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STRUCTURAL BEHAVIOR
OF TUBULAR JOINTS
WITH WING-PLATES

I. INTRODUCTION

I-1.. General

Offshore drilling structures in shallow waters are generally
designed as multi-legged towers. The column members in these eight-
and twelve-legged structures normally vary from 3 to L4 feet in dia-
meter. The truss web members in such instances are about 18 inches
in diameter and are welded to the column members after being profiled
and beveled to fit the column sections.,

Recent developments in the design of stationary and mobile
platforms for deep ocean exploration have resulted in trussed offshore
structures with only three, four and six column legs. . The same trend
has been observed in the design of truss-type préduction platforms
for waters with heavy ice flow, like Cook Inlet, off the coast of
Alaska. The diameter of the column members in such structures often
ranges between 12 and 20 feet, while the branch members vary between
6 and 8 feet.

The load transfer in the traditional multi-legged towers is
achieved almost exclusively through a direct connection of the Jjoining
members. Earlier studies have indicated that a joint with non-overlap-

ping branch members and a column-wall thickness of 0.05 0.D., in which
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0.D. is the outer diameter of the column member, has a superior fa-
tigue life as compared to joinfs with overlapping branch members or
gusset plates [1] [2]. However, for large diameter column members,

a column-wall thickness‘;equirement of 0.05 0.D. becomes economically
and even practically unfeasible. Therefore, other design concepts,
although possibly resulting in Jjoints exhibiting a feduced fatigue
life, have to be adopted. Firstly, by using in-plane gusset plates,

a large fraction of the member forces can be transferred into the
gusset -plate, thus reducing the direct web member forces on the column
member wall. ' Secondly, by employing large curved back-up plates in-
side the column members, the load transfer from the web members to the
column member will be distributed effectively. In most designs, a com-
bination ‘of these two concepts is encountered.  For instance, a cement-
grout filled column member with internal diaphragms or ring stiffeners,
to provide & back-up for the column wall, together with either ex-
ternal wing-gusset plates or flared-out web member sections, to in-
crease the contact perimeter between the web members and the column
member, ‘is a typicdl example of an integration of these basic design

concepts.

[1] Bouwkamp, J. G., Tubular Joints Under Static and Alternating
Loads, Report No. 66-15, June 1966, Structures and Materials
Research, Department of Civil Engineering, University of Cali-
fornia, Berkeley.

[2] Beuwkamp, J. G., Considerations in the Design of Large-Size
Welded Tubular Truss Joints, Engineering Journal, ATISC, vol. 2,
. 3, July 1965.




I-2. Objective and Scope

The objective of this study was to evaluate the effective-
ness of wing-plates or external gusset plates in a large-size tubular

Joint under both static and alternating loads. This type of design

has been used for platforms located in Cook Inlet, Alaska. Such strue-

tures have four large-diameter column legs and a singie cross-braced
panel in éach vertical, externalAtruss'piane. Figureé 1l and 2 show a
1:7 scale model of an actual joint as studied in this‘investigation.
The column section has an inner and outer wall with a cement-grout
fill between those two sections. This fill provides the radial stiff-
ness for the thin - 0.0l 0.D. - column wall. The objective was to
study the joint strength with and without the triangular external
wing-plates.

A total of six specimens were fabricated, three with and

three without wing-plates. The wing-plates were only used between

~the diagonal and the column member becaﬁse the load transfer between

the horizontal web member end the column was insignificeant.

A sample of both types of joints was.instrumented substan-
tially with eleétrical resistance strain gages to study under static
loads the stress distribution and loed transfer in these joints under
both compression and tensioh in the diagonal. The strain gages, with
a grid length of l/h inch, were eifher single, cross, or rosette gages,
and were, when applicable, invariably placed as close as possible to

the weld. In addition to the strain gages placed in the direct vicinity

~of the joint, a number of cross gages were applied to evaluate the ef-

ficiency of the composite column member under bending. This instru-
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mentation was radially distributed in a horizontal section on the
outside of the column member of the non-wing-plate model joint.

The initial two specimens were tésted until failure under
static loads occurred. Two of the four remaining specimens were
tested upaltered under alternafiné fatigue loads. The final two
specimens wefe tested both under static and a;ternating loads.
These last two joints were modified versions éf the original wing-

plate type joint.
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II. TEST PROGRAM

II-1. Genersal

The initial objective of this program was to perform a
comparatiﬁe study of a joint with and without wing-plates under both
static and alternating loads. However, through an extensive instru-
mentation of the two basic joints, significant information to further
improve the wing-plate joint could be obtained. The instrumentation
was éherefore designed to give information regarding the general load
transfer in these joints and the state of stfess in presumably criti-
cally streésed areas of both the diagonal and column-tube walls. Due
ﬁo en expected limited non;linearity of tﬁe composite tube section,

& different behﬁvior of the joints under lérge completely reversed
loads was anticipatéd. Therefore, the static load studies were
carried out for both compressive and tensile forces in the diagonal
ﬁeﬁbers. Strain geges were recorded for step-wisé increased static
loads only.

