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ABSTRACT 

Bolted joints in galvanized etectric transmission line towers have not attracted 

much attention of the structural engineering research works in cornparison to bolted joints 

in buildings and bridges. Joints in these towers are significantly different due to 

considerations such as constituent members carrying predominantly tende or 

compressive forces, load transfer k ing of bearing type. direct comection of members by 

overlapping one another without gussets, centroidal axes of members not meeting at a 

point. and limitation of constituent rnember shapes to angles or flat bars. It is now known 

that due to omission of joint slip, the current analytical techniques applied to towers are 

inadequate as shown by their inability to predict deflections of a tower, and their inability 

to predict forces in a tower subjected to significant fiost heave or permafrost ground 

movement. Hence a study on jomt behavior with a special reference to joint slip of 

bo lted joints in electric transmission üne to wers was considered beneficial and opportune. 

Tlie investigation consisted of a literature survey and an experimental study. The 

latter consisted of: (i) Test Series A, which dealt with a tower leg splice joint loaded in 

compression and incorporated nine joint tests; (ü) Test Series B, which dealt with a web 

bracing member joint loaded in tension and incorporated nhe joint tests; (iü) Test Series 

C. which dealt with a joint of low load carrying capacity and high eccentricity loaded in 

compression and incorporated 36 joint tests; (iv) Test Series D. which deait with bolt 

calibration by the tm-of-nut method and included 20 bolt tests; (v) Test Senes E, which 

dealt with direct tension tests of bolts and included nine bolt tests; and (iv) Test Series F. 



which dealt with tension tests on steel angle sections and included six tensile coupon 

tests. 

The study resuhed in developing mathematical expressions to descni slip and 

load-de formation behavior. Further, it concluded that construction clearance of 1 /16 in- 

( 1.59 mm) should be maintained in spite of its influence on joint slip generation, joint slip 

is significant and takes place during service loads, and joint deformation should be 

inc Iuded in analyt ical methods dealing wit h transmission fine towers. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL 

The degree of consumption of electrïcal power is considered to be an important 

measure of prosperity in a country, and use of elecaical power is an important segment of 

a country's economy. Hence the general problem of reducing all costs contriiting to the 

expense of generathg and distnbuting electrk energy is of importance to any 

governrnent. An area of possible cost reduction is in the use of ecom>micai guyed and 

self-supported electric transmission liw to wers, an aspect that has attracted iittle attention 

by structural engineers in cornparison to other types of structures, such as buildings and 

bridges. 

Transmission line towers are tali in order to provide the required ground clearance 

for the high voltage conductors. They must cany heavy electric cable loads, as weil as 

considerable wind loads. This combination of live, dead, and wind loads favor the 

latticed fom of construction for the towers. Member joints in latticed towers are quite 

dserent fiom other common structural joints because: (i) most members are 

eccentricauy loaded at the joints; (6)  to minimize the use of gusset plates, members are 

ofien connected directly together; (üi) members are often limited to either angle sections 

or flat bars; (iv) the diameter of the bolts used is controlled by the member thickness; (v) 

members are assumed to cary either tende or compressive force; and (vi) the centroicial 

axes of members are not coincident at the joints. 



In steel construction, there are two types of connections, depending on the load 

transfer mechaniSm: bearing type, where the load is transferred through direct bearing of 

the fasteners on the joining members, and slip-critical or tnction type. where the load is 

t ransferred t hrough fiction between the adjoining members. Friction type connections 

are commonly used in structures where repeated loads (cyclic) are predomulant. Like 

bridges. The dflerence between the two types of connections is that friction type 

requires that bolt be tightened to a predetermined value of pretension force. which will 

ensure that slip in the joint will not occur at service load. In bearing type connections, on 

the other hand, the bolts are only "snug tight" and slip at senice load is not critical. Both 

fiction type and bearing type connections, however, must be able to resist the factored 

loads. 

