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ABSTRACT

~

Research on the strength and ductility of singlerweb'plate
framing connections was conducted through the use of the finite elementr
method of analysis. Mathematical models were constructed to simulate
experimental test apparatus designed for the study of these connections.
This analysis illustrates that the finite element models give essen-
tially'the same results as the actual experimental tests yielded.

Used in this finite element analysis is the establishment of a
shear versus deformation response for a single bolted lap joint. ' This
response was determined“through a test fixture designed sPecifically
for the study of this lap joint connection. The parameters obtained
from this response were employed in,fhe finite element analjéis. The
investigation éf this connection alsé confirmed the pfemiserthat the
ductility.of the single web plate_cénnectionAcomes from the plate dis-
tortion at the bolts and not from shear deformation of fhe bolt itself

for the plate sizes studied in this research,

vii L _ : \



CHAPTER 1
INTRODUCTION

Moderﬂ day shear framing connections are of various-types, in-
cluding double angle web connections, which have been the standard in
the.past, and single framing angles, single web flates, and structural
tees which ha§e been ugéd in ﬁore recent designs as shown in Figures 1
and 2. |

Single web plates and single framing angles offer several advan-
"tages over other types of shear framing connections. They provide for
éasier fabrication and erection, especially when they can be shop welded
to the carrying beam or girder and field bolted to the beam. The single
web plate also offers an ecoqomical advantage‘in that it requires less
material than framing angle and structugal tee éonnectionso Wﬂen com—
paring the doublé framing angle connections (figld and shop bqlted) to
the shop welded, field'bolted web plate, it can be seen that the rela-
tive cost for the double angle can be from 5 to 247% higher thaﬁ that of
the welded plate (Steel Committee, 1973, pp. 3—4); (However, it should
be noted that the beam loading can influence the economics of the single
plate connection through increments in weld size due to large
loads.) |

' The single web plate, which has been extensively used in recent .
years, is desighed against vertical shear only and is oftentimes re-
ferred to as a shear tab. Although the shear tab has several advantages

1
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and an excellent performance record to justify its gktensive use, there
has been little research work done on the strength and ductility of this

connection to back up its performance history.



WELDED TAB-FIELD BOLTED

WELDED TAB-FIELD BOLTED

Figure 1. Single Web Plates.

Source: (Steel Committee, 1973, p. 2)



TEE CONNECTION
SHOP WELDED & FIELD BOLTED

SINGLE FRAMING ANGLE
SHOP WELDED & FIELD BOLTED

DOUBLE FRAMING ANGLES
SHOP & FIELD BOLTED

Figure 2. Framing Angle and Structural Tees.
Source: (Steel Committee, 1973, pp. 2-3).



CHAPTER 2
OBJECTIVES

The main objective of this research was to simulate analytically
" the experimental results obtained by Professor Samuel ﬂ. Lipson, M,S.,
in his report, "Single-Angle and Single-Plate Beam Framing Connections"
(Lipson, 1968). If this coﬁld be accomplished, the strength and duc-
tility of this type Sf connection could be generally established;'

In order to achieve this main objective, two things had to be
accomplished. First, the load versus deformation response was needed
for a single bolt. This was required because in a shear tab connéction
the load on every bolt varies with‘respect to the C.G. (center of grav-—
ity) of the bolt pattern with the bolt load increasing as its_distance
from the C.G. increases,

The second objective was the implementatipn of finite element
models which would efficiently replicate the experiméntal beam apparatus
results obtained by Professor Lipson.

Through the use of program INELAS (Richard, 1968), the same ex—
periments run by Professor Lipson could be ruﬁ analytically, using the
shear—deformation parameters obtained.

| Upon completion of the analytical studies, a comparison could
be made between thg results that had been obtained in actual expefimenta—
tion and the results oﬁ%ained thrghgh.INEﬁAS; appropriate conclusions

could then be drawn.



CHAPTER 3~
TEXT FIXTURE

In order to achieve a representative bolt shear load versus
deformation reséonse, a test fixture was needed that would simulate thé
.lap joint connection that occurs when a shear tab is bo;ted to the Web
of a beam. |

This test fixture needed to be devised so that it would reﬁli—
cate the lap joint that oécufs in Professor Lipson's experiments and
also sovthaf it would eliminate, or practically eiiminate, any problems
that may have arisen during test pfoceedings. First, fhe text fixture
needed’to be stiff enough so that its deformations and stresses would be
small and fixture failure would not be a problem. Second, the fixture
had to provide torsional rigidity for éhe test plates as the flanges on
a beam provide for the web. Thifd, it was necessary that the fixture
be designed so tﬁat there would be no eccentricity problems pauéed by :
the mounting,of the device oﬁto the Tinius Olson 200 gip testing ma—r
chine which was to be used in the test. Foufth, it wés essenﬁial to
know exactly how much shear was being .applied to the bolt at all times;
and fifth, what the déformation was that occurred at any particuiar
load value. Sixth, thg fixture had to be set up so thatﬂa series of

tests could be run with it. Not only did it have to accomodate for

the interchangihg of plates, but also for plates of varying thicknesses,



so that the shear fofce versus deformation éésponse could be observed
with these guidelines established,
The fixture as shown in F%gure 3 was designed.
The original formulaticn of this text fixture called for the top
; and’bottom headsvand the right hand leg to be fabricated from 1" thick
steel plate, but a check on the fixture's weight showed that it would
weigh appréxiﬁately 80 poqn‘dsu A reduction in thickness of these_plafes
to 3/4" thickness Woﬁld cause a.décrement in fixture weight of 257, or
20 pounds, which would make it more suitable for handling. .It was be-
lieved that the 3/4" plates would still.provide the rigidity the fi#ture
needeﬁ°
The fixture's heads are connected to the right hand leg by pins
(see Figufe 3) in order thaﬁ-the moments in the test fixture to be zero
are at these two points. The right hand lég and the left hand leg
- (formed by the test plates and bolts) are both equidistant from the
fixture's centef line which assured a load of one-half the total load
®) in the test leg. Although the separation of thelleft and right legs
at thevtop head is slightly greater than that at éhe bottom head;'the
variation is small and has negligible effects on the F/Z load value in
thé left leg.
The apparatus was mounted usi;g brackets or clevises as shown
in Figure 4. These clevises passed through the heads of the Tinius
Olsoh 200 kip machipe and were pinned to the text fixture by 1" toole&
steel pins. Thebiqad was then applied to the horizontal plates of the
mounting brackets which transmitted the entire applied load t§ the test

fixture.,
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Figure 3. Test Fixture.