The fatigue studies were carried out under fully alternating
loads simulating eritical design conditions. |

The joint configuration tested represents a typical upper
joinf of a siﬁgletcross-bracea'panel. This panel is entirely sub-
merged under normal conditions, so that only the upper part of the
column legs and the platform appéar above the water. The diagonal

member force at this upper nodal point is most severe.
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II-2. Joints

The wing-plate test joint is a 1#7 scale model of an actual
truss joint with a 14-foot diameter column member. The test joint has
& horizontal web member apd a diagonal member vhich make an angle of
approximately 55° with the column section. Figures 1 and 2 show the
detailed dimensions of the meﬁber secﬁions for the wing-plate joint.
The other joint, without wing-plates, is identiéal to the one shown
in the figureé excépt for the absence of these plates. fhe steel used
in these joints is ASTM A 4kl except for the horizontal member which
is fabricated of ASTM A 36 steel. The load P afplied to the load-
epplication paint as shown in Figure 1, reﬁresents the effect of the
alternating forces due to wind, waves and ice flow acting on the tower.
While thesébloads produce very 1arge.forcesvin thevdiagonals of the
cross~braced panel, the efféct of these extérnal loads on the hori-
zontal member'can practically be negleéted, Cbnseqnently, wing-plates
have only beeﬁ designed for the diﬁgonal-toécolumn connections. To
carry out this study three identical speciméns of each of the two
joint types were fabricated. '

As will be discussed in detaii in Chapter III, comparative
results for the two types of joints under boﬁh static and alternating
loads clearly established the superior’performance characteristics of
the wing-plated joint design. These conclusions were derived after
testing two specimens of each type, one under static loads up to
failufe and one under full alternating loads until failure was ini-

tiated.




The remaining two specimens were used in an attempt to
improve further the wing-plated joint design, to the extent that
the third wing-plate specimen was modified as éhown in Figure 3,
by’an in-plane extension of each wing-platevwith a triangulayr plate
to fill the’corner between the wall of thé diagonal and the ori-
ginal 90° cut-off edge of the wing-plate. This arrangement would re-
sult in the necessary reduction of the stiffness step between the
flexlble 1/16-1nch thlck tube wall and the w1ng-plate with its rela-
tively large rlgldlty in its own plane.

An additional modification shown in Figure 3 was the welding
of & 1/8 x 1 inch stiffenerystrip to the outside of each wing-plate in
order to increase the buckling strength of this plate. These strips
were welded on top of the ﬁpper and undérneath the lower wing-plates.

The above modified'wingaplate design was first studied under
a limited static load in ordér to evaluate the load transfer from dia-
gonal to column member. Next, the joint was sdbjeéted to an alterna-
ting fatigue load uﬁtil failure occurfed.

Based upon the above results, it was decided to redesign the
wing-plate and to incorporate and test this new design in the last
specimen (which originally had no wing-plates). Figure 4 shows the
revised wing-plate design. It should be noted’that fhe thickness of
the upper wing-piate, on the side of the horizontal menmber, is 3/16 inch.
The thickﬂess of the lower wing-plate is unchanged and is 1/8 inch.
The material used was specified to meet the minimum requirements of

ASTM A U4ha,




II-3. Instrumentation

The initial electric-:ésistance strain gage instrumentation

for the twb basic joints was designed to evaluate the stress levels
at several presﬁmabiy cfitical‘locations. Therefore, the wing-plate
specimen was instrumented with 23 rosette; 10 cross and 7'sing1e gages,
thus resulting in.96 sepaiate gage grids. All gages used in these
studies were of the Shinko type with a gage length of 1/4 inch. The
gagesvwete placed almost exclusively on the wﬁlls of the diagonal and
column members near.the welds between the wing-plates and these tube
sections. Figures to bé presentéd in‘Chapter III, and showing the
principal stresses and difections, give a m§re spécific indication of
the strain gage location and distribution. The strain gage instrumen-
tation forythe non-wing-piate’joint was desiéned to provide information
regarding thevstate of stress in the tube walls near the welds between
the diagonﬁl and column section. In ﬁddition; & number of cross gages
were placed elong a 200° arc of a norﬁal sectioﬁ'of the column tube
tc evaluate the bending effectiveness of the composite column member.
Again, moie specific informetion regardiné the location of the 96 gage
circuits (13 rosette and 28 cross gages and 1 single gage) is given in
Chaﬁter I1T. |

| After.the results of the above initial studies showed a very
efficient perférmance of the wing-plate joint; the subsequent investi-
gation was direéted towards a further improvement of the wing-plate
design. This was carried out in several steps. 'First, the two.wing-

