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Riveted Web Connections in Bending
Joints d’ame rivés travaillant en flexion

Genzetete Stegverbindungen unter Biegungsbeanspruchung

B. 0. KUZMANOVIC
Prof. Dr., Head Civil Engineering Dept. University in Khartoum, Sudan

Part I

1.1. Introduction

Many research workers [1]1) have investigated riveted joints subjected to
axial forces and to shear combined with bending. The latter has usually been
studied in beam-to-stanchion connections [2], and not in web joints of plate
girders or beams. As the mechanism of deformation of such joints differs
considerably, it is necessary to study web joints separately from beam-to-
stanchion connections and the conclusions arrived at in the case of latter are
not applicable to both cases.

The riveted joints of girders, so common in engineering practice, have
rarely been the subject of research. Usually, the maximum loading of the
whole joint has been investigated and not the distribution of forces in the
rivets. Furthermore, as the flanges of the girder work co-operate with the web
joint in forming the mechanism of deformation, it is obviously necessary to
investigate the behaviour of the web joint as part of the girder and not in
isolation nor to treat it as any other joint subjected to shear and bending.
The author knows of some published papers [3] dealing with plate girder
splices and joints, but these do not discuss the distribution of forces in rivets.
The introduced assumption as to the centre of deformation of the whole rivet
group which is now standard practice, seems to be taken for granted and
beyond suspicion, though, in the author’s opinion, what Professor C. BATHO

1) References are given at the end of the paper.
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said many years ago about the complexity of the whole problem is still true [4].
In a previous paper [5], the author started the study of the true behaviour of
riveted joints in bending, and the tests reproduced in this paper are a further
step in this direction. ,

The usual basis for computation of a riveted flexural joint, designed as a
double-strap but joint, is the assumption that the deformations of all the
rivets are proportional to the distance between the rivet under consideration
and the centre of rotation of the whole group of rivets, which point is taken
as its centroid. If the height of the rivet group is large in comparison with the
width (more than twice the width), then the vertical component of the rivet
force taken by individual rivets is usually neglected, which implies the intro-
duction of Bernoulli’s hypothesis that plane sections remain plane: linear
distribution of rivet forces is assumed along the height of the connection.

The deformation of a riveted joint is never elastic, and there is no pro-
portionality between the average slip of the joint and the force in the rivet.
The plastic deformation, occurring in the early stage of loading, so changes
the stress distribution that a rigorous mathematical analysis is only of
academic interest. The introduction of coefficients, obtained in particular
tests, is not very helpful because the procedure is fundamentally wrong. The
numerical values hold only for the conditions of the tested joint and those of
the test itself, and cannot be generalized. Any theory dependent on such data,
cannot claim to be a generally valid principle.

Hence a better way to tackle the problem is by considering limit design.

From the outset the calculation of riveted joints has been considered in
this way, and this surely constitutes good practice. But if the assumed initial
conditions of functioning of the joint are subsequently altered during the
deformation of the connection until collapse, this alteration must be taken
into account. Depending on the deformations occurring in the rivets, the web
and the splices during bending, the above-mentioned basic assumption is at
first correct: each group of rivets on either side of the butt joint undergoes a
relative rotation about its own centre (or rather axis) of rotation, coinciding
with the centroid of the rivet group, and the splices rotate about their neutral
axis. But, when the two connected portions of the web come into contact
with each other in the compressed parts of the end cross sections, which must
occur sooner or later if the rivets and splices are strong enough to enable
sufficient deformation to take place, the conditions of deformation are changed
in this second phase of functioning of the rivets.

The effective cross section of the splices is actually enlarged by the amount
of the compression area which is in contact, and instead of the previous three
axes of rotation (two for each group of rivets and one for the splices), there
is now only one. The position of this axis is at first at the top of the web, but
deformation of the end cross sections of the web causes it to move gradually
downwards.
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The simple bending of splices, in the first phase, is now changed into
eccentric tension. If the end supports of the connected beam are suitable, the
simply-supported beam will thereafter behave as a three-pinned arch. The
“hinge’’ in the middle, coinciding with the joint itself, functions as a hinge in
which considerable friction occurs, and it thus changes to some extent the
behaviour compared with a genuine three pin arch.

The forces in the rivets, at first dependent on their position in relation to
their centroid, are also modified. The described displacement of the centre of
rotation can be the only reasonable explanation for the higher values of the
bending moment at collapse actually acting on the joint as compared with the
values that the mechanism in the first phase would lead us to expect.

To prove the validity of this general idea and to yield basic information
on what occurs in a riveted flexural web joint, tests had to be devised which
would enable both stages to develop properly. Furthermore, to get a clear
picture of all the changes in behaviour, and not just a mass of miscellaneous
data simply added to what was already known, the number of possible variables
taking part in the interaction between web, splices and rivets had to be limited
to a reasonable minimum so as to permit an accurate structural analysis.
Finally, instability had to be avoided throughout bending and until collapse
took place.

In accordance with these ideas, a rolled I-section joist (9” x 4") was taken
and cut at mid-span provided with cover plates on the web only and subjected
to a simple bending moment. A clearance of !/;” was provided between the
two parts of the joint so as to permit the full development of the first phase,
and also to conform to normal engineering practice.

The number of rivets and the cross section of the cover plates was so
designed that, in one case, the end of the first phase would coincide with the
practical maximum of the force taken by a rivet when it first starts yielding;
and, in the second case, that this limit would be determined by the cover
plates. Therefore the joints were of two different kinds: with 3 rivets of 3/,”
nominal diameter in only one vertical row, and with rivets of the same dia-
meter in two vertical rows of 3; the cross section of the cover plates was the
same in both cases, however, viz., 7" x1/,".

To enable the effect of friction upon the work of the riveted joint also to be
studied, some tests were designed using fitted bolts of 3/,” diameter. The bolts
were tightened only by hand using a 7” spanner, and were machined in
advance so as to obtain a good fit in the holes.

