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ABSTRACT

o  “Thirty-six”bolted tests with either circular washers
"7ff7; Qf rectangular filler plates inserted betweén'the faying.SurAJ.’j Tff;f;5 
”7ijfacés were tested to determinejtheir’slip behavior. PifteeﬁA,

”'_;joints had selean mill scale on all contact surfaces. Washérs, :

- of various diameters were inserted between the faying surfaces =

= ‘of twelve joints. The.sizes of washers ranged from 1-3/4 in.
A'l 1',to44-3/8 in. diameter. After testing Withfthe millsgélesur-.nf~ 
‘*faces, these joints were blast cleaned andrefested.//SiX'blast
cleaned joints had 3-1/2 in. diameter, 1/2 in. thigk circular
washers inserted between the‘faYihg surfaceé. Six more of these
'Vjoints had 1/2 in. rectangular fillers inserted,/ Six‘additidnalzé?' *
'5oints were fabricated to supplement the original fifteen joints...
Three had 1/16‘in. thick rectangular fillersfénd three had 1 in,

thick rectangular fillers. All joints Werq/fabricated from 1 in.

A36 steel plate and were fastened by 7/8 in. A325 bolts.

7/

The studyvshowed that there Wés a decrease in slip re-
ﬁ_VSistance when filler plates or washers were inserted betweén the-‘
‘main and lap plates. Tack-welding the filler plates or.washers
to the main plates did not change,fhé slip resistance. However,
~ the jointsAwith washers or filler plates tack-welded to the main
plate did pick up load faster éfter first slip. There was no Ai.jl7ff7°

 significant variation in slip resistance with an increase in .

- thickness of the filler plates.




- of washers. However, there was a marked difference between the - =

-~ of the connected mate

the entire faying surface area. Fifteen clean mill scale test

1. INTRODUCTION =

o

~,u   7_vaIﬁ-frictiOn—tYPé joints, slip constitutes failure.
 Working loads are resisted by the shear force developed on the

g~'faying surface due to the bolt preload and the slip coefficient

rials.
a4
N RN

(R —

-Qfor‘mahy'reasons. The plates in a joint may be deformed by
“'féhéaring, punching, welding, or other fabricafion'procedures,§' }#«914,
Out-of-flatness may also result during the rolling process. Thé   t1”  

plates may be bent accidentally during transport or erection. = -

In many field installations,'it may not be possible to draw up

contact surfaces of a joint even though all the bolts in a joint

have been tightened to the prescribed amount.

The original intention of this test program was to

evaluate whether or not it is necessary to have full contact over

®

joints were prepared for this purpose. The variation in contact

area was achieved by inserting different sizes of washers between

'thé ﬁain and lap plates; rangingAfrom l¥3/4 inches diameters to
V’ 4a3/8 inches diameter. The work was reported by'Nester;oand is
"'.  _summarized in this report. It showed that there was no signif-

- icant variation in the slip resistance between different sizes

"v_f’In large steel‘struttﬁres, plétes”may;be 6ut-bf;flat ,i]  i;§"




“=Wsi77 7]'control joints with no‘washers'and the joints’with'washers. It

was not clear from the test results whether this reductlon in 'p;g;_li

slip re51stance was due to the presence of multlple faylng sur-*f;;fjf r

r faces or due to the thlckness and shape of the washers.

‘After testing with elean‘mill:seale-surfaees, all fif-l
_teeh'joints were blast cleaned and retested. ”Half inch thickl‘
rectangular filler plates were used in six joints 0ver the‘full

- contact area. Slx joints used 3- l/2 in. dlameter washers 1/2 in.

‘ thlck and the other three were tested without washers or flllers.

In six joints, three with'filler;plates and three with
waShers, the fillers or washers were tack-welded to the main
plate to assure that the slip planes occurred between the inserts

and the lap plates.

The thickness of the inserts was varied to evaluate its

effect on slip resistance. Six joints were added to the origihal

program, three with 1/16 inch fillers and three with 1 inch fillers.

This provided a series with filler thicknesses l/16‘in.; 1/2 in.

and 1 inch.

Since filler plates are often used in practice to paek

~ out a'joint, the results of this study would be of direct value

*l;€§5 f}e1n determing whether JOlntS with flller plate inserts would

”'*”*fﬂ, rperf0rm satisfactorily as frlctlon-type connectlons.'

SR R . - -
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2. REVIEW OF PREVIOUS WORK
' "7- ’f 'A series-of26 tests was conducted at Dorman Long andhhAw
;f“ fCompany»in 1965.°% All specimens had two bolts in line packed

with 1/8 inch washers. The contact area was controlled by vary-

B . R

- ing the sizes of washers. Thirteen specimens had clean mill |
-,-scale surfaces. After testing, the specimens were grit blasted

and retested again. The test results are summarized in Figure 1.