plates on one side of the modified wing-plate joint were instrﬁmented




with photo stress on one side of gach plate to evaluate the principal
stress direction in these plates ih general,’but particﬁlarly along
the throat section A-A - see Figurc 3; The expectation'that the
principal stress difection in gusset plates with an approximate 1:2
faper is paraliel to the free edges, as based on results from earlier
studies on photo elastic'models of tubular gusset plate joints, was
found to be also correct in this case. It vwas realized that the effect
of the oné;sided surface strésses,'as observed, did not necessarily
represent the true in-plane stress transfer in these plates. However,
the p:incipﬁl stress directions recorded along'the throaf sections
wére considered prédéminantly a result éf in-plane forées and not of
bending moments. Therefofg, the subsequent cross gage instrumentation
along the throat sections td evaluafe the total force transfer through
thesekwing-plateskwas.oriented parallel and normal to the free edge of
these wing-plates., Two wing-plates on one side of the truss plane were
instrumented with 20 crosses and 4 singles. These gages were all ar-
ranged in a back-to-back fashion to allow the seﬁaration.of strains
caused by in-plane forces and bending moments. An additional 4 cross
gages were placed on the wing-plates located on the far side of the
truss plane in order to check the load symmetry with respect to the
plane of the truss. The resulting 52 strain-gage grids were recorded
on a fully automatic Gilmore strain recordef with a simultaneous plot-
ting and printing output. “This unit has been used for sll static
strain‘recording'purposes°

The final strain gage studies dealt with evaluating the load

transfer through the wing-plates of the revised joint design shown in
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Figure 4. For this purpose, the two wing-plates on one side of the
truss piane, as well as the wall of the diagonal tube on that same
side, were instrumented with 12 rosette and 52 cross gages, for a total
of 140 strain gage circuits; Fourteen cross‘gages were placed back-to=-
back along the throat section of the two wing-plates. The 12 rosette
gages were lécated néar the.welds betweeﬁ these wing-plates and the
column walln The remaining éross gages were placed‘in 5 cross sec-
tions located along the wali of the diagcnal tube énd‘spaced at in-
tervals of 2.5 and 3 inches. Each section incorpdrated 5 to 7 cross
gages,rwhichiweré invariably placed along the axial iines of symmetry
and along longitudinal sections closé to either side of the welds be-
tweeﬁ fhe wing-plates and the diagonai tube ﬁall, To check load sym=-
mstry, an additional set of L cross gagés wés placed in a normal sec=-
tion of the diagonal at 90° intervals éoinciding Wiﬁh the axial lines
of joint symmetry (formed through intersection of the diagonal tube

wall with two orthogonal planes, one of which is, the truss rlane).

IT-4, Loading

Under the design-load conditions, the diagonal member acts
as. the strut.or tie in order to-react the latersl loads acting on the
tower structure, These loads introduce a considerable moment in the
column section above  the upper cross=bracing joint under. study. At
the same time, the horizontal web member carries practically no load
at all. To realize these loads in the model, a- special loading frame,
as shown in Figure 5, was designed and fabricated by the sponsor. The

Jjoint specimzn was mounted in: this frame by pin connections at both the
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base of the column member and the diagonal. Since the horizontal
member was insignificant in the load transfer, the end of this member
was kept entirely free from the frame. The load applied to this sys-
tem was provided by a double acting hydraulic load cylinder with a
maximum dynamic capacity of + and -8Ck. The static load capacity is
% 120k,

Considering the diagonal member and the composite column
section with a moduli ratio Est/Eg of 7.5, the re;ction Torces for this
statically indetermined system have been calculated. The ferce diagram
in Figure 5 shows the resulting reactions. It should be noted that for
an applied load of 5Ck the reaction force of il3k’in the diagonal is,
for ail practical purposes, an axial load. Only a very small eccen-
tricity exists and results in a moment of only 5 k in at the join%t.

The nominal stresses at the joint resulting from the axial load and
moment are 30.l4 ksi and £ 1.3 ksi, respectively. If the steel in the
column section is assumed to act as an integral section, but the grout

is neglected entirely, the above rssults remain practically unchanged.
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III. EXPERIMENTAL RESULTS

III-1. General

The results of the experimental studies are presented in two
sections. Although in the actual investigetion the static and alterna-
ting load tests were not carried out in separate order, the results
are nevertheless presented in a grouped fashion. Considering the ur=
gent need for information at an early stage concerning the ultimate
strength under static loads of the two basic joints, the wing-plate
joint was tested first, followed by the non-wing-plate joint. During
these static load studies the loads were increased step-wise in al-
ternating fashion., Because of the expected larger strength of the
joint under a compressive load in the diagonal, a compressive load
was invariably applied first, followed by a zero load and subsequently
a tensile load of the same magnitude as the earlier compressive load.
Then, after reducing the load to zero, a higher compressive load was
applied to the specimen and the loading procedure was repeated until
failure occurred. The experimental results from these two tests are
presented first, followed by the results of the static load studies
carried out on the modified joint, shown in Figure 3. This joint was
subjected to static cylinder loads of + and -60k, and was not brought
to failure under static loads. The same joint was then subjected to
fully alternating load cycles of + and -U7k, producing an alternating
nominal stress of +(47/50)(30.4 & 1.3) ksi, or & 29.8 ksi, and & 27.h4

ksi, or an average stress of & 28.6 ksi.
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Following this test, two specimens of this original design
were subjected to alternating lcads until failure occurred.