1.2. Experimental Equipment and Methods Used

As already stated, it was necessary to obtain data about conditions in all
three parts of the joint: in the web, the splices and the rivets. Therefore for
the recording of strains electrical strain gauges (Philips Pr. 9210 of 600 22 + 0.59,



154 B. 0. KUZMANOVIC

with k=2.12+1.5%) were used, glued in strain rosettes around the holes
(Fig. 1) on the splices and on the web (in the case of bolted connections only).
The position of the strain rosettes close to the holes and their relative position
being exactly the same in all rivets, it was possible to obtain a relative (if not
an absolute) value of the active force in the rivet under consideration and also
to compute the directions of principal strains, i.e., of the rivet forces, and also
to study their changes during the progress of the loading. Readings were
taken by means of a Philips measuring bridge PR 9300, and for more than
10 strain gauges a Philips switch box OM 5545 was used.

Fig. 2 gives the positions of the dial gauges used. The relative rotation of
the end cross sections of the beam at the joint was recorded by a horizontal
0.001” Baty dial gauge. measuring the change in the gap at the bottom of the
lower flange (dial gauge No. 1, in Fig. 2). The deflections were measured by
means of the dial gauges of the same type as the first one, in points 2 and 4,
just beneath the applied loads and in the middle. The recorded deflections were
used for the study of the general behaviour of the connected beam and of the
mechanical properties of the joint itself, because these recorded data give a
summarized result of the interaction of all parts involved.

Fig. 1.
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The loading arrangement is shown in Fig. 3. The necessary forces were
produced with the aid of a 200-ton Amsler Compression Testing Machine,
type 200 DB 76 (Fig. 3a), with the usual rate of load increase.

The load was increased, in the case of almost elastic deformations, at
intervals of 2 minutes, the readings being taken in the meantime; and during
plastic behaviour the readings were taken when their change after 10 minutes
was less than 0.0005” and the loads were increased.

Fig. 3a.

1.3. Material and Design Computations

The steel for the joist and splices was a low carbon structural steel. From
the web and the splices 6 specimens were taken and tested in tension and
bending. From the tensile tests data were obtained on the ultimate strength
and the percentage elongation. The bending tests, on small control beams of
6" span, provided data on the upper and lower yield stress and on Young’s
modulus. As only one load — at mid-span — was applied to the control beam,
the corrected formula proposed by Roperick and PrInLipes [6] was used.
The upper yield stress was computed according to the expression given by
RoBERTSON and CooOK [77].

The results are summarized and given as mean average values in Table 1.

The steel used for rivets and fitted bolts was carbon steel as normally
used for the purpose and in view of the fact that the mechanical properties
of this steel are of some value only if determined during the actual work of
the riveted or bolted joint, it was not tested in the cold state.
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Table 1.
Yield Point stress in t/in.? Ultimate Percentage Modulus of
Description tensile strength Elongation elasticity
Upper fu Lower 7u in t/in.? on 4 in. t/jin.?
1 2 3 4 5 6
web 25.0 1 18.9 31.3 17.65% 10,000
cover plates 25.8 ’ 18.8 29.0 20.969, 12,400
Table 2.
Section Modulus in.® Moment in pure bending and Testing
’ machine load in. t and tons
Description . i . in first in full According to
Elastic Z } Plastic S yielding plasticity allowable
stresses
1 2 [ 3 4 5 6
|
cover plates 3.08 | 6.125 79.5; 13.2 115.5; 19.2 50.0; 8.3
joist 17.7 [ — 456; 76 — 297; 49.3
Table 3.
Yield Force i Ultimate Force Allowable Force
‘ 5 according to
without friction | with friction |  without friction B.C. 449
Description ‘ | , | ] \
Single |Double!| Bea- ‘y Bea- Double| Single |Double| Bea- | Single |Double| Bea-
shear | shear ring | ring shear | shear shear ring shear | shear ring
tons tons tons f tons tons } tons tons tons tons tons tons
1 2 3 1 | 3 6 | 7 8 9 10 11 12
|
|
rivets 6.66 [‘ 13.32| 13.20 } 22.7 | 27.4 | 895 | 17.9 | 19.6 2.6 5.3 2.7
fitted bolts| 5.0 i 10.0 | 10.2 | 14.7 ' 20.0 | 7.65 | 15.3 | 15.6 2.6 5.3 2.7

The necessary properties of the joints themselves were obtained during
the tests carried out, and were later successively reproduced.

According to the given dimensions and the quality of the material used,
the necessary characteristic values of the cover plates and the joist itself were
computed for the design and are presented in Table 2. To compute column 4,
net cross-sectional values were used.

The design calculation of rivets, presented in Table 3, was done in accord-
ance with normal practice for shear and bearing force of rivets. The stresses
adopted for the purpose were based on the values for the web and cover plates
already mentioned and on available experience. These values will subsequently
be checked by the results obtained in tests.

To compute the yield force of rivets in shear and bearing the stress ratio
was taken as o:7:p = 1:0.8:3.1 where o, 7, p, are stresses in tension, shear
and bearing respectively. The figures 0.8 and 3.1 are based on published
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results of the appropriate tests [8]. If we adopt for o the lower yield stress of
the web (Table 1), then the values for rivets, given in columns 2, 3 and 4 of
the Table 3, can be obtained.

For bolts the stress ratio is taken as 1:0.6:2.4 (i.e., only approx. 809, of
the above values), considering that the material of the bolts was not improved
as it was in the case of rivets by the process of riveting.

Table 4.

Description

1

First yielding
in. t and tons
2

Second yielding
(collapse)
in. t and tons

3

l

cover plates Morqent in pqre ben. 79.5 115.5
Testing machine load 13.2 tons 19.2 tons
rivets Force in rivet 13.2 tons 22.7 tons

For ultimate strength the ratio for rivets [9] was 1:0.7:3.0 and that for
bolts 1:0.6:2.4 and the figures in the columns 7, 8 and 9 of Table 3 were
computed; for the ultimate tensile strength the value of the cover plate was
taken.