Figure 4. Clevis.
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The test plateé had a width of 4" and Weré of varying thicknesses.
These are bolted to the'test>apparatus by three 1/2" steel bolts through
the use of fixed ears and movable angles which are bolted down to the
fixture's heads as shown in Figure 5. The cdnnection at the top head
also used a shim to the left of the test plate when needed to align
plates of different thickness. This 4" test plate width and the clamping
effect achieved through bolting these plgtes in plaée gave- the lap joint
formed the torsional rigidity it required. The plateé could then be
bolted together, thus completing the lap joint.

The lap joints consisted of two steel plates bolted together
with a 3/4" A325 steel erection bolt. One set of plates under experi-
mentation consiéted of 3/8" and 1/4" plates which models thevtype of |
lap joint achieved by Professo; Lipson. In Lipson's (1968) experiments,
he used 1/4" singlg web plates bolted with A325 bolts to a Wf 21 x 6é
which has a thickness of 0.4" (3/8" = 0.375"); then these bolts were
torqued té 356 ft,—lbs° .Similarly, the single bolted lap joint in the .
tést fixture was'torqﬁed to 350'ft.—1bsa (the maximum capacity-of the
torque wrench available).

To measure the deformation .that occurred in the lap joint,'it
"~ was decided that the change in distance between Points A and B shown
on Figure 6 was to be used. This’would yield an approximate measure as
" to how.the éenter of'the bolt moved from its original‘position due to
shéaring and bearing deférmation, Plate elongation and distortion are
conceivable'cause for error in this measurement. Thejelongation due to
thertensile loéding and surface frictions amounted to less than-é% of

the total deformation and could therefore be neglected. The distortioﬁ



Figure 5. Attaching of Test Plate to Test Fixture.
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along the line of the 1/2" aftachihg bolts was also found to be negli-
gible by inspection of test plates, ‘

In o;der to make this measurement, a sef of 10" calipers and a

Lufkin dial gauge were used as shown in Figure 7. The gauge had a total
rénge of 0.2" with 0.0001" graduations and was mounted-on the lower arm,
half-way betweeﬁ the calipers' pivot pin and measuring tip. _The gauge -
was mounted so that it unwound as the galipers opened. This was done as
a precéution againét having the gauge slam shut in case of cdmplete plate
or bolt failure. If such failure occurred, the géuge would just pop |
6pen and would undergo no damage.

The measuring device was then mounted on an adjustable stand to

support it at its proper elevation for gathering of data.



Figure 7. Measuring Device.



CHAPTER 4
COMPUTER PROGRAMS

The computer program INELAS (Richard, 1968) is used for static
inelastic analysis of a three-dimensional structure comprising two
dimensional finite elements. For isotropic elements, the nonlinear
response, which is baséd upoﬁ incremental plastic theory, uses a
numerical algorithm that yields practically identical results to the_»
Von Mise'’s yield criterion and associated flow rule. To implement
the nonlinear analysis a thfeé parameter uniaxial stress-strain rela-
tion is used. The nonlineér differential equations thét describe the
structure’s nonlinear response can be solved by two techniques: .

(1) The firét order Euler method, and

(2) The fourth order Runge Kutté method,

Boundary displacements and loads can be specified wherever desired or
needed. The program is currently being run on the Control Data
Corporation (CDC) 6400 compﬁtér.

PARAM (Abbott, 1974) is a program written for.fhe Hewlett Packard
(HP) 9100. This program gives the strass-strain paraﬁeters mentioned in
INELAS based on the modulus of elasticity (E), the plastic modulus pr)s
and appropriate secant moduli. The parameters obtained are n, a function

of the curve's shape and Oo” a reference. stress,

15
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NETPLOT (Malvick, 1968) is a program which utilizes the CDC 6400
computer and the CALCOMP plotter. The prdgram ploté the finite element

grid network from any chosen vantage point in space.



CHAPTER 5
TEST RESULTS

Tﬁe test fixture was loaded gradually and the separation of
Points A and B (see Figure 6) was recorded at 2500 pound intervals;
therefore, a‘deformation value for every 1125 poundé of shear was ob-
tained. Upon completion of the shear test, all gauge deformation values
were doubled to obtain the actual separation of Points A and B aﬁd then
plotted against the corresponding'shear values in order to obtain the
shear versus deformation response. (For tabulated experimental data,
see Appendix A.)

Four sets of plates were tested and the results‘studied. These
sets consisted of 3/16" vs. 3/16", 1/4" vs. 1/4", 1/4" vs. 3/8", and
5/16" vs. 5/16" thick plate.