The final study dealt with a spécimen having a redesigned
wing-plate arrangement. After a static loading sequence with maxi-
mum applied loads of + and -50k, the joint wés subjectéd to alterna-~

ting loads until failure occurred.

IiT=2,  Static Load Results

III-2-1., Wing-Plate Joint (original design).-~=This joint

was tested initially with increasing load steps of 5k, namely: P = Ok,
=5k, Ok, +OR, Ok, -10k, Ok, +10k, Ok, =15k, Ok, +15k, Ok, and -20k, Ok,
+20k and Ok. After this cycle, the load steps were increased with 10k
values, and zero readings taken only after each complete cycle, namely:

-30k, +3Ck, Ok,
~40k, +40k, Ok, and finally
-50k, +50k, Ok.

During this last load cycle the wing-plates nearest to the
horizontal member exhibited a distinet buckling deformation at P = -50k.
Following the release of this load and the application of a load
P = +50k, the buckle diséppeared‘almost entirely after reducing the
load again to Uk, Thé sequence of these observations is shown in Fig-
ure €, It should be noted that this buckling was restricted to the
wingmplates nearest to the horizontal member, This indicates a larger
load in these wing-plates than in the two other plates.

In order to obtain data from which the elastic stress dis-
tribution could be determined accurately, a second series of step-wise

increasing and decreasing loads in 10k intervals was applied and the
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data recorded. First, the load was increased step-wise up to -50k;
after reducing this load in 10k steps to Ok, the same procedure was
followed with a maximum load of +50k. The results of this phase of
the study, as far as‘the elastic stresses are concerned, are shown in
Figures_7 and 8 for méximum loads of P = -50k and +50k, respectively.

A general observation can be made after comparing the stresses
on the diagonal tube wall near the column member under tension and com-
pression. The results show very consistently that the stressés under
a compressive diagonal force are higher in absolute values than those
observed under a tensile force in the diagonal. This indicates that
the load transferred directly from the diagonal member to the column
seems to be higher under compression than under tension, or consequently,
that the wing-plates transfer more load under tension than under com-
pression. Hence, one can conclude that a certain non-linearity exists.
This can be explained by recognizing the fact that under tension the
cement grout fill near the center of the joint ig not fully effective.
Therefore, a transfer of loads towards the outside‘of the wing-plates
will result. The stresses in the wing-plates, as shown in Figure 9,
clearly show this same tendency with largei stress values under ten-
sion than under compression. The same is true for the stresses on the
column wall along the welds between wing-plates and column wall. The
general behavior is also clearly indicated in the actual load-strain
plots shown in Figures 10 and 11.

The final load sequence on this first specimen was a con-
tinuation of’step-wise increased load reversals; namely:

0. =50k, Ok, +50k, Ok
0. =60k, Ok, +60k, Ok, etc.
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The earlier-observed buckling phenomenon was noticed at each step.
At -70k all four wing-plétes buckled for the first time. This led to
a gradual deterioration of the joint. At a load of +90k, a small
crack in the column wall near the toe of the diagonal member next to
the horizontal was observed. At loads above -80k, a distinct crushing
sbund in the column section could be heard. After having been sub-
jected to a load P of +100k, at which the earlier-noticed erack propa=
gated over about 3 inches while opening up to-about 1/8 inch, the
specimen failed in compression at -110k. Reversing the load subse-
quently into ﬁension resulted in a compiete separation of diagonal and
column wall at +80k. |

After completion of the test, the intérior of the column sec-
tion in the viéinity of the joint was exposed. The grout immediately
under the joint was crushed down to a depth of 6 inches. The interior
h%-inch diameter pipes were flattened about 3/16 inch., The range of

failure in the grout reached over the full extension of the wing-plates.

ITI-2-2. Non-Wing-Plate Joint.—-The non-wing-plate connection
was first subjected to a step-wise.increased maximﬁm negativé load P
of -40k. This load was subsequently reduced in 10k intervals until
zero was reached. A similar upward and downward step-wise procedure
was followed with a maximum positive load of +4Ok. The data re-
corded at each load step allowed an evaluation of the elastic stress
distribution as shbwn in Figures 12 and 13. For comparative pur-
poses, the stress values are presented for applied loads of
- and +50k. The results clearly show that a substantial yielding

occurs throughout the joint. Furthermore, there seems to be
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8 tendency for the stresses in the diagonal tube wall farthest away
from the plane of the truss to be in absolute values larger under
tension than under compression. This phenomenon, as could be expected,
seems to indicate a redu¢ed efficiency of the grout-filled column
section ﬁnder tensile loads. This observation, which is similar in
principle to that noted for the wing-plate joint, is further supported
by the load-stxain graphs presented in Figures 14 and 15.