Test :results showed that the slip coefficient was
much higher for thﬁ grit blasted surfaces than the tight mill'
scale surfaces,_but it did not appear to vary with the contact
~ area. .‘ . |

Numerous tests have been undertaken On.large bolted

¥

joints in recent years.s’é The primary object of these inves-

tigations was to study the influence of various factors, such as |
joint length, width, pitch and type of steel on the ultimaté_
- strength of bearing-type connections. Slip resistance was also

observed during these tests. A reasonable mean value of the

slip coefficient for tight mill scale faying surfaces of A7 or

A440 steel is about 0.35. Neither joint length nor width had

. any appreciable-efféct on the slip coefficient.
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There is no record of any research done to date on the
?effect of flller plates on the performance of bolted 301nts. _'

‘Vasarhelyi and Chen tested bolted joints with main plates of

different thickness.'* 'Full surface contact could not be ob--

‘tained adjacent to the end of the thinner main plate. They

‘suggested that the best way to improve the slip resistance was

to increase the distance of the.first row‘of bolts from the

edge of the.thinner main plates. This would increase the flex-

ibility of the lap plates and allowed more’efﬁeetive surface

—1




. 3. TESTING PROGRAM

-n.»,>[  3;1"Description of Specimens

All thlrty-51x test spe01mens were fabrlcated.from l A-LSHQ”' -
.ff_>.indh A3b6 steel plate supplled from the,same heat. They were all
- four boltéin-line specimens with 7/8‘inch diameter A325 boltS'at

‘a pitch of 5-1/4 inches. The‘test'program is summarized in

Table 1. a ; '  | " - | \\\,J‘

"Pifteen'joints_Were tested with clean mill scale sur-

faces. They were divided into five groups of three specimens.

' The first group had no washers and served as control joints (See
Figure 2a). The remaining specimens had 1/2 inch thick washers
of 1-3/4 in., 2-5/8 in., 3-1/2 in., and 4-3/8 in. diameters in-'

. serted between the main and lap plates as indicated in Figure 2b.

After testing with clean mill scale surfaces, all joints
‘were blast cleaned w1th S6-60 steel shot and retested. The first
group of three 301nts designated SCA1l (See Figure 2a), provided
1nformat10n on the effect the blast cleaning process had.on the

slip-behavior.

Joints SCA2 and SCAS had 5-1/4 in. x 21 in. x 1/2 in.
filler plates inserted between the main and lap plates as shown
| ’inPigure 3. The flller plates had the same surface treatment |
' ';“;asthe joints.. J01nts SCAS dlffered from‘301nts SCA2 1n.that
'?e}the flller plates were tack—welded to the main plates as 1llus-»'tf'

trated 1n Plgure 4 | e ORI SRS S RN




J01nts SCA3 and SCA4 had 3= 1/2 1n. dlameter by l/2 1n'”u' r;é‘f

.dfjdfthlck shot blasted washers 1nserted between the main and lap
7V"plates.' The washers for joints SCA4 were also tack-welded to
”thefmain‘plates as:shown in Figure 4.
 Joints SCA6 and SCA7 had l/lG‘in. and 1 in. thick filler
vplates_inserted between the main and lap plates. These joints

had blast cleaned surfaces and had not been tested previously.

3.2 Plate.PrgPerties

The 1 inch and 1/2 idchthick A36 steel plates used to
fabricate the test joints were rolled erm the same heat. The |
1 inch plates were 28-1/2 in. wide and 34 feet long. A 2 foot
long section was cut from the middle of each plate and used to
evaluate the materlal properties. The coupons‘were tested in a

mechanical testing machine at a speed of 0.025 inches per. minute

| until after strain hardening began. The machine was stopped

three times on the yield plateau'to obtain the static yield

-load. After strain hardening started, the machine was run 0.3

inches per minute until rupture. The load-strain relationship

was plotted by an automatic recorder for each coupon.

- The average static yield stress Py was 29.8 k51 and

- the standard deviation was O. 53 ksi. The yield strength of the,

P_la:tes was lower than the specified yield strength of A36 material =

7=
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ltensile'strength F, was 61.9-ksi, and the standard deViation_

~ 0.63 ksi. The maximum elongation in 8 in. was .39%, and the

maximum reduction in area was 64.6 percent.

- 3.3 Calibration of Bolts

Seven-eighth inchdiameteb,A325~boltswefe used to
bolt up all 36 joints. Bolts were calibrated in bofh direct
tension and torque tension to determine their properties.
Three bolts were chosen atfandom for each calibration and
their average properties were used to predict the behavior ef
the bolt lot. Ail Bolts satisfied the minimum proof load and

the ultimate load requirement specified by ASTM.

In all joints with clean mill scale faying surfaces

‘and blast cleaned joints with:1/16 in. and 1 in. fillers, cali-

brated bolts were used. Foil gages were mounted on opposite

sides of each bolt shank near the heads. Small areas 11/16 in,:
- long and 1/16 in. deep were milled near the bolt head to pro-
fVide a flat surface for the gages. Holes 1/8 in. diameter were

'_drilled'through.the'head-to'provide.room for electrical wires.

. because of the lower speed of testihg%f The average,ultimaté. e ,.
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Each gaged bolt was calibrated in direct tension in

. order to relate strain to bolt tension. The overall bolt elonga-

~ tion was also checked with a C-frame extensometer.* It was ob-

served that the reduced shank area did not cause any apprec1able

difference in the load elongatlon relatlonshlp as compared to the

‘bolts without gages. The load-strain relationship was linear for

- -both loading and unloading cycles.

The bolt tension in the remalnlng joints was determlned

“from changes in elongation as measured by the C-frame extensometer.