The first set of plates under observation consisted of two 1/4" :
steel plates. Four tests were run, each test using a new set of plates
and a new A325, 3/4" bolt. The data was plotted and the results can be‘
‘seen in Figure 8. |

Initialiy the elastic (Ke) response taken was 4.2 x 105'1b°7in°
as indicated in Figure 8, but the finite element,anélysis results of
the pure-momenf apparatus showed a lack of iﬁitial stiffness in COmpafisan
to those of Professor Lipson;s_(l968) tests. This meant that what
appeared to be the obvi;ﬁé Ke valaé for tﬁe_shear—deformation‘was in
error: | | _ . /

17
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Upon considefation ofrthis_probiem; it beeame apparent that
slippage betwéen the bolts and the plates was the cause of the initial
flexibility..‘When'measured with a micrometer, the 3/4" holee averaged
0.758" in diameter while the 1/2" holes averaged 0.503" and the bolts
were 0,001 to 0.002" undersized. fhis meant ﬁhat there could be'a
0.015" of movement in each plate or that a tofal 0.03" of slippage could
occur in a set of plates.

From the test data (Appendix A), it can be seen that .major slips
occufs as shown in Test No. 2, for 1200,'2500, and 3750 pounds of shear
and at 7500 pounds of shear in Test No. 3. The test data also illus-
trates that in some cases the Ke value initially appears to Ee.extremely
high because no measurable deforma;ion occurred until the bolt shear
load reached e valueAas'high_as 3750 pounds, as shown in Test No. 1,
Also, once deformation begins and aﬁpears_to increment without the
occurrence of major slip, it is possible that the meaeured deformations
are a combination of actual bolt-plate deformatlon and minor. sllppage°

Through studies of unpublished Chance Vought tests for single.
fastener lap joint stiffnesses (see Appendix B), Professor R. M, Richard
" determined that a K, coeid be established by the following equation:
| 2E(t 2) |
(t + t2) v

K
e

for two plates of the same material in which E is Young's Modulus,Aand
tl and t2 are the plate thicknesses.
This yielded a K, value of 7.25 xlO6 1b, /in,, an eiastic response

_alﬁost‘l75 times stiffer than the observed value from the load-

 deformation curve which included slip. This response value proved to be
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effective in giving the necessary initial stiffness in the finite ele-
ment model, This topic is further discussed in Chapter 3.

Through the applicationrof program 3ARAM, the curve shownrin
Figure 9 was adopted as the load deformation responserfor the 1/4"
plates bolted together with a 3/4" A325 bolt torqued to 350 ft.lbs.

It is important to note that the response discussed is not
solely the reeponse of an A325 3/4" bolt under shear, but the response-
of that bolt due to shearing forces applieo through 1/4'" steel plates.
The test results show that under these conditions no visible marks of
shear deformation occur in the bolt. Instead, there is yielding of the
plate material around the bolt hole as shown in Figure 10. VThus the
shear-deformation response obtained is not only a function of bolt type
and diameter, but also of the type of pletes it joins togetﬁer.

The situation where one plate is 1/4" and the‘othet is 3/8"’
V_closely simulates Professor Llspon s (1968) 1/4" shear tab attached to
a beam web of 0.4", Three tests were run for this set of plates, all
yieldlng ‘acceptable data° : |

The K value calculated for this set of plates was 819 x lO6
lbo/ihﬁ > (ﬁuéplastic response) was chosen-from.the response curve to -
be approximately 1,25 X lO4 lb;,/ino (eee Figure 11). The solid line that
can.be seen in Figure 11 is the curve glven by program PARAM (Abbott
1974) for the data points using the K parameters dlscussed.

. The resulting shear-deformation tesponse shows little diffef—
ence.from-the response obtained in_the-two 1/4" plate study (Figure 14; p;
26). 'It appears that in thie second piate set the 3/8" plate gites theA N

lap joint a small additional amount of initial stiffness, but the'yield
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Figure 10. Distorted Test Plate.
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in bearing of the 1/4'" plate at the Boit hole again becomes the con-
trolling factor.

Two othef sets of plates were Eriefly studied in order that some
_.comparisons could be made. The first of these two sets coasistéd 5f two
3/16" plates and the second was comprised of 5/16" plates. Two tests
were run for each set and all gave acceptable data (see Figures 12 and ‘

13).

6 3

K, for ther3/l6" set is 5.4 x 10" 1b./in. With,KP = 6°94>x 10
lb,/iﬁ. whereas for the set of 5/16" plates is Ke = 90,1 x lO6 1b./in.
with Kp = 2.0 x 104 1b./in. and using the data response curves shown in
Figures 12 and 13, the fARAM responses could be calculated and the
results are shown iﬁ Figure 14.

| Compafing the 3/16" set, 1/4" set, and 5/16" set, it is iﬁme—
diately observed that as the plate thickness increases, the strength of
the shear tab connection increases; however, it is a£ a decreasing rate,
and the plastic moduli also bécome stiffer (increase in magnitude).

It is expected for the increments in joint.strength and plastic
response to occur és the plate thickness increases, but the cause for
the decreasing rate of thé'strengfh increment is not immediately obvious.

Alfhough the plate thicknesses were increased in steps of 1/16",
-the total cross sectional area increpents grew sméller° That is for
3/16" to l/4f (or 4/16" the area increases 33%, but frqm‘l/4"rto 5/16"
the area is only 257 greater. This is one cause for the decreasing |
plate strength rate, - R

. Secondly, there is the effept of a céuple that occurs at the

bolt in the lap joint due to the single shear condition. This cbupking
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effect tends to rotate the lap connéction’as shown in Figuré,lS. The
resistance to this bending moment is dependent on the plate's'moment of
inertia. As plate thicknesseé increase at a steady rate the moments of

inertia will increase at a decreasing rate as shown heres I3/l6 =

4
> Lh/16

0,,0102in,4 (96% greater than I

. ~ 4 ; -
0.00221in. = 0,00521p° (1367% greater than 13/16)’ and 15/16 =

47167 |

With thinner plates having greater rotation at the bolt there
will be greater bearing on the edge of the bolt holes insteéd—of an even
load distributioﬁ across the thickness of the plaﬁeo The increase in
bearing on the bolt ﬁole edge causes a decrease in thé efféétive area
the bolt is bearing on, and this will cause yielding effects to show
earlier than might be anticipated. This effect can be seen in the

response for the 3/16" plate shown in Figure 14,



Figure 15.