Bearing type connections are preferred over fiction type for electric transmissioii 

line towers for the following reasons: (i) ease o f  tower erection; (ii) as forces camed by 

the slender members of small cross section are low, the number of bolts required are also 

smaii and not much saving is possible by using fiction type bolts; (üi) fiction type 

connections are more expensive than bearhg type comect ions; (iv) galvanized surfaces 

result in low values of slip coefficient (p); (v) fatigue due to cyclic loading is not critical 

in towers and viirations due to wind are muiimized by M i n g  the slendemess ratio of 

long members and by inserting lock washers to prevent nut loosening; (vi) there has been 

some concem related to the use of gaivanized bolts and nuts in fiction type comections; 

and (vii) high torques required in fiction type connections may result in stripping of the 

galvanizing coating of the bolt shank and nut exposing them to corrosion. The use of 

bearing type connections in the construction of towers, which are subjected to cyclic 



wind loading, implies that the joining memben could slip at service load without 

compro mising their structural integrity. 

The importance of joint slip in connections of ekctric transmission line towers 

was first noted by structurai engineers who observed, during full d e  tests, that the 

actual lateral deformation of a tower is much larger than the deflection derived through 

structurai analysis. Observations on towers subjected to considerable foundation 

movement due to fiost heave or pemiafrost senlement, clearly showed the inability of 

current structural analytical methods to predict the uwiuced member forces accurately. In 

some instances for towers stU h t i o n i n g  weil with large foundation movements. 

structurai faiIure was predicted by analytical methods. This inability of current analytical 

techniques to predict failure prompted the present study, which is aimed at looking more 

closely at the mechanimi of joint slip, and incorporating joint slip into the process of 

structural analysis. 

The design of electric transmission h e  towers is undergohg rapid changes. Early 

designs were subject to mandatory full-scale tests and modifications to the design were 

carried out based on test results. With the issue of the American Society of C i d  

Engineers design guide (1988), full-scde tests are now considered optional. Work by 

Kitipomchai et al. (1994) has highlighted the need to express joint slip as a mathematical 

expression to enable incorporation of joint slip in the current structural analytical 

techniques in order to produce more reaiistic results for member capacity. 

The issues discussed above underline the need for a critical examination of joint 

slip in bearing type connections used in latticed transmission line towers. 



1.2 THE: IMPORTANCE OF JOLNT SLiP IN BEARING TYPE CONNECTIONS 

Slippage is the relative displacernent of jointed members in a bolted joint that 

occurs when the connection is subjected to a shear load. This slippage occurs because of 

insu ffic ient fnction resistance between jo inted members. The amount of slip page 

depends on the relative position of the boits within the holes. which are oversized in order 

to provide an erection tolerance of 1/16" of an inch (1.59 mm). For overhead 

transmission line structures, greater slippage is tikely to occur as bolt diameters are s d  

members joined are thin, bearing type joints with a lower ciamping force are used, and 

since galvanized faying M a c e s  have a lower coefficient of fiction. 

According to Wmter (1956), bolt siippage consists of the clearance slip and the 

deformation slip. The theoretical Maximum for the clearance slip is twice the hole 

clearance (111 6 inch or 1.59 mm.) as the bolt shank may not be centraiiy located within 

the holes of the comecting members. This value is unWtely to be achieved in a multi- 

bolted joint as some bolts in a joint may go into bearuig before the rest. The defonnation 

slip is due to the bolt and the member distortion and changes with the applied load to the 

joint. Bolt slippage was found to be a function oE (a) structural loading; (b) 

workrnanship: (c) nature of the faying surfaces; (d) corrosion; (e) chnping force in the 

bolt; (f) mechanicd properties of the bolt; (g) mechanical properties of the members 

king  joined; (h) bolt diameter; (i) shear stress of the bolt; 0) type of joint (bearing type 

or fiction type); and (k) number of bolts in the joint (Kitipornchai et al., 1 994; Kennedy, 

1972; Lobb et al., 1971). Lobb et al. (1971) established that: (i) slippage is time- 

dependent, but does not exceed the value correspondhg to that at full b e a ~ g  with most 

of it taking place within 42 days after erection; (ii) slip is only indirectly reiated to stress 



in the comected members; and (üi) bearÏng type connections are much less sensitive to 

fàying-surface conditions than fiiction type since the load is predominantly carried by 

bearing . 