Both the values of yielding and of ultimate force must be augmented by
the value of friction arising from the tilting of the rivets [10], caused by the
severe deformation preceding fracture. For the coefficient of friction the value
0.575 is adopted in accordance with the results of the large-scale tests per-
formed in Germany [11], and for the tensile force that of full yielding in the
shank of the rivet. Though the value of the coefficient may be regarded as
high, it will be seen that the calculated values were in good agreement with
the results of the tests.

Therefore this additional force is equal to:

F, = um P, = 9.5 tons,

where: u is the friction coefficient (0.575), m is the number of friction surfaces
(2), and P, is the tensile force in the rivet (equal to 0.442-18.8=28.3 tons).

Then, the second limit of the yielding force in the rivet is obtained when
F; is added to the minimum value of the first yielding force of 13.2 tons. The
same was done for the ultimate force, and thus the value for rivets in columns
5 and 6 in Table 3 was obtained. This additional force in bolts must be far
less in tested cases, and only one half of the above value for rivets could be
adopted.

In Table 4 are summarized the characteristic values for cover plates,
already given in Tables 2 and 3, which determined the design limits between
the first and second phase as well as giving the value at collapse produced
by yielding.



158 B. 0. KUZMANOVI(
Part 11

2.1. Description of Tests

As has already been mentioned in the Introduction, the cover plates for
both riveted and bolted connections were designed with one row (Fig. 4) and
with two rows (Fig. 5).

a HF
. 4 — —1 J
} — N ; 1
wi 2
=T ™
' PN | N RS | A Ao A [
| N7 ] Y T T |
| | :
o
| —o——e-| | X | -o—o—1—o—o ||
| i \ N | I |
I Nl N . \ | A i | . N pa |
N\ A4 1 3 \}/ 3/ -\ iy
F : =
] 74 75
ARV % o\ 7%
//8 3” ;/8 3//
411 4”
Fig. 4. Fig. 5.

The position of the strain gauges is given in detail in Fig. 6, with the
number of the specimen (Figure in circle) and number of the strain gauge
itself.

The first three specimens, Nos. 1, 2, 3, were strained thus: No. 1 only until
the end of the first phase, and No. 2 and 3 in the transition zone between
two phases, with the object of obtaining more accurate information on that
period and to ascertain whether there is any difference in the behaviour of
the connection if it is strained only in one phase, and then unloaded, and not
in both.

The specimen 4 (bolts, double row) was strained up to the middle of the
second phase. The specimens Nos. 5, 6, 7 with one row of rivets were strained
near to the second plastic collapse both of rivets and splices. The other double-
row specimens with bolts, Nos. 8 and 9, and rivets, Nos. 10, 11, 12, were
strained until fracture of the cover plates occurred. No fracture in the rivets
or bolts was observed.

The increase of loading was not abrupt, and, whenever it was possible to
do so, at the end of each particular test readings were taken with all load
removed.

The clearance a (Fig. 4 and 5) was designed as /4", but in the actual
beams it had different values, and these are given in Table 5, column 3.
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2.2. Test Results

In Table 5 are presented the summarized results of all the tests carried
out with characteristic values of loading and deflections.

The average moment at the end of the first phase, for single row and
double-row bolted connections, 45.0 in.-tons and 103.8 in.-tons respectively.
The corresponding values for rivets were 67.8 and 112.0 in.-tons. The cor-
responding mean values of the deflections at mid-span were:

for bolts 0.389 in. and 0.624 in.;
for rivets 0.375 in. and 0.384 in.

The results of each particular test are presented in the form of graphs in
Figs. 7—11 and 17. The respective curves are plotted with the testing machine
loads as ordinates. For each test the relative rotations are given (in radians)
of both end cross sections of the connected part of the beam, computed from
the measured change in the clearance at mid-span. In the first phase this
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change was devided by half the depth of the beam, but after contact in the
upper part of the end sections it was divided by half the reduced depth in
accordance with the values given on the page 161, Table 6.