An additional study carried out in this phase deals with the
evaluation of the bending stresses in the column section due to the
applied load. Therefqre, 14 cross gages were placed along a normal
section of the column menmber about 3 inches above the incoming hori-
zontal branch member. These gages were predominantly positioned on
one side of the truss plane.  Two cross gages Were placed on the op-
posite side for purposes of comparison. Figure 16 shows the experimen-
tal Stress values for both positive and negative’loads of 50k. The
theoretical stress distribution in the same figure is based on a
moment-carrying capacity of the steel section, neglecting the grout.
qugver, these stresses will be reduced considerably if both the grout
and the steel are assumed to resist the moment., The following analysis

is hereby offered:

Steel: I =190k in , E =30 x 10 % ksi

b x 10% ksi

H
[}

Grout: 11890 in ‘*,Eg

35.75 x P = 35.75 x 50 = 1785 in,

Moment: M
If both steel and grout resist the moment, then
MS/ESIS

Hence M

M/EI withM +M =M,
g g'e s g

s 975k in and M.g = 810k in.

e
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Based on the above results, the maximum stress can be calculated for

each case, namely:

(1785/1906) 12
(975/1906) 12

a) neglecting grout participation: £ 11.2 ksi,
and

6.1 ksi.

b) including grout participation: £
Comparing these values with the experimental stresses near the branch
connection, we can conclude that the wall in that vicinity behaves as
if the grout is completely ineffective. However, on the far side of
the section where the experimental stress values ;re 6.7 ksi and -6.3
ksi for P = -50k and +50k, respectively, the agreement between these
values and the analytical stress value of 6.1 ksi seems to indicate
that the stress value there can be calculated on the assumption of a
complete moment resistant cross section. In general, it seems reasonable
to state that the composite cross section can be assumed fully effective
except in the immediate vicinity of joints.

The final phase of the static load program was carried out
to establish the ultimate failure load. After applying successive
loads of -50k and +50k, the applied load was brought to -60k and sub-
sequently increased with 10k intervals to -80k. After reducing the
load to zero, it was reversed and raised to +50k, +60k and +70k.

Failure, due to a progressive separation of the diagonal from the column

-wall, was recorded at a load of +72k. Thus, as shown in Figure 17,

failure developed first as a tearing of the column wall at the toe of
the weld between the diagonal and the column next to the outer branch
member. Due to this initial failure, the load in the diagonal had to
be transferred almost exclusively through the welds on the outside of

the tube. As a result, complete failure occurred by a successive
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tearing of the diagonal member wall all along the weld between this
member and the column.

It should be noted that already under a compressive load
P = =50k, an obvious crushing sound inside the column section had been
observed. After cutting the column wall away, the grout area under the
diagonal section was severely pulverized. The damaged area had locally
the same depth, but was rather small compared with that observed after
failure of the first specimen tested. Figure 18 shows the damaged grout
after removal of the crushed and broken pieces. The inner pipe sections
were undeformed in this case.

III-2-3. Wing-Plate Joint (modified design - Figure 3).~This

specimen was tested under static loads in order to evaluate the distri-

bution of the diagonal member force in the transfer to the wall of the

" column member. Therefore, the instrumentation was concentrated in the

throat section of the wing-plates and on both sides of the eccentric
wing-plate stiffener. The applied load P was increased and subse-
quently decreased in 10k intervals for both positive and negative values
of P, causing respectively bYension and compression in the diagonal mem-
ber. The maximum applied loads were P = -60k and +60k. The strain
data over these load ranges showed a linear response in each instance.
The results, which substantiated:the earlier findings, in=-
dicated that in case of a compressive force in the diagonal, 45% of
the load is tranferred through the wing-plates. However, for a ten-

sile force in the diagonal, the transferred load percentage is 65%.
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Under the compressive load transfer, 30% is carried by the two wing-
plates adjacent to the horizontal branch member, while the remaining
l5%lis carried by the two other wing-plates. In the case of a tensile
load tfansfer, these percentages are U0% and 25%, respectively.

It is of interest to consider in detail some of the results
obtained for loads of P = -LOk and +4Ok. The corresponding diagonal
force due to those loads is = and ;90,hk, respectively. Table I pre-
sents thé experimental values for the normal loads in the throat sec-
tions of the two wing-plates and in the associated stiffeners. Because
of the joint s&mmetry, the total normal load in all four wing-plates
under compression is -(2 x 22.6k) = -45.2k. This represents, resolved,
an axial diagonal member force of 0.9 x (-45.2k) = =L40.7k or 45% of
—90,hk. Similarly, the total percentage under tension can be evaluated
as 65%. HEnée, the percentage of the diagonal load transferred directly

to the column member wall is 55% in compression and 35% in tension.

‘ TABLE I
LOAD DISTRIBUTION FOR P = * LOk

Load Wing-Plate 1% ' Wing-Plate 2%* D %

P Wing-Plate  Stiffener  Wing-Plate  Stiffemer 10ad
4ok -13.6k -1.5k _6.6k  -0.9k  -22.6k
+40k +18.3k +2.1k +10.8k +1.8k +33.0k

¥wing-plate next to horizontal
*¥wing-plate away from horizental
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For design purposes it is useful to express the normal wing-
plate forces and stiffener forces directly in a percentage of the dia-
gonal member force. This evaluation, based on the load values shown

in Teble I, is presented in Table II.