'From torque tension calibrations an average load—elongation re-

lationship was established. Each bolt was tightened until its

elongation corresponded tolthe-minimum required preload.

Por all SCA7 joints, special electrical resistance
deflection gages were used to measure relative disPlacement be-
tween the filler and lap plates. The gage was a double cantilever
clip-in displacement gage made of aluminum, and is shown in
Figure S. Four foil gages were placed on both sides of the can-
tilver arm and wired as a full bridge circuit. The gage was
clipped between two knife edges bolted to the plates whose slip
was being measured. The material propertles of the alumlnum.per-_

mitted the cantllever arm to be reduced to 1.625 in., sav1ng con—

-151derable space as compared w1th mechanlcal gages or steel cantl-_
p‘ﬂflever gages. The gage was callbrated w1th a mlcrometer and pro-ax*ifif

Qa}lV1ded an accuracy of one ten—thousands of an 1nch |

- 9 o o ) C ) : S _.' s [ '
\ L .




‘“i,f],3;47 Fabrication and Assembly of Joints

The joints were fabricated by a local steel fabricator.
‘3Allof the'plate elements were flame cut to rough size and milledp
- to final dimensions. The end.holes were drilled to their full
 Size.4.All Washer inserted between the mainiand lap plates were, ,
jfabricated in the Pritz Laboratory machine shop from a 1/2 inch

'__thick plate‘rolled from the same heat of steel.

After testing, the initial fifteen joints were returned

" to the fabricator for blast cleaning. Joints SCA6 and SCA7 were

blast cleaned during fabrication.

- Final cleaning, assembly, and instrumentation of the

-joints was performedlat Fritz Bngineering Laboratory. Before ;
| assembly, the joints were cleaned with shop solvent to remove

- any grease or other foreign materials. They were then assembled

and aligned. .

3.5 Instrumentation of Joints

All the specimens were instrumented to record their

performance during testing. For the blast cleaned specimens,

two. 0.0001 inch dials were attached to tabs tack-welded to both

:Jf [ei&es_of-the'main plate in line with the top row of bplts. The

k4

| t“ iflfffﬂb°iﬁféPS Of'thése gages‘rested on a frame that was-tackewelded
" to the lap plates in line with the tabs. Thus slip'movement'beei_i'

- tween the main and lap plates was measured on one line..




~ Joint elongation was measured between points one gage f f5  =
 length outside the top and bottom bolts. One-half inch studs
- were tack-welded on each edge of the main plate at the top, and  :f 3f'

a bar'was tack-welded on each edge of the lap plate at the  v'

~ bottom. Two 0.001 inch dials were secured at the top stud and
. jOined to theubOttom bar by wire. A phOtograph of the téstfset— 'J7»'
"  f"up«is'shown in Figure 6.

'Joiﬁts with 1/16 in. and 1 in. fillers were instru-
mented with additional dial gages. ‘Por the joints with 1/16 in.
fillers, six 0.0001 in. slip dial gages*wé?e uéed;' Three gages

 were'attachéd-on each side of the joint to éheck fof eccéntricityQ
Thé first was in line with the first bolt, the second one was

‘halfway between the second and third bolt, and the third one .

was in line with the bottom bolt.

For~th¢‘jointswith l.iﬁ; fillers, five 0.0001 in. slip
dial gages were used. -Three gages were placed on one side and
two gages on the other serving the same purpose as those on the
jdints with'l/lG in. filiers mentioned above. Two additional
~ elegtrical resistance deflection gages were used .to measure rel—
‘atiéedisplacement between lap_plate and filier plate. The gage

'3~~ was Clippéd between two knife edges bolted directly on the plates

| being measured )

T s b L RIS (I St A R S T A R 1T




ﬁ*dpffS 6 Testlng Procedure

testing machine with wedge grips. Load was applied in 20 kip
’»'Edlncrements until major slip 0ccurred At each load increment,
z*f*i_all dials and gages were read v At sllp, both dynamlc and statlcdﬁ'
‘4'load readlngs were taken.' Por the clean mlll scale SP9C1men5 .»
°k7fff several mlnor sllps occurred after the maJor Sllp, both loads

"ﬁiwere read for each slip. This procedure was repeated untll the

- joint was in bearing.

”'%mens., The ‘load 1ncrement was decreased as the Sllp dlal move--

_tment,increased. o .

httheycwere_diSmantled so that the contact surfaces could be in-_

:sPected and photographed.

All the 301nts were tested in a 800 klp meChanlcal

Sudden slip d1d not occur on most blast cleaned specl-”

After the joints were removed from the testing machine,




4. TEST RESULTS AND ANALYSIS

‘”ﬁ  f_4.l Slip Behavior of Clean Mill Scale Specimens

When a bolted joint is subjected to tensile load, shear

" forces develop along the faying surfaces as the main and lap
 plates tend to move relative to each other. When the shear on

; - the faying surface overcomes the frictional resistance, slip

'begin§;to occur. It develops first at the ends of thejjoint!étAQ* f i 
| H Jf   relatively low loads and progresses inwards as the tensile load -

(<

'”fincregses. After the total resistance of the fayingé;uffaées B

‘;[9 _15 a&ceeded, slip occurs along the whole plane.