Previous researchers have reported that the mgnitude of bolt slippage observed 

was significant, but the actual extent reported varied corn one researcher to another. 

Peterson ( 1 962) reported that in tests involving full-rale transmission towers, 

approximately one-halfof the rnea~u~ed maximum deflection at a joint was due to elastic 

defomtion  and approximately one-half was due to bolt slippage. Majemison (1968) 

reported that in several transmission tower tests. the deflection measwed at the test was 

approximately three tirnes the theoretical detlection based on a WiIliot diagram solution 

and that deformation in holes and in shanks of bolts accounts for part of the excessive 

movement. Kitipornchai et al. (1 994) observed that the magnitude of the slippage might 

be as large as the elastic elongation of the comected rnembers. 

Kitipornchai et al. ( 1994) developed two models for bolt slippage. In mode1 1, it 

was assumed that the two ends of a member, under either tension or compression. will 

slip relative to one another by an amount As when the axial force in the member exceeds 

the loading needed to initiate slip, P,. In this modei, once a member starts to slip, no load 

increment is carried by the member until the assumed slip, As, is completed. In mode1 II, 

slippage was assumed to be a continuous process fiom the onset of loading. At any load 

increment, if the axial deformation of the rnember is A, it is assumed that the incrementd 

slip in the member, A,, may be expressed in the general form 

A, = A(" - v - )  



where A = axial deformation of the rnember at any load increment; 

P = axial force in the rnember (tension positive); 

m = 4: and 

n =6.  

The drawbacks of these rnodels were that: (a) in multi-bolted joints, it was 

assurned that every bolt slipped by the same amount at the same load level; and (b) the 

validity of the models was not verified through experirnental studies. 

801t slippage can affect a structure in rnany ways. It results in an increase in the 

total deflection of the structure. It increases the ability to cope with differenti. 

foundation settlement or heave, and reduces the structure's stifkess, thereby increasing 

its affinity to vibration and fatigue effects (Goel 1994; Subramaniam el al., 1999). 

However, bolt slippage was found (Kitipomchai et al.. 1994) not to signifïcantly 

influence the ultirnate strength of the structure. 

Understanding the rnechanism of bolt slippage, in steel bolted joints subjected to 

shear loads is very impoflant, as reported by a nurnber of researchers. For example, 

Kravitz et ai. (1 969) and Al-Bermani et al. (1992) pointed out that in fùll scale tests of 

transmission towers, the actual deflections and the theoretically predicted deflections do 

not match as bolt slippage is not accounted for in analytical methods currently in use. 

Knight et al. (1993) also reported that consideration of joint effects is important as they 

rnay lead to prernature failures. W e  bolt stippoge models have k e n  developed. these 

have not been verified by experimental studies. As a result, structural analysis software 



programs currently in use for transmission tower structures do not consider the effect of 

siippage at the bolted joints. This omission of  the effect of bolt slippage may be quite 

cntical in tower structures subjected to large dserential settlements due to fiost heave or 

perrnaffo st sett iement . 

1.3 BACKGROUND TO THE INVESTIGATION AND OBJECTIVES 

Manitoba Hydro has a large number of guyed and self-supported latticed electric 

transmission h e  towers throughout Manitoba with rnany towers located in Northem 

regions where fiost heave and permafrost settlernents (Brown, 1973) are common. 