TABLE II
NORMAL FORCES IN PERCENT OF
DIAGONAL MEMBER FORCE .

Diagonal -Wing-Plate 1 , Wing-Plate 2
Load Wing-Plate Stiffener Wing-Plate  Stiffener
-100 -15.0 -1.5 S 27.5 -1.0
+100 +20.0 +2.5 +12.0 42,0

The normal, practically linear stress distribution in the
wing-plates across the throat section shows invariably high stresses
near the free edge of the wing-plates. The following in-plane stress

distribution was observed:

for wing-plate 1: Opax = Cav %= 0.2 qav, and
for w1pg-p1ate 2: Onax = %av = Opv? where

Force /(throat cross section
of plate).

oav

Hence, thg normal stresses across the throat section of wing-
plate 1 vary between 0.8 O, 8nd 1.2 0,,> With the maximum value oc-
curring near the free edge and the low value in the corner of the wing-
plate near the column wall and diagonal tube, For wing-plate 2, the

extreme values vary between a maximum of 2 cav near the edge and zero
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near the corner. The average axial stresses for the eccentric stif-
feners on wing-plates 1 and 2 aré 0.5 Uav and 0.8 Gav’ respectively.,

In addition to the above "longitudinal” in-plane stresses,
the throat section is also subjected to "longitudinal" and "trans-
verse" (parallel to the section) bending stresses. These stresses
are quite uniform across the section and are, for wing-plate 1,
respectively, + 1/8 0, and & 1/4 0y For wing-plate 2, these
stress values are, respectively, % 1/5 aav and + 1/3 oav' The tréné—
verse in-plane stress is negligibly small.

The static load tests on this specimen were completed after
a study of the'load symmetry indicated an excellent agreement be-
tween comparative strains at selected points in all four wing-plates.

III-2-4, Wing-Plate Joint (revised design - Figure 4).—Be-

cause the stresses in wing-plate 1 or the modified joint were about

twice as large as those recorded in wing-plate 2, it was decided to

increase the plate thickness of plate 1 from 1/8 inch to 3/16 inch.

Although it was realized that, due to the larger stiffness, the in-

creased thickness would tend to draw more load to this plate, it was
hoped that the final result would show a reduction in stress. Based
on ﬁhe above considerations, a revised design of the wing-plate con-
nection—as shown in Figure Y4-—was developed and tested.

In order to evaluate the load transfer and stress distribu-
tion in this joint, a total of 140 gage circuits, grouped in 12 rosettes
and 52 cross gages, was placed on this specimen. These gages were
concentrated on one side of the joint only. Gages on the two wing-

plates were located on both sides of each plate along the throat
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cross section and along the weld between plate and column member. The
geges on the outside of the diagonal tube wall were all cross gages
and were located in 180° arc sections along 7 cross sections. Fig-
ure 19 shows schematically the locations of the several instrumented
sections,

The applied load P was again step-wise increased and decrgased
to maximum values of +50k and -50k, respectively. The load intervals
were invariably 10k. — Three load cycles were carried out. After a rela-
tively small initial non-linearity had been observed in the first cycle,
the subsequent load-strain data showed an excellent linearity for both
the tensile and compressive portion of the loading cycle.

A study of the stress values on both sides of each of the
wing-plates reveals that for a tensile force in the diagonal, 64% of
that force is transferred to the column by means of the wing-plates.

In the cése of a compressive force in the diagonal, this percentage

is 57%. The specific normal stress values as cdmputed from the strain
data and the suggested in-plane stress distribution for P = £ 50k are
presented in Figure 20. According to the assumed stress distribution,
the loads carried by plate 1 under tension and compression are +31.3k
and -27.6k, respectively, These values include +4.3k and -4.2k, re-
spectively, for fhe load transferred through the edges stiffener. For
plate 2, the total loads transferred under tension and compression are
only +8.7k and -7.9k, respectively. These values include +2.4k and
=2.3k for the stiffener loads.

Table IIT presents the experimental values for the normal

loads, in the two wing-plates and the associated stiffeners.




23
TABLE III
LOAD DISTRIBUTION FOR
~ P =& 50k
Load Wing-Plate 1 Wing-Plate 2 z
P Wing-Plate  Stiffener Wing-Plate Stiffener 1024
-50k -23.4k 4,2k -5.6k -2.3k -35.5k

+50k +27.0k +4.3k +6.3k +2.4c  +40.0k

ReSolving the above loads into a resulting force parallel to

the diagonal axis, the following percentage values of load-transfer with

Compression: Total:
Plate 1:
Plate 2:

Tension: Total:
Plate 1:
Plate 2:

- respect to a diagonal force of 113k result:

2 [27.6 + 7.9] x 0.9 = 63.9k or 57% of 113k

(one only) 22iq

(one only) 6%

2 [31.3 + 8.7] x 0.9 = 72k or 64% of 113k
(one only) , 25%

(one only) %

Thése'percentage values indicate that under compression and

tension, respectively, 43% and 36% of the diagonal force is transferred

direCfly to the column mehber.