Couple Effect At Bolt.
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CHAPTER 6
FINITE ELEMENT ANALYSIS

In order to analytically simulate the actual test experiments
run by Professor Lipson (l968)s finite element models were needed that
would sufficienfiy represent the test configurationsc

- Professor Lipson employed two basic kinds of test apparatuér
Both teétsrutilized a WF 21 x'62 steel beam and a 1/4" single plate web
shear coﬁnection. The first test configuration subjected the cénnection
to pure moment, the second to both shear aﬁd mOmenf (see Figureé 16 and
17). From the pure moment apparatus, Professor Lipson:obtained a set
of response curves for the moment versus the bolt line rotation and from
the shear-moment condition, the shear in the bolt line versus its ver-
ﬁical deflection responsé was obtained.

The numerical analysis was accomplished through the use of the
finite element program INELAS (Richard, 1968) which haé the capacity to
hagdléVSix different types of finite elements: @D ba¥s, 2) isqtropic
'triangles,.(3) nonisdtropic_triangles, (4) réctangles;'(S) quadrilateral
e;eménts, and (6) discfetevfasteners@~fFour of these eleménts were used
in the modeling of Pr§fessor Lipson's (1968) experimental test apparizuso

A generalzpure'momgﬁt model wés designed. to handle a shear tab
‘that varied from two to six fasteﬁing bolts (see Figure 18). The flanges
of the beam were modélgd by the use of bar elements, the web through the
use of isotropic tfiangles and rectangles (quadiilateral eleménts

30



WF21x62
48’ 48’
«P
0
+30P
0

Figure 16. Experimental Pure-Moment Apparatus.

31

loading

shear

moment



13.5'
v 80
40.965P
o 1
12.35P
-9.72R

10.1-

WF21X62

32

loading

1 shear

-0.035P

moment

Figure 17¢ Experiment Shear—Moment Apparatus.



12.00-.

21.00
30.00-
34

Figure 18.

.50-

39.00
42.00"

Pure-Moment Finite Element Model.



| . - , | 34
could also have been used), and the bolts were modeled as discrete
‘ fasteners,. |

The symmetry of Professor Lipson's (1968) pure moment apparatus
allowed the finite element models to require only half the total beam
length when proper support conéitions Weré applied. Both models were
supported in the vertical.direction by a roller at tﬁe end opposite the
single web plate;, and the web plate itself,was fully suéported against
horizontal movement by a vertical wall to which the plate was attached
through the use of rollers. .The application of a single point,ioad 18",_
from the vertical wall now yields the same pure-moment condition sfudiéd
by Professor Lipson (1968). This simplification has ecénomized on com-

. puter memory space and run time due to far fewer elements.

.A general shear-moment model was designed on the same fundamental
basis used for the pure-moment model (see Figure i9)° For this shear-
ﬁoment model there was no symmetry that could be taken advéntage~of, =1e)
the entire test configuration used by Professor Lipson had to be modeled.
The right end of the model>éttained vertical support from a roller, while
the cantilevered left end attained complete hbfizonéal:support thfdugh
hetuse of rollersioﬁ a vertical‘wall except at the center liﬁe of tﬁe
web where the shear tab was pinned to the wall. This pin provided the
‘ verticél coﬁstraiﬁt required to obta:in,fixity° |

On‘the‘generél pure-moment and shear-moment models tﬁe depth of-
the shéar tab was always 17;5"; the required dimension for a,six-boit
singie_platewcénnegtion regardless of whetherAdr not the shear tab had

six bolts. This was allowable because the depth of the shear tab is not
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crucial as long as the minimum vertical edge distance of 1-1/4" is

observed.

Both general models were dimensioned from the experimental
apparatus of Professor Lipson (1968) and loaded exactly as he had done.
The-shear tabs for the pure-moment models were 4.25" long and for thg.
shear-moment model the tab length was 5.25". The hor%zontal minimum
edge distance was.also 1.25" measured from the edge of the plate to the
bolt line. |

For both general models fhe short portions of the beams that .
ovéflapped the shear connections were omitted. This simplification cut
down on the number of total elements, which economized on computer
memory space and run time. The effect of omitting this short}éoftion of
the beam is negligiBle because all of the interaction between the beam
and web connection occurs analytically at the location of the bolts.

The bolted lép joint shear-deformation résuits obtained in the
laboratory were used as fastener parameters. Through INELAS éll of the
‘lap joint nonlinearity éould be concentrated into theé fastener element.
The power of this concept lies in the fact that the fastenmer will react
exactlj as the experimental bolted lap joint, thus not only aligwing for
bolt deformation but also for the failure of-the shear tab material sur-
rounding the bolt holes, giving the complete shear-deformation response.