-

For the clean mill scale speéimens, (CAlihTéble I),
 there were small movements of the slip dial as the load increased
and the jointideformed eiastically as illustrated)by the straight
‘1ines in Figure 7. When majgr'slip oCcufred, there was & loud
| noise followed immediately by a sudden drop of 1oad. The slip
dials‘moved Violently ét.the samé‘time., After the major slip,
'=a'féw'minor slips took place before tﬁe joints came comblefely
intdbearing. Test reéults are summarized in Tablé II-fbf all |

 joints having clean mill scale faying surfaces.
'Thevcalculated“jCint élongation i5 a1§QfShOwh'ih Fig-'” *7 *”

‘V*Ufofff ﬁré 7; ,It was calculated by assuming that the jbintdeformedv[    .; y

~ elastically and the joint load was carried by the gross area of




~ the main and lap plates from the top and bottom gage points.

The testing results agreed closely with the calculated joint

elongation in the range before major slip occurred.

Figure 7 shows the load-joint elongation on the left

"1’-‘aﬁd'load-SlipbehaViQ?wonthe'right’The slip shown is the
"average slip of the two dial’gages at the top bolt measuring the 7"4-M"
” frelative moVement between the main and lap plates on a line.a -
 The joint elongation shown is the average of the two dial gages
"‘sf.[On each side of the»joint measuring.elasticddeformation aswell*."ff'
ta7f_as Sllp movement along the whole joint length. The'general
"fl Patterns for the load-JOlnt elongation and 1oad-sllp relation-
fvShlpS are the same. ‘It was concluded that Sllp occurred alonga: 
n“°- the whole 301nt length rather than as a local phenomenon ThiS,a'

fbehaV1or ex1sted 1n the blast cleaned speclmens also.

_~4.2$lip Behavior of;Blast Cleaned Specimens N |
| | For the blast cleaned specimens (SCAl - See Table I);'h'.ff‘l

°'“cuﬂf,the1n1t1al behavior was similar to the clean mill scale spec1-.{_j#i'

"le'mensy. However, nosuddensllpwasobserved. The slip could

'Onlybedetected by theincreasingmovement cf§the slip dial A7”"°°d'l'

- with increasing'load"' Both load-sllp and load-elongatlon curves

3iexh1b1ted gradual Sllp as 1s apparent 1n§P1gure 7 As th? 301ntsl
'came into bearlng;'therevwas,an 1ncrease,1n'$1°Pe of the lOad-f d5 h’

'”J*Qc 2 ;s11P and the load-elongatlon curves

. id:;J_ 014-




W

The blast oleaned surface was observed to“be rougher

- than the clean mill scale surface. Evidently, there was a shear-
'“l. ing off of the surface irregularities between the contact sur-
'“7kff7o faces as slip occurred. This was a continuous process and caused

gradual slip.

The comparlson between clean mlll scale and blast

'oleaned surfaces in Figure 7 shows that the blast cleaned spec1-f-” |
A'mens could resist about tw1ce as much load before Sllp as the

‘clean mlll scale spec1mens.ﬁm

4 3 Sllp Coefflclent

The Sllp coeff1c1ent is deflned as K = P/NT,-Where K

s is the slip coefficient, P the slip load- N the'number of slip

planes, and T the total initial clamping force. The total

clamplng force has been taken as the sum of all the bolt tensions.

- For clean mill scale specimens, sudden and definite

s1ipoccurred Sl1p load can easily be deflned as the highest

itload the joint can re51st before mﬁJOP slip.

Slnce there was ‘no deflnlte major Sllp for the blast

“°*V?ffffgcleaned speClmenS the Sllp load could only be arbltrarlly de-

. | 'f]_ned . TWO deflnltlons were U.S:Ed in thlS repgrt The | flI‘St

)

'»ifjjgl;j $ def1n1t1on was based on load vs elongatlon curve. The'lQad*ff¥f}]$hfﬁ;"

. C )




A s o A N G

e b A e e Gt

| resistance between control specimens and joints w1th 1nserts

~ that deviated from the straight line or elastic portion was de-

fined as the slip load and the corresponding coefficient is re-,

ferred to asKl in-this report. The second definition was'baSed "‘
..,k;c=;;hon'the load vs. slip curve. The load that corresponded to O 02
'1nches total sllp movement was deflned as the Sllp load and re-
ferred to.by K2 in th1s report. The sllp coeff1c1ents of each
%'f ~ of the 301nts are summarlzed in Table II and III. K, yalues

 were always hlgher than Kl values.

4.4 Effect of Washer Inserts onlSlip Behavior

For clean mill scale specimens the Sllp coeff1c1ent K

varied from 0.20 to 0. 32 for the JOlntS with washers as compared

to 0.28 to 0.39 for the control 301nts These results are shown

graphically on Figure 8. There was a marked decrease in slip
J

indicating that the effect of washer inserts was substantlal

| Por joints with various dlameter washer inserts, scatter occurred

in the slip coefficient. No significant relatlonshlp could be,'

establlshed between the Sllp resistance and the washer dlameter

» Thezorlglnal aim of the tests was not successful because the

1’--*Tfjﬁ;'effect of thickness of the inserts was greater-than,expected.

o Por the blast cleaned speclmens a comparlson was made

““”7ﬁwff{ﬁbetween joints with and w1thout washers in Plgure 9. There was-

””ffffffﬁja decrease in sllp re51stance between the control Spec1mens and ST

| hqfl6fmv*'
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= .~ joints with washer inserts. The same results were observed in

Table IIT. The slip coefficient Ky

control specimens to 0.18 for joints with washers. Since the

decreased from 0.65 for the

 same behavior was observed in both clean mill scale and blast
~ cleaned Speciméns, it was evident that the insertion of washers

" peduced the slip coefficient; this was probably due to the'eccenefv' ';

tricities introduced into joints by the washers.