For purposes of design, the loads indicated in Table IITI can

be expressed in percentages of the diagonal member force. Table IV

presents the computed percentage values for both compression and ten-

sion loading.
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TABLE IV
NORMAL FORCES IN PERCENT OF
DIAGONAL MEMBER FORCE

Diagonal Wing-Plate 1 Wing-Plate 2
Load . s — . : .
Wing-Plate Stiffener Wing-Plate  Stiffener
=100 -21.0 -k.0 -5.0 -2.0
+100 +24.0 +4.0 +5.,5 +2.0

The above(results indicate that increasing the plate thick-
ness of wing-plate 1 indeed draws more load to this plate than before,
namely 22.5% versus 15% under compression and 25% versus 20% under
tension° Nevertheless, the maximum streéses were reduced, as intended,
by approximately 15 to 20%. Significant in this study also is the
fact that the earlier difference of 20% between the total transfer
percentages under tension and compression (+65% and -45%) has been
reduced to only 7% (+64% and -57%). This indicates a more uniform
behavior of the joinf under alternating loads. The reason for this
phenomenon seems to be the incréased stiffness of wing-plate 1, which
attracts a predoﬁinant pértioh of the total load (+50% and -U45% for
plates 1 versus +14% and -12% for plates 2). Furthermore, the effect
of this wing-plate in stiffening the columnlwall must have contributed
to the cbserved férce céncentration,

In regard to the stress distribution along the welds between
wing-plates and column member, it is interesting to note that the cal-
culated stress-—as shown in Figures 21 and 22— is very consistent with

the earlier evaluated load-transfer distribution through the wing-plates.
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Finally, it is of interest to observe the stresses calculated
for the'gages located'gn the diagonal tube wall along’seCtions 1 through
T, as shown in Figuré 19. The stress values are presented in Figures 23
and 24, These stress values are not necessarily representative for the
membrane stresses, although beyond the immediate stress concentration
areas (as near the wing-plateftips) one can assume that local bending
will not be very significant. On the basis of this hyﬁothesis, it is
of interest to evaluate the total force in section 6 for both compres -
sion and tension. While assuming & linear stress variation between
the points with calculated stress values, the total compressive and
tensile forces in that section are, respectively, -42% and +35% of the
basic diagonal member force of 113k. In comparing these percentages
with the corresponding values of -43% and +36%, as previously evaluated
from the wing-plate studies, we note an extremely close agreement.

Percentage values for other sections are presented in the same figures.

IIT-3. Alternating Load Results

IIT-3-1. Wing-Plate Joint (original design).—-Although this

joint was tested after the joint with the modified wing-plate design
had been studied, the response of the original joint under alternating
loads is presented first. The applied load P was erroneously increased
to + and -60k rather than + and -47k, which would have corresponded
with an average nominal stress in the diagonal of # 28.5 ksi. Although
this higher load has undoubtedly caused an earlier failure than could
have been expected under the intended load of % 47k, the overall res-

ponse would probebly not have been significantly different.
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The following failure phenomena were observed and are pre-
sented in Figure 25:

@ 200 cycles: buckling of all wing-plates under compression,
with wing-plates 1 showing a 1/k-in. out-of-
plane buckle, and wing-plates 2 a 1/8-in. buckle.

@ 210 cycles: crack in plate 1l-a starting at A and extending
~over a length of 1/k in. along the weld towards B.

@ 220 cycles: crack in plate 1-b starting at E and extending
over a length of 1 in. towards F.

@ 580 cycles: abrupt failure in plate 1-b along GH, followed
by a propagation of the crack along the weld HF.

@ 620 cycles: sudden crack in wall of diagonal over a 1l.5-in.
distance between C and D. After 635 cycles
this crack length was 5 in. After 645 and
663 cycles the crack had propagated to &
total length of 8 and 9.5 in., respectively.

The test was stopped after 663 cyclesa' It can be expected

that under a load of # U7k, failure would have occurred in the tube
wall near point A, Under subsequent loading rapid crack propagation
towards C and D can be expected. Based on recent fatigue studies [3],

first crack failure under a load of # 4Tk could probably have been

expected after approximately 500 cycles.

[3] Bouwkamp, J. G., Stephens. R. M., Tubular Joints Under Alternating

Loads; Report No. 67-29, November 1967, Structures and Materials
Research, Department of Civil Engineering, University of California,
Berkeley. :
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IIT-3-2. Non-Wing-Plate Joint.—This joint was correctly

subjected to an alternating load of + and -47k. TFailure occurred

abruptly in the wall of the diagonal tube immediately above the toe

of the weld near the horizontal web member. This crack started al-

most immediately, and had, after 19 cycles, propagated 5 inches to

either side of the diagonal dlong the weld between diagonal and col-

umn, Such a failure is entirely in line with the severe stress dis-

tribution noted before in section ITI-2-2 for-an identical specimen.