Table 5
Load in tons at i Deflections
. 5] i & ¥ ¥ §
Dtﬁgr;p-radg § :Sﬂ First ;Eltlg ,Second ?tlg in the middle in. | Rotiatlons rad‘lans
25| & | S | prop. | of the | prop. | of the | irst | goq | ®na | First | wna | Ena
|§‘é{ % S limit |phase 1| limit Iphase 2[ prop 'phage 1 phalée 9 Il)ilgli)ﬁ pharsl'e 1 phage 2
1 2 | 34| 5 6 w ey |10 | 11 12 | 13 14
\ | ‘ | ; ‘
| | | |
\ 1 wi 4.0 | | 0.085 | | 0.00523‘
. M| 24.0 | | | |
g i | ; 4.0 0 | l !
< | 2 01 8.0 0.119 0.437 0.00634 0.0284 |
S M| 24.0 | 48.0 | |
et ‘
3 Wi 45} 75 0.123 0.339 0.01000 0.0262
z | M| 27.0 | 45.0 | |
- T | |
4 Wi 60180 32.0 0.125 0.4295, 0.00533| 0.0266
. M| 360 1080 192.0 | |
2 18wl 100 | 17.0 | 30.0 | 40.0 |
R : : 01 40.0 1y 150 10.437 | 1.175 | 0.02000| 0.0635 | 0.12465
2172 M| 60.0 102.0 180.0 [240.0 | |
S| | |
= | |
9 Wi 6.0 17.0 | 30.0 | 37.0 o156 14 406 | 1.250 |0.01554 0.0506 |0.14905
M| 36.0 [102.0 180.0 222.0 | |
0 \
5|3 | W| 4.0 110 20.0 | 32.0 |y 564 19337 |1.295 |0.00511| 0.0300 | 0.0676
, S || 240 | 66.0 1200 |192.0
5 - .
i le
ol 6|8 W| 401110200 340 4040 10304 0.994 |0.00422] 0.0246 | 0.0951
% 2 | M| 24.0 | 66.0 |120.0 (2040 | |
';‘2 I’ E—— >1‘ i i t
[Ne]
i 7|2 | W) 401 12.01 220 340 1 7450 4865 1.4275) 0.00400] 0.0351 | 0.0939
2 = M| 24.0 | 72.0 132.0 (2040
> —_
= -
= 10| S | W] 10.0 | 18.0 | 32.0 | 40.0 |y 154 |5 930 | 0.990 | 0.00089] 0.0245  0.0578
g = | M| 60.0 |108.0 |192.0 |240.0
z el |
5-4 —
o |11|® [W| 140 20.0 | 30.0 | 40.0 |5 147 466 | 0.885 |0.00554| 0.0306 | 0.0527
= = | M| 84.0 120.0 [180.0 240.0 |
o |— [
o ®
12| S | W) 10.0 | 18.0 | 30.0 | 42.0 |4 106 1 408 | 0.969 |0.00667| 0.0278 | 0.0561
= | M| 60.0 |108.0 [180.0 |252.0
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Table 6.
Load BExge_r During considered stage Forces in rivets, tons
stage | 5 oment ” .
8 = 5 5 4
2 & . Mechanism 8 = A °© Remarks
A~ ® |d of g & & S g
g S 8; Deformation g 2;{3 o ;ﬂg;f
(] o=t +~
&l |28 |8 A | 2% Ao 24
1 2 3 4 5 6 7 8 9 10 11
DU 0 |—13.20|—13.20|Force only
1 | o 0 0 0 in outer
{ 2] | 0 |+13.20|+13.20|rivets
0|11 O |66 S 5.00
— S e S T
v sy —13.20|+ 0.97|—12.23 ,‘;;i‘tfgznal
} ‘ b 4 i 0 + 0.97)+ 0.97 recnived
. Q +13.20) 0 [+13.20 byiivets
|
oo T 1
:wo —%w 3 —12.23|+ 1.00{—11.23
| - —+ + 0.97 |+ 1.00|+ 1.97
| 8 +13.200 0 |+13.20
12(13| 72 | 6 ' 3.00
—11.23|+ 1.03/—10.20
+ 1.97/+ 1.03|+ 3.00
+13.20 0 |+13.20
13(14| 78 | 6 2.90
,',«2,,,, $ E: 3 —10.20|+ 1.07/— 9.13
i + 3.00|4+ 1.07|+ 4.07
2 | ]
| S +13.20| 0 |+13.20
14(15| 84 | 6 2.80
T o
- 3k 3 — 913+ 2.14|— 6.99
: -t + 407+ 2.14|+ 6.21
| 8 +13.20, 0 |4+13.20
15|17 | 90 |12 l 2.80
e .
— KN
2 38 3 — 6.99|+ 5.36/— 1.63
I ——¥ + 6.21|+ 5.36|+11.57
{ 8 +13.20] 0 [+13.20
17221102 |30 I 2.80
— 1 T T 0 ] 1
— 163 0 |— 1.63 ,?:I?S‘:;zna
S +11.57 + 6.81|+18.38  ~
e +13.20|+ 6.81|+20.01 by rivets
4
B 22 _3__. 132 E 5.28 I and TII
34| —| 204 | — 36.76
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2.3. Theoretical Analysis of Tests

2.31. Joint with Single Row of Rivets

If during the whole flexural test, i. e., from the beginning until the collapse,
the mechanism of deformation remained unchanged, it would be impossible
to explain how the joint could sustain such a large collapse load. For instance,
if simple bending is assumed to apply throughout the test, and not only in
the first phase, the cover plates could be strained at most by their full plastic
moment M,;=115.5 in.-tons or by the force in the testing machine W,=19.2
tons (Table 2), and the one row of rivets by a moment of full plasticity (Table 3)
22.7x5.0=113.5in.-tons or by W, =18.9 tons. However, the effective measured
collapse moment for such a joint was (Table 5) 192 and 204 in.-tons or 32 and
34 tons. Evidently, simple bending does not last throughout the whole flexural
test, and as the joint is externally bent in simple bending, the change in the
mechanism of deformation, capable of changing also the conditions of strain,
is the only possible explanation for this collapse load, which is 669, larger
than that obtained in simple bending.

The tests on specimens 5, 6, 7, i.e., with a single row of rivets will be used
for the demonstration of the actual behaviour of the joint, because this type
of joint has the simplest conditions.

There are two phases in the whole work of the joint. The first phase in the
deformational response of the joint is from the beginning of the loading until
contact occurs in the upper outer fibre of the end cross section of the joist.

This stage is represented in Fig. 8 by the part 0-B of the deflection curve.

The second phase is from contact until collapse of the joint (the part of
the curve B-E in Fig. 8).

In both phases there is a portion in which linear proportionality exists,
such as 0-A and C-D. Between two phases there is always a transition portion
which is irregular in character (the part of the curve B-C, Fig. 8), depending
on the finished condition of both end cross sections of joist and their parallelism.
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In the first stage each part of the joint rotates about its central rivet. The
measured strains in horizontal directions in all three rivets, reproduced in
Fig. 11 as lines 2, 5, 7 prove this statement, already known before. The strains
in 2 and 7 are almost symmetrical and that in 5 is near to zero. The existance
of strains at the neutral axis is due without doubt to the imperfection in the
manner of loading and to the unequal slip in different rivets, when the initial
friction was overcome.

The same is true of the cover plates. Fo example, the lines 1, 6 and 8 in
Fig. 10 prove that the centre of plate rotation is in the middle of it.

After contact, the axes of rotation move and become united in only one,
situated at the top of the end cross sections, where they are in contact. From
that point onwards, the cover plates are subjected to an eccentric tension and
in the upper part of the cross section the strains must diminish, and of course,
the lines 1, 2 (Fig. 11) reverse their directions and are, at the end of loading,
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near zero. As a matter of fact, the neutral axis is no longer in the middle of
the cross section or passing through the central rivets, therefore the strains,
shown by lines 5 (Fig. 11) and 6 (Fig. 10), must steadily increase in magnitude.
The same should happen with the horizontal strain in the lowest rivet, line 7,
if the first plastic limit force of the rivet is not attained at the stage of contact.
One can see that the line 7 in Fig. 11 shows temporarily an increase of strain
after the contact, and from Fig. 10 we see that the increase had already ceased.
For two joints having the same mechanical properties, the above behaviour is
determined by the amount of clearance in the joint. If the gap is sufficient so
that the first plastic flow of rivets is attained just at the instant of contact,
then the increase of force in the lowest rivet is also temporarily stopped if the
cover plates were so designed as to be sufficiently strong to be still in the
elastic range at that instant.
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The gap in specimens 5, 6, 7 was 0.0985 in., 0.0850 in. and 0.126 in. respec-
tively. The largest was in the case of specimen 7 and therefore the load produc-
ing the contact was also the largest (see Table 5); 12.0 tons or 72.0 in.-tons,
but still less than 79.5 in.-tons, which moment is necessary to produce first
yielding in the cover plates (Table 4).