All keypunched data decks which defined the geometry of the fi-
nite element models were run on the CALCOMP plotter through the use of
geometric configuration as it was defined by the daﬁa deck. The plots

are presented in Figure 20,



GENERAL PURE-MOMENT MODEL

GENERAL SHEAR-MOMENT MODEL

Figure 20. Plots from NETPLOT.
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.’The total load applied to each model varied, depending on
whether the test was pure-moment or shear-moment and the number of bolts
in the shear tab. This value applied was chosen according to the
moment-rotation and shear-deformation graphs shown in Professor Lipson's
(1968) work. The total load (P) was then applied in three increments of
0.6P; 0.25P, aﬁa 0.15P using a fourth order Runge Kutta scheme. In some
cases the number of increments ﬁas increased to four using the values
0.4P, 0,2P, 0.2P, and 0.2P. This incremental application of the total
load allowed for the presentation of moment-rotation or sﬁear—deformation |
‘data at intermediate.points éo thét a complete response could be plotted,
All total loads were of the magnitude required to cause complete failure

of fasteners by loading them into their plastic state.-

\



CHAPTER 7
INTERPRETATION OF FINITE ELEMENT ANALYSTS OUTPUT DATA

The program INELAS (Richard, 1968) provides an abuﬁdance of:inr
forﬁétion for each load value applied to-any particular model. The out-
put data basically consists of nodal point displacements, stresses in
each element, lcads in fastenérs énd load direction, a factor of safety
for each element based upon the reference stress Tos egternal reactions,
an equilibrium check, and residual stresses and strains.

In order for the moment-rotation curves to be plotted for the
analytical results, it was necessary to locate the pivot point of the
bolt line. This point always occurred at the center of gravity of the
bolt line. The rotation of the bolt line was always symmetrical about
this pivot.point; therefore; in order to determine the amount of rota-
fion, the horizontal displacement of the node directly above the center
of grgvity nodal point was divided by their vertical separation. This
yielded the bolt line rotation in radians. This value could then be
plotted against the appropriate moment in the web connection.

For determination of the analytical shear-deformation response,
the vertical displacement of the node directly below the bolt line ét

the bottom of the modeled beam was plotted against the shear in the bolt

line at that instant.
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CHAPTER §

FINITE ELEMENT MODEL RESULTS

When initiating the experimental testing, there was no 3/8"
plate immediately available. It was decided that the first set of
plate tests'would be run with two 1/4" plates, the thickness of Prqfeé—
sor Lipson's (1968) shear tabs. From this se; of éxperiments Ke aqd'
‘Kp values could be obtained for use in the finite element anglysis. It
was believed that the results obtained would still be acceptable be-
cause although there would be some variance in the parameters obtained
from two 1/4" plates versus one 1/4" and one 3/8", the values would
still be of the proper}magnitude, assﬁring similar analytical results.

Initially the linear resfonselof the shear-deformation curve for
the 1/4" plates was chosen directly from the plot of experimental data
as Ke =4,2 x 105 1b./in. Howeve;, upon plottingfthe momenf~rotation
curve for the two bolt shear téb through use of the two-bolt pure-moment
model, it was seen that the initial portion of the analytical curve was
softer (less stiff) than the experimental curve obtained by'Professor
Lipson (1968) (see Figure 21). It was believed that the problem lay
with the chosen Ke value, that it really did not represenf the linear
response of the bolt shear deformation curve.

Upon the reexamination 6f thié value and the adoption of the
formula Ke = 2E(t1t2)/(1l+t2), a ;éw valﬁé for Ke was calcuiated té.ber

6

8.9 x 10" 1b./in. using thicknesses of 0.25" and 0.40"™, Using this K,
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value and other associated parameters obtained through progfam PARAM,
the resulting analytical response improved significantly, yielding ex-
cellent correlation with the experimehtal.reSults shown by Professor

-Lipéon (1968) (see Figure 21).

To further illustrate the softness of the original-Ke =4,2 x
10° lb./in., associated parameters were used in an analysis of the six— -
bolt pure-~moment model. Once again the resulting response (see Figure
21) lacks initial stiffness whigh is obtained when the saﬁé modelvis
analyzed again using Ke = 8,9 x 106 1b,/in. parameter.

Figure 22 shows the analytical moment-rotation responseé super-
imposed on Professor Lipson's (1968) experimentél results, which show
two curves fér each type of shear tab. "Each pair of curves représents
the two joints testeﬁ in one loading operation" (Lipson, 1968, p. 148)
(see Figure 16). Apparently the differences that occur in the pair of
curves are due to variances in bolt hole clearances upon completion of
joint fabr:i;cation° ‘

Professor Lipson's results are comprised of éwo types of re-
sponses, the first being one of increasing bolt line rotation at constant
moment and the second being increased rotation with iﬁcfeasing moment
but at a decreasing rate (see Figure 22). The first action is due to

(slippage of all connecting bolts and ghe absence of'this type of re-
sponse means that at least one bolt is in bearing (Lipson, :1968)°

The analytical responses obtained closely approximate the actual
experiméntai résponses, These curves are smooth and show no signs of
slippage because the mathematical models used make no such allowancés9

all fasteners (or bolts) being in bearing at all times.
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These finite element responses show three distinct regions,'ther
first being an initial near-linear response. The second region illus-
trates gradual yielding 6f the fasteners. The third shows .the connec-
tion's‘plastic response where all the fasteners have exceeded their
plastic limits.

The puré moment analysis shows that as each joint enters its
region of yielding, the outermost fasteners will go plastic first as
theoretically predicted., When the outermost fasteners go plastic, all
additional load must be carried by the imnermost bolts; this will con-
tinue to happen until all fasteners have reached the plastic state. It
is 'also noted that the lines of action for the fasteners is horizontal
if the web plate 1s assumed to be infinitely stiff; however, the finite
element rgsults show that the line of action iﬁitially deviates as much
as 7" (ih the six bolt connection) becéuse in reality the.étiffness that
exists is finite,

The-analytical bolf-line shear versus deformation response com-
parison is shown in Figure 23. However, immediate inspection does not
reveal the excellent analytical to actual response correlation seen i&
the pure-moment responses. Upon further inspection, bne notices that
all of the actual responses (with the exception of the two-bolt cénneé—
tion) show maﬁor slippage occurriné in the joints, which again cannot be
accounted for in the analytical models. When a comparison of initial
response slopes and plastic response slopes is made, it can be seen that
these values are relatively close.