. The tests results were comparable with tests results -

l {"ff¢ﬁ7Dorman Long and Company. The average slip resistance for

S ¢0ntrol specimens was. 0.34 as compared With.O.SO obtained by

Dorman Long and Cdmpany;‘ The slip coefficients for the grit

blasted surfaces were significantly higher than for the clean

‘mill scale specimens, but there was no significant variation

within joints with various washers.

- 4.5 Effect of Rectaggular Inserts on SliB,Béhavior

Rectangular fillers had the same contact area as the

,lc¢n£b01 specimens, and the same thicknééé as the washer inserts.
'There was a marked decrease in slip coefficient between:the‘con;
frol joints and the jointSVWith rgCtangular_fillers, as evident I
"ffom Pigure 9.} It Qésévideﬁt'that-rectangu1ar insefts reduced

-~ slip resistance.
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Figure 9 and 10 showed a comparison between joints

" with filler plates and joints with washers. There was a marked
"'decrease in slip coefficient between the joints with fillers and,tlf77lv
°Wt;f' the joints with‘wéShEPS- It may be concluded that the full

 contact area will give a higher slip coefficient.

‘For joints with 1/16 in. thick fillers, the behavior

**rrg ;iSfmuch'mofe similar to millAscale specimens than blast cleaned

~ specimens. When the joints were loaded, there were small defor-

}"Q'nmations with the dial gages moving very slowly. When the first

. major slip occurred there was-a loud noise followed immediately

T i

‘-fl«by a sUdden drop infload..ﬁﬂ_few minortslips followed before the
-/"535¢int~came to bearing.

e

| After testlng, the joints were dlsmantled for close -
q\'“"*]”1n5pectlon. The aurface of the 1/16 inch flllers were very ,-  .
h'ismooth compared with the surfaces of the main andﬂlap plates.;
This was probably due to the thickness of the plate causing dif— '
_fiCulty in blast cleaning.l Purther 1nvest1gatlon was. suggested

| *’dai,on thls type of flller in order to obtain a clearer plcture.

dt POP 301nts w1th l 1nch flller plates .Sudden slips-ﬁ

'?llﬁgin;falso occurred. Addltlonal 1nformatlon was obtalned on sllp be-"fffyéﬁ?
'al5;ahav1or by electrlcal deflectlon gages mounting on the flller~'
'1and lap plates. It was clear that at flrst Sllp the sllp plane ke

‘*oggurred between the main and flller plates. As the load 1ncreased
7 ) | e | *r&%f?ﬁf

'7~.g.~185,. e




‘.w:Lth l/ 16 1nch 1/2 1nch “and 1 inch flllers. Three joints had e

B - first dial gages to respond under load were the end gages. 'I'he

""””;","'flller plates with and without tack-welding. There was no 51g:-‘-'
e '-nlf-lcant effect on slip behavior and the values of slip coeffi-

 .7 . --‘;,'., ‘e‘cients were comparable as shown in Table III. By inserting filler

- beyond first slip, slip started to occur between the filler and I |

lap plates.

Flgure 11 compares load-slip behavior for the Jo:mts B

approxmately the same Sllp load. It-may be concluded that the
effect of the thickness of the inserts does not affect _the"slip S
coefficient appreciably . A theoretical approach is made in

Section 4.7.

Jomts SCAG and SCA7 had three dial gages on each sn.de»

_’..of the Jon.nt The first one was in line with the flrst bolt, the
second one was in the mlddle between second and thlrd ‘bolt, and
\- the third one was in line with the bottom bolt. Slips at the

three locations are plotted in Fig. 12 for. a typical joint. The
~ gages at the middle lagged considerably. It was eVident that
-slip started at the end of the joint and progressed inwards to

- the middle as the load increased.

L .4-".6 Effect of Tack-Welding on Slip Behavior

Figures 13 and 14 show comparlsons for washers and
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1'7”9plates and washers, there were four possible slip planes in the =

joint. By welding filler plates and washers to the main plate,

'slip could only occur on the plane between the inserts and the
‘; »7t}haflap plate. From the test results, the increased number of
'ﬁ'a_p0551ble Sllp planes had little effect on flrst Sllp. When_

'L‘Sllp occurs, it only occurs in two planes.'

After the first Sllp, Sllp planes started to deve10p

"~faf“ between flllers and lap plates. It was ev1dent from Plg. 13
and 14 that the one w1th tack-weldlng can ple up load mudh

| fastep than the one w1thout.tack—weld1ng.

After testing, the joints were examiﬁed. There was

'*;Lhe'distortion on either washers or filler plates due tohtaeke

_vwelding'process.