Tower structures are ofien subjected to dinerential movements, which could be as much 

as 6 in (150 mm). Such settlernents c m  induce very high stresses in the structural 

members, and c m  lead to structural failure. As reported earlier, when current structural 

analysk so &are is applied to towers subjected to large foundation movement. results 

O btained are unreaiistic. The current structural analysis software does not include the 

effect of bolt slippage at the joints. As a result, ofien structural fdure  of the tower is 

indicated, even when the tower is fùnctioning normally. 

In the absence of realistic models of anaiysis, fùll-sale tests are conducted when 

a new electric transmission line tower is designed. It was while conducting full-scale 

tests that design engineen first reaiized the importance of joint slip, since observed lateral 

deflection of the tower exceeded the theoretical deflection by a very large margin. 

However, very little research has been focused on this issue to date and not much 

information is available on joint slip of joints in electric transmission line towers. Hence, 

research on joint slip is of considerable importance and requires urgent attention. 



The main objectives of this investigation are as follows: - 

1 )  To identify the important variables that Set joint slip in steel gdvanized bolted 

joints of latticed transmission line towers; 

2) To select typicai joint details fiom latticed elecvic transmission towers currently in 

service for an experimental study investigation; 

3) To conduct an e x p e h n t a l  investigation in order to determine the efliect of bol  

clearance. nurnber of bolts, type of loading, and bolt anangement on the joint slip 

and total joint deformation in common types of joints used in latticed electric 

transmission line towers; 

4) To examine the performance of both fiction type connections and bearing type 

connections containing lock washers; 

5) To evaluate current methods used in predicting joint slip and total joint deformation; 

6) To ident% the distinct stages of the load-deformation response of a joint and. based 

on experimentai evidence, to select appropriate parameters that can best d e s c n i  

load-deformation behavior; 

7) To develop mathematical expressions to d e s c n i  joint slip and joint deformation for 

joints in latticed electric transmission h e  towers; 

8) To assess the need for modification of structural analytical techniques to account for 

joint slip in bearïng type bolted joints used in latticed electric transmission line 

towers; and 

9) To determine the influence of eliminating, minimiring, or increasing construction 

clearance at assembiy of bearing type bolted joints. 



CHAPTER 2 

THE LITERATURE SURWY 

2.1 mTRODUCTlON 

The literature swvey on behavior of bolted joints is presented in this chapter. 

Bulk of the previous research on bolted joint behavior was found to deal with bolted 

joints made with steel plates. In contrast, previous research studies on joint behavior o f  

bolted joints made with steel angle sections were not many. Further, only a limited 

arnount of research studies dealt with torque-tension tests on bolts, and development of 

load-deformation fonnulae for bolted joints. Findy, the chapter ends with the 

conclusions made fiom the literaîure survey. 

2.2 SHEAFt TESTS ON BOLTED JOINTS CONNECTING PLATE MEMBERS 

Vasarhelyi, Beano, Madison, Lu, and Vasishth (1959) studied the effects of 

fabrication techniques on behavior of bolted joints. Variables considered were: (i) 

Tensionkhear ratio (1.00:0.75, 1.00: 1 .Ml); (6) Type of hole (drilled hole, punched hole); 

(iii) Faying surface (red lead painted with miU scale); and (iv) Temperature (room, - 

24°F). Number of replicates used was 2. Plates were 3/4 in. and 3/8 in. thick with 3/4 in. 

diameter bits. AU bolts were tightened to a torque of 320 fi-lbs. Specimens were 

instrumented with dia1 gages to m u r e  bolt si@ and slide-wire elongation gages to 

measure total elongation. Construction clearance of bolt holes was 1/16 in. The study 

concluded that punched holes affect signiscantly the efficiency of the joint, while 

rnisalignment and painting have a lesser effect. 