Therefore, 1f slippage did not occur, the actual response

would continue to soften as the shear increased and the comparison of -



KIPS

160-

140-

120.

100-

80 -

60-

40-

20.

0.1 0.2

Figure 23. Shear vs.

6 bolts

5 bolts

4 bolts

3 bolts

2 bolts

experimental

analytical

03 0.4
INCHES

Deformation Responses.

0.5

45



46
the finite element té experimental results would have shown cléser
correlation.

Also éontributing to the correlation problems isrthe fact that
analytically it is possible to obtain a true fixed connection, but in
actuality 1007 fixity is not possible. This would cause the finite
element model to be stiffer than the experimental apparatus, yielding
stiffer response data than the actual experiments did.

For the shear—moment condition it is imporﬁant to note ;hat the
lines of action for the bolt loads deviate as much as 4° (for the six
bolt connection) as the applied beam load increases. This efféct is
the result of the interaction between the shear and bending moment
stresses in the web and it can be seen in all cases with the exception
of the two bolt connection.

Professor Lipson (1968) also mentions that the center of ro;ation
for the bolt line was never more than 0.8" from the centroid pf the bolt
pattern in the direction of the compressive edge. This; too, was found
to be the case analytically with the maximum distancé being oniy 0.23".
from the centroid towards the compressive edge. Agaiﬁ slippage occurring
in actual experiments causes the large amount of discfepancy between

these two values.



CHAPTER 9
CONCLUSTIONS

The following conclusions were drawn frbm tﬁe results bf this
analytical study: ) |
1l. The obvious linear shear-deformation response (Ke) of the.
bélted lap joint is in erxor due to exisﬁing slack., Ke can be‘better .
approximated through use of the formula Ke = 2E(tlt2)/(tl+t2)°
2. .The single plate framing connection can be'efféctively
modeled by concentrating the nonlinearity of thevjoint into discrete
fasteners.- |
3. Shear tab ductility comes from distortion cof the bolt holesy
providing the bolts are of the necessary strength.
| 4, TFinite element models provide_the capability to view the
elastic‘and inelastic responses for the single plate;ffamiﬁg connection.
| 5. Thé resultant bolt forées tend to rotate as the shearing

force in thé bolt line and moment.in the connection interact.
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CHAPTER 10
RECOMMENDATIONS

The following recommendations are made for extensions to this
study: | |

1, If larger plates (meaning larger loads) are to be studied,
the test fixture will'heéd to be strengthened in certain areas..  Pre-

Asently'the‘major weak points in the fixture.are the 1" tooled steél.pins
that attacﬁ the test apparatus to the clevises., They have taken 50K of
load in double shear (25K/shear surface), but they‘aiso show large per—
manent disfiguration. "Also, as the total fixﬁure load is increased, the
pins attaching the right leg to the uppér and.lower heads may have to be
increased in size or can Be changed to tooled steel (or soﬁe similar-
material),

2, At this time the 1/2" bolts (in double shear) fhat attach
the plates to the test fixtures have.approxiﬁately three times the total
shear surface that the 3/4" bolt has. Any iﬁcrééses in tést bolt diam;
eter (from 3/4") may require an increment of these attaching bolt diame-
ters in oraer to maintéin a factor of safety and the deformation measure-
ment error due to distortion in this area minimal. | |
| 3. This analysis only studied a gauge disténce of 2-1/2" for
the puréfmbmeht case and 4" for that of shear-moment. In both studiés

the pitch distance was always 3". Therefore, investigation of bolt
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pitch and gauge distance variations would mazke a natural extension to
this work, |

4, The effect of punching holes versus the effect of drilling
holes (studied in this work) méy be another possible extension.

5. The effect of multi-bolt lines versus the single bolt line.



APPENDIX A

TEST RESULTS
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Strength Values for Materials Used Obtained from Test Coupons.

Yield Strength Ultimate Strength Failure Strength
Lot 1 Not Used for Testing
Lot 2 49,8 ksi  72.8 ksi 60.0 ksi
Lot 3 No Coupon Available
Lot 4 48,0 ksi : 64.0 ksi . '53.3 ksi

Lot 5 45.1 ksi . 66.2 ksi 54.4 ksi
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Plate 1: 1/4" -~ Lot 2 Plate 2: 1/4" — Lot 2 Test # 1

Length Change

Total Load Rg:ziig Ga52:n§:a22ng Between Pts. Shgiitin
(ths-) (10™% in.) (10™% in.) 50 (Ibs.)
° ° (10 " in.)
2,500 1784 0 1,250
5,000 1783 2,500
7,500 1783 3,750
10,000 1773 10 22 5,000
12,500 1742 31 84 6,250
15,000 1723 19 122 7,500
17,500 1693 30 182 8,750
20,000 1675 18 218 10,000
22,500 1652 23 264 11,250
25,000 1633 19 302 12,500
27,500 1603 30 362 13,750
30,000 1568 35 432 15,000
32,500 1513 55 542 16,250
35,000 1480 33 608 17,500
37,500 1335 145 898 18,750
40,000 1188 147 1,192 20,000

END OF TEST




Plate 1: 1/4" - Lot 2 Plate 2:

1/4" - Lot 2 Test # 2
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Gauge

Length Change

Total Load Reading Ga22:n§:a§?ng Between Pts., Shgzifin
(Lbs.) -4 . -4 A&B (Lbs.)
(10 7 in.) (10 1n.) (10—4 in.)