IIT-3-3. Modified Wing-Plate Joint.—An original wing-plate

specimen was modified by the addition of little triangular plates near

the wing-plate tips and by stiffeners placed eccentrically én the out-

side of each wing-plate (see Figure 26).

The joint was subjected to an alternating load of + and -7k,

with & typical speed of 1k cpm. The following failure phenomena were

observed and are illustrated in Figure 26:

@ 1750 cycles:

@ 1800 cycles:

@ 2900 cycles:

A crack developed in ﬁlate 1-b along the weld
at point D. After 1850 cycles this crack had
propagated 0.5 in. towards E. After 2880

cycles the crack had reached the weld between

diagonal and wing-plate.

A crack similar to that noted above developed
in plate l-a at point A. This crack had propa-
gated after 2900 cycles entirely along the
weld AB.

A 0.5-in. crack along the weld between

diagonal and wing-plate was noted in plate 1-b,
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@ 2900 cycles: The following crack propagation from E to F
(cont’d.) was observed: ‘
@ 8700 cycles, 1.5 in.
‘@ 9000 cycles, 2.0 in.
@ 9550 cycles, 2.5 in.

@ 11950 cyeles, 3.0-in.

@ 5000 cycles: A crack in wing-plate 1l-a was observed and .
propagated from B to C. The following crack

propagation was noted:
@ 6400 cycles, 0.5 in.
@ 8450 cycles, 1.0 in.
@ 9340 cycles, 2.0 in.
@ 9850 cycles, 2.5 in.
@ 10950 cycles, 3.0 in,

@ 5270 cycles: A crack developed in the well of the diagonal
at point G and propagated towards point H as
follows: '

@ 6700 cycles; 0.75 in.
@ 8700 cycles, 1.25 in.
@ 10950 cycles, 1.50 in.
In addition to the above cracks, failure also occurred in
the diagonal tube wall sbove the weld between the diagonal and column =1
member at a ﬁoint nearest to the horizontal branch member. This crack
was first observed after 4100 cycles. After 6800, 8700, 8800 and
10,950 cycles, the crack had prqpagated‘symmetrically to two sides and
had reached a total length of 1y 1.25, 1.50, and 2 inches, respectively.
The test was terminated after 11,400 cycles of alternating

load had been applied.
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III-3-4. Revised Wing-Plate Joint.—~This joint was sub=-

jected to an alternating load of + and -47k. Failure came suddenly
after 800 cycles and progressed rapidly during the next 1000 cycles.
The failure occurred simultaneously in the diagonal tube wall at
points A and B above the tip of the wing—platés l-a and 1-b (see
Iigure 27). The'wail near point B was probably more critically
stressed than point A, and thus exhibited a rapid crack propagation.
After 1500 cycles the entire crack length CD was 2 inches. The sub-
sequent crack propagaetion, which was very symmetrical, occurred as
follows: |

@ 1631 cycles, 2.5 in.
@ 1678 cycles, 3.0 in.
@ 1765 cycles, 4.0 in.
@ 1835 cycles, 6.0 in.

The results clearly indicate that the increased stiffmess
of wing-plates l-a and 1-b caused an early failure due to increased
stress and strain concentrations. It seems that the original wing-
plate thicknesses are far more appropriate despite the high stresses
cccurring in these plates. These test results once more emphasize

the significance of proper stiffness distribution in tubular Jjoints,
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IV, CONCLUSIONS

The wing-plate type of joint proved to be very effective
in tranéferring loads to a thin-walled column section filled with a
cement grout to increase the radial stiffness of that member. Static
tests indicated that as much as 25% of the diagonal member load can
be transferred through a single wing-plﬁte,':It can safely be assumed
that a joint of the type tested wﬁth wing-plates of 1/8-inch thickness
and stiffeners as shown in Figure L will'resist ﬁt least as many load
cycles at a nominal design stress level in the diagonal as any conven-
tional in-plate gusset plate joint. A proﬁer taper towards the dia-
gonal of the plates with a 1ength-to-width ratio of 2 will undoubtedly
increase the fatigue life of such & joint. That the thin (t = 0.01 0. D.)
column wall with cement grout fill backing can resist the high load trans-
fer from the wing-plates to the column wall is found to be mcst satis-
factory. This fact, as in so many other cases, has moved the critical
design area towards the junction between wingmplates_and web members.

In order to obtain in a wing-plate joint an identical load
transfer between the member forces under both tension and compression,
it is advisable to use a self-expanding cement grout which creates a
pretensile hoop stress in the column member. This will probably assure
complete contact between steel wall and core in ordef to obtein a truly

effective supporting action through the entire load range.
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As far as the bending stiffness of the entire column is con-
cerned, tests indicated that one can assume a fully effective composite
section, except in the immediate vicinify of a branch member connection.

Joints with a grout-filled column member and a wall thick-
ness of 0,01 0. D., but without wing-plates, should never be used in

the design of joints to be subjected to cyclic loads.
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