From the shape of the load — rotation curve (given in Fig. 7) it is clear
that the joint deformation was inelastic and also that the cover plates could
not be the reason for this, as they were undergoing only elastic strain.

If we consider that at this stage, for W, =12 tons or M ,="72 in.-tons, the
first yielding limit of rivets is attained, the force in the rivet will be equal to
72/5=14.4 tons. The other two specimens 5 and 6 were in contact at a load
of 11 tons, and the force in the outer rivet was 66/5=13.2 tons. The average
value would be 13.6 tons. As the contact was actually not abrupt and began
in specimen 7 at a load of 11.75 tons and in the other two specimens between
10 and 11 tons, it is advisable to take the limit as 13.2 tons. In Table 3 was
given the computed limiting force for first yielding limit of the rivet (without
friction), which is also equal to the same value of 13.2 tons. Therefore this
limit is assumed to be 13.2 tons. When this force of 1 13.2 tons in the outer
rivets is attained and contact has occurred, and if the moment is increased
by 8 M, the lower rivet with the force +13.2 tons cannot take any increase,
and plastic flow occurs. This produces a further rotation of the joint, but this
time about the top of the end cross section, and therefore the middle rivet
begins to take load as well as the top one which has a force equal to —13.2 tons.
They both take the tensile force of the internal couple, and the compressive
force is taken by that part of the end cross sections in contact. This contact
area is very irregular, according to the state of the end sections, and it takes
some time before stabilization in the behaviour of this compressed zone is
achieved. This is indicated by the transitional parts of the load-deformation
curves. When a sufficient contact area is obtained, the behaviour reverts to
linear as at the beginning. Further encrease in loading produces further
rotation of the joint, and the contact area is enlarged. This produces a slow
downward movement of the centre of gravity of the contact area, and the
decrease in strain in the upper part of the joint and the cover plate becomes
steeper (lines 1 and 2 after 15 tons loading in Fig. 10). But, by this time, the
force in the central rivet is sufficiently large to induce inelastic strains in it
and its load — strain curve does not show the progressive increase of strain
(line 4, Fig. 9). When the first plastic limit is attained also in the central rivet,
another change in the organization of the inner couple takes place. At that
moment, the deformation and the relative movements in the joint are so well
developed that the additional friction must be induced, so that both lower
rivets working in tension can take more of the loading. The friction itself, of
course, is induced gradually and not suddenly as it happens in this analysis,
but the result is almost the same and the analysis easier and simpler. The



166 B. 0. KUZMANOVIC

additional tensile force of the inner couple is taken therefore by the lowest
and by the middle rivet. This is well expressed in the loadstrain diagrams of
line 7, e.g., in Fig. 9 at the load of 20 tons, in Fig. 10 at 25 tons and in Fig. 11
at 22 tons. The line of the strain in the central rivet does not show any such
period of equal strain under increased loading (line 4 in Fig. 9 and line 5 in
Fig. 11). The decrease in compressive strain in the top rivet can either stop
at this stage (line 2 at load 25 tons in Fig. 10) or continue to drop further as in
Fig. 9 and 11. In the first case the distribution of the tensile force of the inter-
nal couple is statically determinate and amenable to calculation, and in the
attempted calculation it will be supposed that this is actually so. If the top
rivet continues to participate in receiving the tension force the problem is
practically insoluble. What kind of behaviour actually will take place obviously
depends on the relative deformations of the compressed area and the cover
plates, but cannot be predicted in advance. '

If we consider that only the two lower rivets participate in taking the
additional tensile force of the inner couple, the distance between the com-
pressive and tensile forces is increased again and the increase is again slower.
This deformation mechanism will act until collapse occurs.

The position of the compressive force is in general uncertain, and cannot
be exactly determined but the shape of the designed specimens helped to
locate it or at least to indicate the limits of its position. In the tests that were
performed it was observed that at collapse the whole frange and about /; of
the web were in contact. Therefore, though the stress distribution is unknown,
it could safely be assumed that the compressive force will never be outside
the flange, because the ratio between the areas of flange and that part of the
web was 1.828:0.762. The average thickness of the flange is 0.457 in., and the
smallest value of the distance between the forces of the internal couple was
taken as 2.80 in. so that the upper limit of the possible error in judgment
would be less than 16.3 9%, though an error of 100 9%, was assumed in the
distance from the top to the position of the compressive force for this com-
putation. In reality, the practical error would be about 5 9.

According to the stated changes of the mechanism in the deformation of
the joint with the limiting values of the rivet forces mentioned, the computa-
tion of forces under various states of loading is given in Table 6.

As the result of the assumed mechanism of deformation and of the adopted
procedure of distribution of the forces in the rivets, the rivet forces were
found to be (beginning from the top): —1.63 tons, +18.72 tons and +20.35
tons. In the Table 4 the collapse rivet force was defined as 22.7 tons, which
is a higher value than 20.35 tons. Apparently the rivets were near to collapse
but still not actually collapsing. Therefore it could be said that the collapse
of the joint was not produced by the collapse in the rivets, but in the cover
plates.

This fact affords the possibility of checking the method used for the
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distribution of forces among the rivets and of comparing the results obtained
with those of tests with double joints.

Firstly, if a single row (according to the analysis given) was stronger than
the cover plates used, it is even more certain that this must be true in the case
of a double row joint with the same cover plates. And, indeed, with the double
row joint, thanks to the difference in strains, it was possible to obtain the
ultimate strength of the cover plates and to bring them to fracture. Each
collapse of the specimens with double row joints was initiated by cracks in
the cover plates and in no case was the fracture of any rivet observed.