2,500 1875 25 50 0
5,000 ’ 1838 37 124 1,250
7,500 1813 25 174 2,500
10,000 1794 19 212 3,750
12,500 ' 1783 11 234 5,000
15,000 1765 18 270 6,250
17,500 1752 13 296 7,500
20,000 1733 19 334 8,750
22,500 1706 27 388 10,000
25,000 1684 22 432 11,250
27,500 1635 49 530 iz,soo
30,000 1583 52 634 13,750
32,500 1523 60 754 15,000
35,000 1475 48 850 16,250
37,500 1400 75 1000 17,500
40,000 1233 - 167 1334 18,750
42,500 1000 233 1800 20,000
45,000 754 246 2292 21,250
47,500 - 465 289 2870 22,500

END OF TEST




Plate 1: 1/4" - Lot 2 Plate 2:
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1/4" - Lot 2 Test # 3

Length Change

Total Load Rgzgizg Gaﬁgzn§:aégng Between Pts. _Shg:itin
(Lbs.) (10 in) (1074 ine) ARE (Lbs.)
i , (10 in.)
0 1950 0
2,500 1950 1,250
5,000 1935 15 30 2,500
7,500 1915 20 70 3,750
10,000 1900 15 100 5,000
12,500 1876 24 148 6,250
15,000 1863 13 174 7,500
17,500 1842 21 216 8,750
20,000 . 1815 27 . 270 10,000
22,500 1792 23 316 11,250
25,000 1762 30 376 12,500
27,500 1732 30 436 113,750
30,000 1702 30 496 15,000
32,500 1662 40 576 16,250
35,000 1542 120 816 17,500
37,500 . 1386 156 1128 © 18,750
40,000 1211 175 1478 20,000
42,500 1011 200 1878 21,250
45,000 732 279 2438 22,500
47,500 400 332 3100 23,750
49,500 0 400 3900 24,750

END OF TEST




Plate 1: 1/4" - Lot 2 Plate 2: 1/4" - Lot 2 Test # 4

Length Change

Total Load ~ pooif  CORES img  Detween Prs. < STZeT I
(Lbs.) 1o 1y 10 1oy A—Z B (Lbs.)
. : (10™% in.)

0 1910 0 | 0o - 0
2,500 1908 2 4 1,250
5,000 907 1 6 2,500
7,500 1888 .1 44 3,750

© 10,000 1867 21 86 5,000
12,500 1849 18 122 6,250
15,000 1813 .36 ' 194 7,500 -
17,500 1790 23 240 8,750
20,000 1767 23 286 10,000
22,500 1737 30 346° © 11,250
25,000 1712 25 396 12,500
27,500 1667 45 486 13,750
30,000 1637 30 " 546 15,000
32,500 1608 29 604 16,250
35,000 1567 41 686 17,500
37,500 1425 w2 . 970 18,750
40,000 1278 147 1264  * 20,000
42,500 1110 168 1600 21,250
45,000 878 232 2064 22,500
47,500 560 318 2700 23,750

50,000 88 472 3644 25,000
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Plate 1: 1/4" - Lot 2 Plate 2: 3/8" - Lot 3 Test # 5
Total Load CRge Ghengedn - IEUEC RS shesr tn
(Lbs.) _4 : 4 A& B (1bs.)
‘ (10™% in.) (107 in.) 1074 1) _
0 1900 0
2,500 1900 1,250
5,000 1900 2,500
7,500 1820 80 160 3,750
10,000 1810 10 180 5,000
12,500 1805 5 190 6,250
15,000 1795 10 210 7,500
17,500 1775 20 250 8,750
20,000 1755 20 290 10,000
22,500 1695 60 410 11,250
25,000 1618 77 564 12,500
27,500 1595 23 610 13,750
30,000 1570 25 660 15,000
32,500 1540 30 720 16,250
35,000 1500 40 800 17,500
37,500 1405 95 990 18,750
40,000 1305 100 - 1190 20,000
42,500 1170 135 1460 21,250
45,000 945 225 1910 22,500
47,500 470 475 2860 23,750
48,900 0 470 3800 22,450




Plate 1: 1/4" - Lot 2 Plate 2: 3/8" - Lot 3 Test # 6

Length Change

Total Load Rgzzfsg’ Ga322n§:a§2ng Between Pts. Shgiitin
(Lbs.) 4 i A&B (Lbs.)
(10 7 in.) (10 7 in.) (10—4 in.)

0 1817 0 0 o
2,500 1770 47 94 - 1,250
5,000 1764 6 106 2,500
7,500 1678 86 278 3,750

10,000 1665 13 304 5,000
12,500 1655 10 324 o 6,250
15,000 1643 12 348 7,500
17,500 1624 19 386 . 8,750
20,000 1609 15 416 10,000
22,500 1594 15 446 11,250
25,000 1565 29 i 504 12,500
27,500 1514 : 51 606 13,750
30,000 1484 30 666 15,000
32,500 1455 29 724 16,250
35,000 1404 5L : 826 - 17,500
37,500 1314 90 1006 - 18,750
40,000 1214 100 . 1206 20,000
42,500 1074 140 © 1486 21,250
45,000 870 206 1894 22,500
47,500 365 505 2904 23,750

50,000 155 210 - 3324 | 25,000 -




Plate 2: 3/8" - Lot 3
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Plate 1: 1/4" - Lot 2 Test # 7
Total Load S Chamge tn SRR/ ST shear dn
(tbs.) (107% 4n.) (10™% in.) ALZ ’ (Lbs.)
e y (10" in.)
0 1802 0 0 0
2,500 1763 39 78 1,250
5,000 1755 8 94 2,500
7,500 1745 10 114 3,750
10,000 1731 14 142 5,000
12,500 1715 16 174 6,250
15,000 1704 11 196 7,500
17,500 1685 19 234 8,750
20,000 1664 21 276 10,000
22,500 1630 34 344 11,250
25,000 1605 25 394 112,500
27,500 1580 25 4ht 13,750
30,000 1554 26 496 15,000
32,500 1518 36 568 16,250
35,000 1484 34 636 17,500
37,500 1420 64 764 18,750
40,000 1350 70 904 20,000
42,500 1250 100 1104 21,250
45,000 1104 146 1396 22,500
47,500 835 269 1934 23,750
48,500 455 380 2694 24,250
- 49,500 0 455 3604 24,750




Plate 1: 3/16" -~ Lot 4 Plate 2: 3/16" - Lot 4 Test # 8

Length Change

Total Load Rg:s%zg ‘ Gagzzngzaizng Between Pts. Sh:gitin
(ibs-) (10™% in.) (107 in.) i (Lbs.)
. y (10”% in.)