Bendigo, Hansen, and Rumpf (1963) studied the behavior of long bolted joints 

with particular reference to length of the joint. Variables considered were: (3 

Tensiodshear ratio (1 .O: 1 .O9 to 1 -65); (3 Type of joint (butt joint, lap joint); (iii) Type 

of load transfer (fiction type, bearing type); (iv) Pitch (2 518 in., 3 1/2 in); (v) Length 

(3 -5 in. to 52.5 in.); (vi) Width (5.84 in. to 15.10 in); (vii) Grip or total thickness (2 in. to 

8 in.): and (viü) Boit tension (112 tuni, 314 turn). Bolts used were 718 in. diameter A325 

bolts and plates were 1 in. thick of A7 steel. Number of replicates used was d. To 

attain thicker plate thicknesses either four plies or 8 plies of plate were used. 

Instrumentation was done with strain gages, a mechanical extensometer, and dia1 gages. 

Strain gages were used in the plates outside the connection to detect any eccentricity 

introduced by improper gripping and to pick up the onset of yielding of the gross section 

The elongation of each pitch was measured dong the: edges of the plates by a hand held 

mechanical extensometer, which gave results valid for both the elastic and plastic range. 

Dia1 gages (0.00 1 in.) were used to masure overall elongation of the joint and relative 

movement or slip of the plates. Ail joints were tested in tension. Because the inherent 

eccentricity of Iap joints caused them to bend, an external bracing system was used to 

restrain the rotation of the connection during tests. Although bolt failures did not occur 

in short joints, caiculations of average shear stress and examination of intact joints 

indicated that bolt failure was imminent. Load at wbich the first bolt sheared has been 

recorded as the ultimate load of long joints, although in some cases a stightly greater load 

was required to cause failure of a succeeding bok The study concluded that. in long 

joints. the differential s t r h  in the connected niaterial caused the end b i t s  to shear 

("unbuttoning" of the joint) before al1 bdts could develop theu fidl shearing strength. 



Yura and Frank (1985) developed a testing method to determine the slip 

coefficient for coatings used in bolted joints. S o m  noteworthy considerations found in 

their testing method are as foiiows: (9 The edges of the plates may be d e d ,  as roUed or 

saw cut. Flame cut edged is not pennitted. Any bum, lips or rough edges shodd be 

sled or d e d  flat; (ü) Five replicates are specified for a test; (G) Compression loading 

system shouid have an accuracy of 1 .O percent of the slip load; (iv) The relative 

displacement of the center plate and two outside plates must be measured. This 

displacement. caiied slip for simplicity, should be the average which occurs at the 

centerline of the specimen. This can be accomplished by using the average of two gages 

placed on the two exposed edges of the specimen, or by monitoring the movement of the 

loading head relative to the base. If the latter method is used. due regard must be taken 

for any slack that may be present in the loading system prior to appiication of the load. 

Deflections can be measured by diitl gages of any other calibrated device, which has an 

accuracy of 0.001 in (0.02 mm); (v) Slip gages should be engaged or attached aiter the 

application of a slight load so as to eliminate the initial specirnen settling deformation 

fiom the slip readings; (M) Loading rate should not exceed 25 kips (IO9 kN) per minute, 

or 0.003 in. (0.007 mm) of slip displacement per minute until the slip ioad is reached. 

The test should be tenninated when a slip of 0.05 in. (1 -3 mm) or greater is recorded; and 

(vii) Slip load should be defined as the appropriate of the foUowing: (a) The maximum 

load. if this maximum occurs before a slip of 0.02 in. (0.5 mm) is recorded; (b) Load at 

which the slip rate increase suddenly; or (c) Load corresponding to a deformation of 0.02 

in. (0.5 mm) when the load versus slip curve shows a gradua1 change in response. 