Secondly, as the analysis shows that the first plastic yielding of rivets was
responsible for bringing the end cross sections into contact (p. 165), if the clear-
ances in specimens with one and two rows in the joints were approximately
the same, than the moment necessary to produce the contact, must always be
larger for specimens with double row joints. It is easy to see from the Table 7
that this is so.

Finally, if the cover plates were responsible for collapse and as they were
the same in both cases (single and double row), then the total amount of the

Table 7.
Single Row Rivets Double Row Rivets
Specimen Moment in. t Difference of Specimen Moment in. t Difference of
at contact at collapse Moments at contact at collapse Moments
1 2 3 4 5 6 7 8
5 66.0 192.0 126.0 10 108.0 240.0 132.0
6 66.0 204.0 138.0 11 120.0 240.0 120.0
7 72.0 204.0 128.0 12 108.0 252.0 144.0
average 68.0 200.0 132.0 average 112.0 244.0 132.0
Table 8.
Collapse Load Collapse Deflections
Speci Testing Machi s Relati Deflecti in the
pecimen | Testing Mackine | Bending Moment | Relfve | Deflections in the
tons in. t radians in.
1 2 3 ’ 4 5
|
i 10 40.0 240.0 | 0.0578 | 0.990
| i
Bivets | 11 40.0 240.0 0.0527 ; 0.885
! 12 42.0 252.0 0.0561 0.969
| average 40.7 244.0 0.05553 | 0.948
|
4 |
!
Bolts | 8 40.0 240.0 0.12465 1.175
9 37.0 222.0 0.14905 1.250
average 38.5 231.0 0.13685 1.212
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bending moment, which was sustained during the work of the described
mechanism of deformation, i.e. during the second phase, must be also the
same, regardless whether the joint had one or two rows. The average value of
that moment, given in Table 7, is actually the same: 132 in.-tons.

This is obviously an indirect proof only, but still encouraging in showing
that the basic assumptions are reasonable.

Using the rivet forces obtained in the final stage, a tensile force of +36.76
tons and a bending moment of

(1.63 +20.01)-2.50 = 54.1 in.-tons

would be induced in the cover plates, according to the beam formula.

For the cover plates, of the dimensions used in these experiments, the full
plastic moment corresponding to a tensile force of +36.76 tons would be
78.7 in.-tons, compared with 54.1 in.-tons; a difference of 45.59,. This dif-
ference can be explained by the fact that the beam formula, used for the
computation, cannot be applied here, because the central cross section of the
cover plate is too close to the rivets (only 2 in. from the rivets in a depth of
section of 7 in.), and the central cross section is still in the range of local, i.e.
higher, stresses. The computed value of 78.7 in.-tons is therefore too high and
cannot be used for comparison.

The last position of the forces forming the inner couple, given in Table 6,
could be easily checked. The total inner force is given as + 38.39 tons. Then,
the distance between the forces must be equal to: 204.0/38.39=5.31 in.,
compared with the assumed figure of 5.28 in.

At collapse, the effective cross section in the middle of the joint, through
the contact area, is represented in Fig. 12. The neutral axis is assumed to be
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as represented in the diagram, according to the observations made at the
final stage in testing. The centroid of the compressed area A,=2.99 8q.in. 18
at point €. The tension area A,=2.875 sq.in. is in full plasticity at collapse,
but the compressed area is not necessarily so, and therefore the neutral axis
is not at the same time, as usually happens, the axis of equal areas. The
position adopted for ' is based on uniform stress distribution, which must be
regarded as only a rough approximation to the actual phenomenon. The full
plastic moment of the cover plates will then be:

*MI" - 2.875' 18.8' 4.‘105 — 237 111.-t0nS,

compared with the obtained value of 204 in.-tons, a difference of 16.2 9,. The
actual difference was less than this, because the moment of 204 in.-tons
obtained in the tests was not the real collapse moment. The whitewashed
surfaces of the cover plates did not display many Liider’s lines. The load
increase was stopped at this stage close to collapse, to enable the deflection
readings to be taken after complete unloading, which would otherwise be
impossible if the stage of total collapse load was previously attained.

Furthermore, it is possible that not only the bending moment of the value
204 — 66 =138 in.-tons (i.e., during the second phase, Table 6) was acting,
but a larger moment involving part of the moment from the first phase, if the
plastic deformation in the end cross section was sufficient for this, the whole
process being a highly statically indeterminate one.

2.32. Joint with Double Row of Rivels

When, instead of one row of rivets, there are two rows, the phenomenon
of force distribution is still more complex. Considering the results of the
experiments on specimens 10, 11, 12 it could be said, that in general. the
participation of the second row of rivets, i.e., the row nearer to the end of the
cover plate is less than that of the row nearer to the central cross section of
the splice. In bolted specimens 4, 8, 9 this difference was not so serious as in
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riveted joints, but still there was a phenomenon common to both types of
joints: the rivet or bolt 5 (Fig. 13) in each test carried the least force.

The cracks in each case formed at 6 and 7, as indicated in Fig. 13 and
shown on photograph Fig. 14.

This indicates that the plastic flow of the cover plates, which initially
takes place between two inner rows induces larger forces in inner rivets or
bolts. The development of Liider’s lines could be seen on the whitewashed
surfaces of the cover plates of the specimen, for instance 11. In Fig. 15 are
shown the first lines which developed in the compression part, when contact
occurred, at a bending moment of 120.0 in.-tons. Then the yielding started in

Fig. 15.

Fig. 16.
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tension also, and the final position is shown in Fig. 16, with cracks as mentioned
previously.

The deformation of the central part of the cover plate, of greater magnitude
than the deformation of its outer parts (i. e., between two rows of rivets), make
it possible for the rotation of rivet 5 about its instantaneous centre of rotation
not to be proportional to the radius of rotation, i.e., the force is not propor-
tional to the distance of rivet 5 from the centre. In the last stage the central
load is so large that it could induce compression in the lower part of cover
plate between 5 and 6.