0 1935 o 0 , 0

2,500 1915 20 ' 40 1,250
5,000 1900 i 15 70 . 2,500
7,500 1879 21 112 3,750
10,000 1864 15 142 - 5,000

- 12,500 1855 -9 160 6,250
15,000 1815 40 240 7,500
17,500 1790 25 290 8,750
20,000 1763 27 344 10,000
22,500 1715 48 440 11,250
25,000 1655 - 60 560 12,500
27,500 1415 240 1040 13,750
30,000 1040 375 1790 115,000
32,500 . . 360 680 - 3150 16,250
33,200 100 260 3670 17,500
33,400 0. 100 3870 18,750

ULTIMATE STRENGTH
21,300# Shear
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Plate 1: 3/16" - Lot 4 Plate 2: 3/16" - Lot & Test # 9

Length Change

Total Load Rg:giig Ga§2:n§:a§2ng Between Pts. Shgiitin
(bs) (10™% in.) (10™% in.) i (1bs.)
e . (10 in.) .

0 . 1955 0 0 0o .
2,500 1915 40 80 . 1,250
5,000 - 1877 38 156 2,500
7,500 1864 13 - 182 3,750

10,000 1845 19 220 - 5,000
12,500 1825 20 260 6,250
15,000 1814 11 - 282 - 7,500
17,500 . 1804 10 302 © 8,750
20,000 1775 . 29 , 360 10,000
22,500 1750 25 410 11,250 -
25,000 1718 32 474 12,500
27,500 1634 84 642 13,750
30,000 1385 249 1140 15,000
31,000 1210 175 . 1490 15,500
32,000 1060 150 1790 16,000
33,000 872 188 2166 16,500
34,000 540 | 332 2830 17,000
34,700 0 540 ' 3910 17,350

END OF TEST




Plate 1: 5/16" - Lot 5

Plate 2: 5/16" - Lot 5
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Test # 10

Length Change

Shear in

Total‘Load RSzSEEg Gagzznggazzng Between Pts. Bolt
(tbs.) (10™% in.) (10™% 1n.) i (Lbs.)
, * ) (10 in.) '

0 1900 0 0 0
2,500 1887 13 26 1,250
5,000 1875 12 50 2,500
7,500 1865 10 70 3,750

10,000 11855 . 10 90 5,000
12,500 1830 25 140 6,250
15,000 1814 16 172 7,500
17,500 1793 21 214 8,750
20,000 1770 23 260 10,000
22,500 1738 - . 32 324 11,250
25,000 1695 43 410 - 12,500
27,500 1645 50 510 13,750
30,000 - 1572 73 656 15,000
32,500 1525 47 750 16,250
35,000 1494 31 812 . 17,500
37,500 1457 37 886 18,750
40,000 1414 43 972 20,000
42,500 1285 129 1230 21,250
45,000 1125 160 1550 22,500
47,500 920 205 1960 23,750
50,000 740 180 2320 25,000
52,500 510 230 - 2780 26,250
54,300 115 395 3570 27,150

END OF TEST




Plate 1: 5/16" - Lot 5
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Plate 2: 5/16" - Lot 5  Test # 11

Length Change

Shear in

Total Load Rgzggzg : Gagzzngzaégng BethveanPts° Bolt
(10~ 1n.) (10™% in.) 20~* 1n.) ~ (Ibs.)
0 1800 0 0 0
2,500 1780 20 40 1,250.
5,000 1778 2 4 2,500
7,500 1775 3 10 3,750
10,000 1770 5 20 5,000
12,500 1763 7 34 6,250
15,000 11755 8. 50 7,500
17,500 1743 12 74 8,750
20,000 1725 18 110 10,000
22,500 1703 22 154 11,250
25,000 1655 48 950 12,500
27,500 1608 47 344 13,750
30,000 1565 43 430 15,000
32,500 1520 45 520 16,250
35,000 1493 27 574 17,500 -
37,500 1455 38 650 18,750
40,000 1388 67 784 20,000 -
42,500 1264 124 1032 21,250
45,000 1075 189 1410 22,500
47,500 900 175 1760 23,750
50,000 720 180 2120 25,000
52,500 560 160 2440 26,250

END OF TEST




APPENDIX B

EFFECTIVE SPRING RATES IN SINGLE SHEAR
- JOINTS (CHANCE VOUGHT) '
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1.6
SR
1/1
1.2 SR
1.0
JOINT SPRING RATE:
SR. SR
where SR. tabulated
1 .2 .3 4 .5 .6 7 .8
t/D
(sheet thickness/fastner diameter)
attachment diameter and SRx' c?
sheet 1/8 5/32 3/16 1/4 5/16 3/8 7/16 1/2 7/16

ALUM  .163 203  .244 .325 .406 .487 .563 .650 .732

STEEL 3.62 4.53 5.44 725 9.06 10.9 12.6 14.5 16.3

OTHER same as for steel x (EQther /Est__ )7

To Determine SRjoint :

1. Calculate t/D for each sheet
2. Determine K for each sheet from curve
3. Determine SR for each sheet from table

4. Calculate SR- +« . using above formula

5/8
.813
18.1

1.0
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