Wallaert and Fisher (1965) investigated the double shear strength of A325 

A3 54BC. A3 54BD, and A490 single bolt assemblies and the load-deformation 

relationships of thexn Variables considered were: (i) Bo lt type (A325 (weakest ), 

A3 54BC, A3 54BD, A490 (strongest)); (hi Plate type (A440, constructionai alloy steel); 

(iii) Bolt diameter (7/8 h, 1 in.); (iv) Length of boit (5.25 in., 5.50 in., 6.50 in., 9.50 in.); 

(v) Loading (compression, tension); (vi) Faying surtàce (with mil1 scale, lubricated); (vii) 

Clamping force (O tum, 1/2 tum 1 tunz 1 1/2 t u m  f?om snug position); (viii) Location 

of shear p h e  @th shear planes through shank, one shear plane through shank, both 

shear planes through thread); and (ix) End restraint in tension jig (no restraint, restrained 

by bolt in a slotted hole). Number of replicates used were 3, 5, 7, 9, and 18. Test jigs 

were assernbled with the test bolts in bearing in order to minimize slip. Specimen was 

instnunented with two dia1 gages (0.0001 in.) attached to the main plates at the centerline 

of the bolt hole. The plungers of the dia1 gages rested on yokes tack-welded to the lap 

plates at the initial level of the diai gage support. This permitted rneasurement of relative 

movement of the centeriine of a bolt caused by bolt shear, bolt bending, and bearing of 

plate holes. Load was apptied tu the specimen so that machine cross head movement was 

0.01 in. (0.025 mm) per minute in the elastic range and 0.02 in. (0.05 mm) per minute in 

the inelastic range. The conclusions made were: (a) Shear strength of bolts tested in 

tension jigs was 10 percent lower than the sarne bolt types tested in compression jigs; (b) 

Bolt diameter did not affect the shear strength, but as bolt shearing area increases faster 

than bolt bearing are* the deformation at ultirnate load is greater for 1 in. bolt than for 

7/8 in. bolt; (c) Type of c o ~ e c t e d  material had Little or no influence on the shear 

strength, but material with a higher yield point gave srnaller plate bearing deformations; 



and (d) When lap plate prying action in a tension jig was minirnized, the shear strength of 

bolts tested in a tension jig approaches that of a compression jig. 

Vasarhelyi and Chen (1967) studied bolted joints with plates of dflerent 

thickness. Three specimens were tested in which the variables considered were: (9 

Nominal dBerence in thickness of main plates (none, 1/16 in., and 1/8 in.); (ii) Number 

of bolts (9 and 15); and (iii) Location of row of bolts nearest to thinner plate (1 112 in, to 

3 1/2 in.). A butt lap joint was used where iap plates were 1/2 in. thick for al1 the 

specimens. A325 h l t s  of 3/4 in. diameter, 1 314 in. thread length and 1 3/4 in, shank 

length, were used. Fifteen botts in five rows or nine bolts in three rows were used on 

either end of the butt lap joint. Instrumentation consisted of: (i) six dial gages at each 

side of the specimen to measure the slip; and (ü) three elongation gages made of three 

did gages. wiih thin wire attached to the dia1 gages over a 32 in. gage length mounted 

along three bolt Iines on each face of the joint to ascertain major slip (refers to the fïrst 

relative rigid body motion of jointed plates in which one whole plate unmistakably takes 

part). Tests were not replicated and no test was pursued to the point of plastic 

defonnation or fracture. No specific loading rate was used, but the load was applied in 

25 kips increments until slip (movement) and thereafler load increment was reduced to 15 

kips or 10 kips until major slip occurred. The conclusions were: (a) Average slip readïng 

at the major slip was about 0.04 in. (1.02 mm); and (b) The best way to improve 

resistance to slip, in a joint with difEerence of thickness in the main plates, is to increase 

the distance of the first row of bolts fiom the edge of the thinner plate. 

Broo khart , Siddiqi, and Vasarhelyi ( 1 968) investigated the influence of surface 

t reatments on performance of high-strength bolted joints. Variables considered were: (i) 



Type of specimen (2, 4 shear planes); (ii) Plate thicknesses (1 in. and 1 /2 in., 1 /2 in. and 

318 in.); and (üi) Surface treatment (gaivanized, Wnc painted, met&& vinyl-washed, 

rust-preventing paint, mil1 scale). Number of replicates varied fiom 3 to 4. 