4@7 - Summary of Results of Blast Cleaned Joints

A graphical summary of all blast cleaned joints is

.qgiven.in Figure 17. The slip coefficient K, is plotted for all

blast cleaned specimens. Their average value indicated by the

»croesffor each specimen group. The average slip coefficient for
.1‘&hthe control 301nts was 0.65. The 1nsert10n of rectanglﬂar flll“"
'h a? ef erS reduced.the sllp coefflclent'to O 53.- Also, ‘there was no B

" "7’”f-’sSlgnl,fl‘cant difference between the slip coefficients for fillers

‘u.,';20*amf,=“t,',"




i ~ with various thickness. The insertion of washers further reduced

 the slip coefficient. Initial slip was observed to occur at

':;yalues that were less than half the value provided by jOints fmff7ffi-"

'with rectangular fillers.

The tack-welding process did not affect the Sllp co-.'.fiT :
eff1c1ent for elther rectangular or c1rcular fillers,fas is
apparent;1n§P1gure 17.

;  ;;f; fnf7i'4;8‘lAnalysis of Joints with Washers cr'Piller‘Plates

The joints'with washers and filler plates were analyzed' ’jy
°"~:fasa structural framework as shown schematically in Figure 16 in } '
.‘anattempttc determine reasons why joints with fillers exhibited,'hi
flessslip resistance. The Washers and filler platesiwere treated
‘-as ‘members subJected to shear and bending Wlth various cross-
T’sectJ.on areas. Several assumptlons had been made to simulate‘

m%joint-behavior.
1. The main plates‘were'assumed to\transfer aXialand»‘_ll,;'
“\vw-.~\\ shear force only, because symmetry of the 301nt

7>would prevent rotation from occurrlng.--
2. The forces were assumed to be concentrated at the
centroids of the.memberS?l' 
“?7cfff;mj3sfyThe bolt clamplng force was assumed to be constant

| . _ and applied directly to the JOlnt.

o2l




B ?flspfwuif lf§f3;ffhd:4."Themodulus'of rigidity was assumed to be equal to

12 x 10° psi.

' f“him5.iThe slip coefficient was assumed to equal the =

value Obtained.for'standard Specimens, 0.35 for   a;ipmpra.

| ff"‘u*'f-=',5\ .clean'mill scale specimens, 0.65 for the blaSt_lj{_;gf_if

~ cleaned specimens.

The stiffness method was used to analyze the 301nt.i”
4'LExcept for the main Plate each member was assumed to deform due tf;tl '
_'to axial force shear and moment. .Shearxng deformatlons were
- taken into account in the fillers. The effective shear area was
‘taken as'83.5%}of the cross-section area for rectangular fillers,

“and 91% for circular washers.

 The‘stiffness'matrix relating for es'and-disp&acements,
was developed for each member, and is referred to as K.nwtrlx.
The nodal dlsplacement were determlned from the stlffness matrlx
<and the applled joint load by the relatlon A =K W. The stress

~ resultants were then obtained from the nodal dlsplacements.

When load is applled to a bolted Jomt higher fI‘lCt‘lOl’lal
..d“*‘psforces e21sts at the ends of each plate because of'the strain
:". 4compat1b1l1ty condltlon. ThlS condltlon”eventually causes a.
’~,,',f'ld-'relat1ve dlsplacement of the faylng surfaces near the ends of the
h'.’c7~;301nt. In the case of 301nts with washers or flller plates the

-2
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maximum frictional resistance is exceeded on the faying surface

of the end washers or filler plates. Once the maximum resistanoe,f”"'
V’lhf»ls achieved at the end flller the 1nterlor joints 3 and 7 are

- Lhrd:lasubJeCtEd to a force equal to P - pR. As the 301nt load is in-

Creased, a uniform re31stanée.remains at each end of the joint
'and the JOlnt load can be 1ncreased untll the frlctlonal resis-

e tance of 301nts 3 and 7 is overcome. The results of the studyv- 

"'ff_are tabulated in Table IV. For joints w1th 4-3/3 1nch washers r

the predicted Sllp re51stance was comparable to the test value

B 3.pw1th max1mum difference of 11 percent. For the smaller d1a-

¢f meter washers (1-3/4 1nch 2-5/8 1nch and 3-1/2 1nch), the
zcalculated results dev1ated from the eXperlmental values (See

Table V)

Culllmore and Upton undertook a theoretical study on
| the dlstrlbutlon of pressure between two flat plates bolted

together.® They showed that maximum contact pressure occurred

"3at-the_edge of the hole, and drops rapidly as the radius in-

_ |¢reases. For the small diameter'washers (1-3/4 in. ), the pres-

“";risure on the edge ‘of the washers was very high and there were

"1_tenden01es for them to dlg 1nto the main and lap plate S0 that

“>h1gher slip loads wereﬂposs;ble. ThlS was conflrmed by v1sual

'.observation'after the»tests.~ Some of the mlll scale was sheared a"i' ‘
"“'ivﬁ°off or loosened at the contact areas between the washers and the_ﬁfeijﬁ;;

'“”“*fpwh‘maln Plate. The 301nts with 1-3/4 inch dlameter washers even f;f{;]ffj?f

oo-23-
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~ showed scarring to the bare metal. The amount of surface dis-
turbance on the main plates appeared to be inversely propor-

- tional to the size of the washers.