The cracks first appeared at the free edge of the cover plate and passed
through the rivet holes, under the bending moment of 240 in.-tons.

The distribution of forces in each rivet or bolt must be highly complex
and the repetition of the method, used for a single row, cannot be successful,
though the mechanism of deformation is the same. The problem is highly
statically indeterminate and depends mainly on the mechanical properties of
the central part of the cover plates and of each rivet.

In the above discussion the direction of the rivet forces was always taken
as parallel to the longitudinal axis of the beam in both the first and second
phases. In the first phase, for a single row joint, this is quite correct but
nevertheless, in all the types of joints investigated, the calculated change in
the direction of principal strains in the rivets was very small and the resultant
nearly horizontal.

It thus seems justified to consider the rivet forces as always horizontal.

Part III

3.1. Prediction of Collapse Load for Riveted Joints

3.11. Single Row Joint

The strength of the rivets and of the cover plates together determine the
collapse load.

According to the mechanism of deformation of the single row joint of the
same type as used in the tests, the first approximate value of plastic collapse
moment for rivets could be obtained by making the assumption that the
force in the top rivet is zero and then by equating the forces in the other
rivets to the plastic collapse force (with friction, Table 3) and by assuming
that the compressive force is located at /¢ of the section depth from the top
(Fig. 14). This would give, in our case, a limit according to rivets:

pMp = 2:22.7.4.25 = 194 in.-tons.

The other limit is obtained from the cover plates. The forces in the rivets
in the final stage (Fig. 18) produce in the cover plates a tensile force +45.4
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tons and a bending moment 22.7-2.5 = 56.8 in.-tons. The cross-sectional dimen-
sions of the plates must be such that the cover plates are in full plasticity
under this loading.

In our case, according to the dimensions of the cover plates used in the
tests, for the tensile force +45.4 tons the full plastic moment could be com-
puted (Fig. 19) in the usual way [12]:

e = 454/18.8 =2.42in.,
(8), = 0.50 - e2=2.93 in3,,
My = 115.5—-2.93 - 18.8=160.5 in.-tons.

This result is therefore very close to 56.8 in.-tons and is in agreement with
the already stated fact that in test spemmens 5, 6, 7 the actual collapse was
not obtained (p. 169).

In the tests, the actual average collapse moment for this type of joint was
(Table 7) 200,0 in.-tons or only 3 9%, more than that found above, as the limit
for the rivets.

By making the assumption of zero force in the top rivet, one is on the safe
side, because some force must remain in it and the result obtained proves
this. Also the position of the compressive force has been assumed to be lower
than its true position and this adds to the safety.
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The procedure will be then to compute first M 5, according to the assumed
rivet group and then to check the dimensions of the cover plates, knowing
the induced tensile force.

In the columns 10, 11, 12 of Table 3 the values of rivet forces are given
according to B.C.449. The corresponding allowable moments will be for
rivets in shear:

5.3-5.00 = 26.5 in.-tons;
for rivets in bearing:
2.7-5.00 = 13.5 in.-tons.

If one now compares these moments with the average value of the collapse
moment, of 200 in.-tons (Table 7), obtained in tests, the following values of
the safety factor will be obtained:

for rivets in shear 7.6 and
for rivets in bearing 14.8.

These are really high values and this means only that we have not taken
advantage of the second phase.

Therefore, a more rational approach can be expected from the outlined
procedure, with the values of the safety factor as normally used in structural
analysis.

3.12. Double Row Joint

The procedure of predicting the collapse load can be the same as in the
previous case of a single row, but modified in accordance with the results
obtained for the distribution of forces. As is, for instance, shown in Fig. 17 in
the case of specimen 10, the force in the top rivet of the inner row (No. 2 in
Fig. 16) is not reduced to zero, as before. The efficiency of the external row,
as obtained in the tests, was very low, compared with the inner row, i. e., only
about 159, of it. In general, the matter is not so bad as that because the
flexural rigidity of the cover plates is of prime importance. If this is large
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enough to envolve the external row in sharing the bending moment, after the
full engagement of the inner row, then the picture would be far better than
in the tests performed.

Taking the force in the outer row to be 50 9, of that in the inner row, the
forces in the rivets Nos. 1, 3, 5 will be as indicated in Fig. 16. The position of
the compressive force could be taken to be the same as in the previous case
but less in magnitude (now only 33.6 tons). The resisting moment equivalent
to the external moment will be:

2(11.2 22.4)-4.00 = 268.8 in.-tons.

The bending moment induced in the cover plates by this rivet force is:
M = 33.6-5.0 = 168.0 in.-tons.

The tensile force is N =33.6 tons.

For the cover plates used in the tests (Fig. 15), the full plastic moment M ,
corresponding to the force N will now be only 85.4 in.-tons, i.e. less than
168.0 in.-tons. It is then obvious that such forces in the double row joint
could not be developed because the cover plates were not strong enough.

The proof of this statement is again an indirect one in showing the impos-
sibility of reaching the calculated moment. Only fresh tests with the cover
plate dimensions increased in accordance with the above calculations would
be sufficient for full proof of its accuracy.

3.2. Significance of Test Results with Regard to Practical Joints

It has already been explained why the type of specimens used in the tests
were chosen (p. 153). In general practice, such a type of joint, with web splices
only, is most unusual, and the question of the practical value could be raised.

The clearance in a joint is normally present, and the second phase could
develop if cover plates on the flanges did not prevent it. For the size of gap
between the connected joist length, as made in normal shop practice, the elastic
deformation of flange splices would be insufficient, and it is reasonable to
suppose that their deformation would have to take place before the beginning
of phase two. This plastic movement can again happen in rivets or in splices.
If the cross section of the jointed beam is, as is usually the case, symmetrical
about the horizontal axis and if the top and bottom flange splices with their
rivets are the same, then it can be expected that the movement will occur in
both the tensile and the compressive flange. When the contact occurs, phase
two will start, and sufficient yielding without breaking of the tensile part will
allow full development of the deformation mechanism (as already described)
to take place before collapse, if the instability or cracks are excluded.

