
this, the actual stress intensities in the structure may exceed 
those appearing in the design calculations 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 = 1.447
(b) for beams and channels: 1 ,350/ 1.05 = 1.286

Further, it becomes necessary to assess the effects of
secondary stresses in the class pf structure most liable to be 
affected by them. It is 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 
stresses ranging as high as 20 ksi in an "active" member, and 
over 30 ksi in a "null" member. These extremes occur in trusses 
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 the 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 stress.
The permissible axial stress in a column v/ill usually be governed 
by the slenderness ratio, and will be less than the axial stress 
v/liicli v/ould bo permitted at the point of support, for 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 effec% 
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

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



1 5 5 .

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%, atd 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
8hap68; however, used as oolumng, and having a possible atresg
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.

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



1 5 6 .

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 ne chanical 
properties and exact dimensions of each piece of steel to be used 
should’ be known, all the combinations of loading which v/ould be 
applied to the structure should be known, and analytical facilities 
should be available for the calculation of all axial, bending, 
shear and 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 is available, and to estimate 
the effects of the methods which the designer may employ in 
using 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 permit 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 betv/een 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 favouràble factor of safety than 
others, when designed according to the conventional method, and 
that those methods of design which take into account some 
properties of structures which are ignored in the conventional 
method,, provide an appreciably greater margin between working 
stress and the point of failure. Theoretically, a design 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 to design practice should be sufficiently explicit 
to guard against the adoption or perpetuation of any design 
practice whichis technically 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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