For 3-1/2 inch and 4-3/8 1nch dlameter washer inserts, S |
 h f7the contact pressure dropped rapldly and the rotational tendency

M-~aﬁt-pwas also greatly reduced.

Por joints W1th flller plate 1nserts the calculated'V

"-’5results 1nd1cated that the Sllp load was directly prOportlonal
g fnhto the flller plate thlckness. As the filler plate thickness
~‘”“changed from 1/8 inch to l inch, the predicted Sllp re51stance;ﬁ'7p
1ncreased from 154 klpS to 158 4 kips. When the thickness of S
- the flller plate is 1ncreased it becomes more flexible andis*"
w'“‘vable to provide a better redistribution of the shear force.'.

**5 §$leS1nce the predicted difference was only 6 klps it was not pos-

' 51b1e to observe such a trend from the experimental StUdY 'The

hhtftest values were scattered. HOwever a large number of joints | ‘
"w1th flller plates dld have sllp resn_stances in the range fro.m
'ti;'l40 kips to 160 klpS. The max1mum dlfference between the test

.,p;,3te:and predICted values is 16.1 percent. |

One jOlnt (SCA3 l) had electrlcal re51stance straln ;;}fd*fi!f

f”fh;;;fhgages placed around the lap Plate as 1nd1cated in Flgure 17',,¢{f75f35f7u-

h”{]hThe gages were placed mldway between washers. At each locatlon ‘dﬂpjgcf 
t}ililf  gages were placed on both.51des of the lap plate two near the *;f&a;ii“*'

},1-24-.»-»




- edges and one at the middle of the plate. The induced bending

‘moments were obtained by evaluating the difference between the

average gage readings on each side of the‘plate. The induced
Ve

bending moments were obtained by evaluatlng the difference

»between the average gage readlngs on each side of the plate.

R \When the applled load was 120 klps bending moments in the plate

A‘between washers ranged from 0.079 in. - kips to 1.2 in. - kips.
The average values are summarized in Table V. ThlS induced
bendlng moment was lowest at the end of the lap plate and 1n-

‘creased as it approached the center of the joint. The calcu-

© lated values were comparable to the test values as indicated = =

in Table V.

Por~the blast cleaned'joints there was a substantlal |

’5v13h’decrease in Sllp re31stance between the control 301nts and the

d"301nts w1th flller 1nserts. For the control speclmens thls
' analy51s d1d not apply because of the geometrical conflguratlon'
as the flller thlckness reduced to zero. However, some 1ndic~_

h('atlon could be obtalned from the analy51s.\

v

Slnce the forces were assumed to be concentrated at _f"

-”iffbj;lfthe centr01ds of the members the control 301nts would con31st

o w°ffp of fillers made up from.half the tthKneSS Of the Gl plateS

'l"bf.dand half the thlckness of the lap plates. The‘bendlng moments"

”h"'ﬂwere generated for thls structure.' Thelr magnltude was aPProx1-ft *1*}'

S mately one tenth the values that were generated for the 301nts SRR
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"   f with 1 inch fillers. With more bending moment induced into the

joints with 1 inch fillers, the pressure at the edges would de-

e

' crease and less slip resistance would result.
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. 5. SUMMIRY AND CONCLUSIONS

On the basis of this study, the follow1ng conclu51ons:t'

have been made.-

2.

For the clean mill scale specimens, the insertion

of washers between the main and lap platesvreduced

the average slip coefficient‘from.lQ%.to 32 per-

cent. Among 301nts with different sizes of washers

the values were scattered and no deflnlte relation-
-ship could be established between the slip resis-

"~ tance and the washer diameters.

The insertion of 3el/2ninch diameter washers be-

 tween the faying surfaces-ofthe_blast cleaned

joints reduced the average slip.resistance from

56% to 72 percent. The use of rectangular flllers

_‘between the faylng surfaces reduced the average

'sllp re51stance by 20 percent% There Was no sig-

'lnlflcant varlatlon in the Sllp resistance with

”'r¢~;ffd1fferent thlckness of rectangular flllers. ,Theid,:cf;*:

' fanalys1s conflrmed that thlS was expected.
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Tack-welding washers or filler plates to the main

plates did not effect the initial slip. After first

*31ip occurred, joints with tack-welding were able

to pick up load much faster than the joints with- ﬁ}:f*f

out tack-welding.

'jitaéthCCurs only at the high spots. The mechanismﬁfiﬁgff, _

'ﬁ; 1  Z4. When two metal surfaceS)aré'preSSed tOgéther con-

of slip*seems to be preddminantly‘a shearing off

 of the surface high,spOts. <When'the contact sur-

face is smooth,.slip’is sudden with a large drop

“«_Iihfloadg_ When the faying surface is rough, as

‘textured with most blaSt cleaned joints, the .-

 'shearing_Off Qf‘the'sufface.irregularities;was

it
) ‘ ki
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TABLE T

OF TEST SPECIMENS

Joint No. of

Series|Specimens

CAl 3
CA2 | "3_"
cAs | 3
ca4 | 3
cas 3
JSCAl   “73
SCAZ | 3
scas | 3
SCA4 3
scas | 3
sca6 | 3
SCA7 3

Clean

Clean

1 Clean

Clean

Clean
Blast

Blast

Blast.