Therefore, it could be said that both phases will take place in joints in
practice also; only the timing of their occurrence is changed. The first phase
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will last longer than in the specimens tested, and at the beginning of the
second phase plastic movements in the flange splices will have to take place.
The second phase will then arise and can fully develop if the fracture of parts
in tension does not occur.

This also proves what common sense would indicate, namely, that the
joint in which the gap is kept small is stronger than one in which a wider gap
is present.

If the deflections of a jointed beam, in consequence of the plastic yielding
in the flange cover plate, can be tolerated and the above-mentioned discon-
tinuities are excluded, the total collapse load moment of the joint will be
that obtained for the web connection at the end of phase two, plus the couple
taken by the joint of the flanges.

Joist connections, designed in normal practice to withstand bending
moment, do not make any use of the potential strength given by the second
phase, which of course puts the design on the safe side. But this has a negative
effect on economy. Such joints, designed primarily for static bending, should
utilise the actual mode of their collapse, because this would be only the final
logical conclusion from all the considerations in connection with rivets. The
normal design of a riveted joint exposed to tension or compression is based
on the conditions prior to collapse, but this is not applied to the case of joints
subjected to static flexural load. It would be nearer the truth and more eco-
nomical, in the case of such joints, to calculate the collapse load according to
the final stage in the second phase as described and then to obtain the working
load by deviding the collapse load by an appropriate safety factor.

From the deformation mechanism described it can be seen that the splice
of the compression flange could be very weak and therefore economies could
be effected in both rivets and splices. But the deflection of the jointed beam
must always be checked, and more care is needed in keeping the gaps small.

3.3. Conclusions

It has been shown, that the results of the tests, though obtained on specially
designed specimens not common in usual practice, could be extended and
generalized in some way to the normal type of joints subjected to bending.
The full plastic moment of the splices under consideration was 115.5 in.-tons,
and they actually collapsed at a moment of 200.0 in.-tons. Such an increase
is partly made possible by specially selected spatial features of the specimens
tested, but this still proves that the whole conception of the process, which is
now the basis for design and calculation, must be inadequate. The bending
of the cover plates is changed into eccentric tension, and that is why the dif-
ference between the computed value (based on bending) and that actually
measured is so very great.

1. Therefore, the first conclusion is that the design method for joints
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subjected to static bending, as used by the average designer, cannot provide
a means of determining the collapse load, and the actual factor of safety is
higher than expected.

2. The design of such joints should be based on failure load, as a logical
extension of the procedures already adopted in general for the design of some
riveted joints or members.

3. The direct contact of the compressed parts of the end cross section of
the jointed beam changes the character of the deformation mechanism and
increases the strength of the joint.

4. The most active rows of rivets are those nearest to the joint, and the
flexural rigidity of splices in general determines the percentage of the partici-
pation of the other rows.

5. The distribution of forces during bending is highly statically indeter-
minate. With the progressive enlargement of the web area in contact the neu-
tral line is shifted upwards, and gradually more rivets are strained in tension.

6. In a single row joint the collapse load can be predicted by assuming
that all the rivets (except the top one) are strained in a direction parallel to
their maximum forces, and that the compressive force, equal to the sum of
all the rivet forces, is acting at a point located at one-sixth of the cross section
depth from the top.

7. Further investigations are needed for obtaining information on the work
of joints with more than one row of rivets in the web splices. The flexural
rigidity of the splices used in these investigations should be varied over a
wide range in order to obtain an exact picture of the distribution of rivet
forces in such joints.
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Summary

This paper reports a series of tests designed to obtain basic information

on the behaviour of riveted web connections, i. e. the mechanism of deformation
and that of forces in rivets, when subjected to simple bending under a static
loading.

There are two distinct phases in the deformational response of such con-

nections, with the corresponding changes in the rotation point, both of web
splices and rivets.

The collapse load of riveted connections is higher than computed according

to normal practice, if cases of instability or other discontinuities are excluded.
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According to the assumed mode of functioning of the connection, a tenta-
tive calculation is made of the actual forces in each rivet, and the results
obtained are compared with the values adopted in normal practice.

Résumé

L’auteur rend compte d’une série d’essais qui ont été effectués en vue
d’obtenir des indications de base sur le comportement des joints d’adme réalisés
" par rivetage, c’est-d-dire sur le mécanisme de déformation et sur les efforts
mis en jeu dans les rivets lorsque le joint est soumis & une flexion pure résul-
tant d’une charge statique.

Le processus de déformation de ces assemblages comporte deux phases,
avec modifications correspondantes du centre de rotation, aussi bien des
couvre-joints que des rivets.

La charge de rupture des assemblages rivés est plus grande que celle donnée
par le calcul habituel, lorsqu’il n’intervient ni instabilité ni discontinuités.

En tablant sur le comportement présumé du joint, I’auteur tente d’établir
un mode de calcul des efforts effectifs dans chaque rivet, et il compare les
résultats obtenus avec ceux de la technique courante.

Zusammenfassung

In dieser Abhandlung wird iiber eine Reihe von Versuchen berichtet, die
ausgefithrt wurden zur Bestimmung von grundlegenden Angaben iiber das
Verhalten von genieteten Stegverbindungen: d.h. iiber den Mechanismus der
Deformationen und denjenigen der Krifte in den Nieten bei reiner Biegungs-
beanspruchung unter einer statischen Last.

In der Forménderungsaufnahme von solchen Verbindungen gibt es zwei
getrennte Phasen mit den entsprechenden Anderungen im Drehpunkt sowohl
der Steglaschen wie auch der Nieten.

Die Bruchlast von genieteten Verbindungen ist grofler als sie nach der
iiblichen Praxis berechnet wird, falls Instabilititsfille und andere Diskonti-
nuitdten ausgeschlossen sind.

Entsprechend dem angenommenen Verhalten des StoBes wird eine Berech-
nung der tatsdchlichen Krifte in jedem Niet versucht und dazu ein Ver-
gleich mit der iiblichen Praxis aufgestellt.
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