Blast

Blast

Blast

Blast

mill

mill

mill

mill

mill

scale

scale

scale

scale

scale

cleaned

cleaned W1th l/2" flller plates ‘

with no washers

with 1;3/4" dia.‘i/zﬂ»

with 2-5/8" dla. 1/2"
w1th 3 1/2m d1a 1/2"
with 4-3/8" dla. 1/2"

ST AR L, e AR il €0 aaan e oo £ W VL RPN . vy
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thick washers

thick washers

thick washers

thick washers

cleaned with 3- 1/2" dla. 1/2" thlck washers

cleaned with 3_1/2" dia. 1/2" thick washers

1 tack—welded

cleaned Wlth'l/?“ filler plates tack-welded B

cleaned with l/lS" filler plates

cleaned with 1" filler plates




Vr—-

Specimen

O mmg

TEST RESULTS

No.

_ r-"““""_*—L;#

CAl-1
CAl-2
CAR1-3
Average

CA2-1
CR2-2
CA2-3
Average

CA3-1

CA3-2
Average

CA4-1
CA4-2
CR4-3
Average

CA5-1
CAS-2 -

- CA5-3

Average

Load at
~1st slip

Max. Load

Before .02"

movement
kips

Initial
Clamping
force

kips

1'

Remarks

Clean mill' 

scale

washers dia.

102.8
82.2
112.6
99.3

84.1
92.6
84.0
86.9

83.5

. 64.4
63.7
70.5

59.3
57.5
67.8
61.5

| 74.4
75.0

84.3

102.8

82.2
112.6
99.3

84.1
92.6
84.0
'86.9

- 93.3
87.0
87.3
89.2

79.4
75.0
84.3
79.6

144.2
145.2
144.4

144.3

144.6
145.2
144.6
144.8

158.2
- 144.6
146.7
149.8

144.9
145.7
145.4
145.3

145.2
144.5
144.0
144.6

ey

None
None
None |

1-3/4

1-3/4
1-3/4

NSNS
v v
NN

v m m m

3-1/2
3-1/2
3-1/2

4-3/8 I

4-3/8
4-3/8
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. TABLE III

~ TEST RESULTS

No.

| scai-2
SCAl-3
- Average

-1 SCA2-1
SCR2-2
SCR2-3
Average

- Average

1 scas-1
| scas-2
| scn4-3

1. SCA5-1
SCA5-2
SCA5-3
Average

SCA6b-3
~Average

SCA7-1
SCA7-2
SCA7-3
Average

Specimen

SCRl1l-1

Average

- SCR6-1
SCR6-2

1

“ et
a O
-, ey T
R SRR S &
’_,,'- e ‘-_«,“‘g‘ 5, v
: P & S P
s R
-~ - - . ‘
AN
.

~ 100
100

Load at

1st slip

kips

e ey

Max. Load-
before .02"

movement
kips

Initial

Clamping

| force

kips

Remarks ] |

R

170
200
190

120

.45

60
60
70

110
130
80

| 135
165

160

163
147
155

1 155

200
225
212

145
140

70
85
80

85
90
100

160
155
130

135
- 165
160

163
147

144

] 144
1144

144

144

144

144
144
144

144
144
144

144
144
144

144

I 144

144

144

| 144
| 144
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;"filler plates

: Blast cleaned

Blast cleaned

Faying surfacej

BlaSt cleaned
with 1/2 inch

with 3-1/2 ‘in.
dia. washers

Blast cleaned
with 3-1/2 in.
dia. Washers
tack-welded

Blast cleaned
with 1/2 inch
filler plates
tack-welded

Blast cleaned
with 1/8 inch

J_ﬁ.

filler plates

Blast cleaned
with 1 inch
filler plates
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 TABLE IV

.l " ;ANALYTICAL AND EXPERIMBNTAL RESULTS

Type

Analytical
- Results

|

Experimental
- Results

Percent
Difference

- with 1/8 in. fillers

Clean mill scale Joints
with 3-1/2 in. washers
inserted between the
faying surfaces ;&

Average

Clean mill scale Joints
with 4-3/8 in. washers
inserted between the
faying surfaces
Average

Blast cleaned Joints
inserted between the
faying surfaces
Average

Blast cleaned Joints
with 1/2 in. fillers

~ inserted between the

faying surfaces
Average o

Blast cleaned Joints
with 1/2 in. fillers
tack-welded to th
main plate |
Average |

Blast cleaned Joints
‘with 1 in. fillers

6 inserted between the
faying surface
Average

|

76.4

158

74.8

153

155

155

| o0.50%

- 22.4%

| 24.9%
| 1%

12.7 %

IR R
o © ®

O W

O+ o

%
%
%

3.2
16.1

%
%
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 TABLE V

 ANALYTICAL AND EXPERIMENTAL RESULTS

Joint SCA3-1

Bending Moment

shaei : Sentaanm

- -

- Section

'Computed
Results |

Experimental
Results

0.19 in-kips
0 in-kips

0.19 in-kips

| S

.092 in-kips

.065 in-kips

0.18 in-kips
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Fig. 4 Tack Welding of Filler Plates and Washers
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Fig. 6 Testing Specimen in the Machine
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