Instrumentation and testing details were not reported. The conclusions were: (a) Average 

of coefficient of friction of galvanized joint was 0.23; (b) Hot-dip galvanizing produces a 

lower nominal coeficient of fiction than that observed between dry r d  scale surfaces; 

and (c) Since at 0.01 in (0.25 mm) of slip, the load-slip curve becomes nearly flat, 

reflecting major slip (continued slip at constant load), the load needed to bring about a 

slip in the joint of 0.01 in. (0.25 mm) was taken as the slip load for ail graduai slips. A 

shortcoming of this study is that tests were not done up to failure. 

Man and Fisher (1968) conducted a study on bolted joints with oversize or 

slotted holes. Variables conskered were: (i) Type of joint (fiction, bearing); (ii) Bolt 

tension (minimum tension, 1.5 times minimum tension); (3 Use of washers (with, 

without washers); and (iv) Clearance of bolt hole (1/16 in., 1/4 in., 5/16 in., slotted 

parailel to h e  of loading, slotted perpendicular to Line of loading). Three replicate 

specirnens were used. DetaiIs of llistnimentation were not reported. Ali specirnens were 

fabricated using 1 in. diameter A325 bolts and 1 in. thick A36 steel plates. The plates 

had two lines of 1 in. diameter A325 bolts connecting four plies of plate at a pitch of 5 

1 /4 in. The faying surfaces were of clean mili scale. Each specimen had 8 bolts, two 

plies of main pIate and 1 ply each of two side plates. Friction type specimens were 

loaded in 25 kips increments till major slip occurred and 10 kips increments during the 

series of minor slips that foliowed until joint went into bearing. Bearing type joints were 

loaded in 25 kips increments until initial slip and then loaded in 50 kips increments until 



failure. The conclusions were: (a) Slip behavior of joints with oversize holes or slotted 

hoies was sirnilar to those with holes of nominal size with a series of small slips before 

the joint went into karing; and (b) Stip coefficient of 114 in. oversize, 5/16 in. oversize, 

and slotted hole joints showed a decrease of O%, 1 7%, and 22% to 33% of that of 1 /16 in. 

oversize joints. 

Fisher and Kulak (1968) reported a study on hybrid bolted butt splices made with 

plate materials of different steels. Variables considered were: (i) Bolt diameter (7/8 in.. 

1 1/8 in.); (ü) Number of bdts in line (4, 9, and 13); (üi) Joint length between outer bolts 

(1 0.5 in.. 42 in., 63 in.); (iv) Plate width (5.26 in. to 7.96 in.); (v) Main plate thickness (2 

in. to 4 in.); (vi) Plate material (A514, A36, A440); and (vü) Bolt type (A325, A490). No 

replicates were used in the tests. Instrumentation consisted of: (i) electrical resistance 

strain gages on edges of the plate at various locations dong the length of the joint to 

evaluate the load transfer mechanism and to evalwte the plate loads throughout the joint; 

(ii) dia1 gages (0.0001 in.) to detect the slip between main and lap plate; and (iii) dial 

gases (0.001 in.) to measure overail elongation of the joint. Load was appiied as slowly 

as practicable to mhhke effects of d-c loading till Mure. The concIusions were: 

(a) The siip coefficient of steel (A36, A440, A514) blast cleaned with No.50 chilled steel 

grit is about 0.34; (b) The A325 bolt is not as suitable a connecter for A5 14 steel as is the 

A490 bolt since A325 bolt cannot produce yielding on the gross section; and (c) At siip 

load. the plates moved relative to one another a little Iess than the amount of hole 

clearance. 

Kennedy (1972) conducted a study on high strength b l ted  galvanized joints 

subject to fatigue loading. This study is of no direct relevance, but the foilowing 



information reported in it, was considered usefid: (a) To prevent bearing before slip, 

t e n d e  lap joints with middle plate and two side lap plates were assembled with holes 

aligned and with the bolts to the extrerne side of the bolt hole toward the grip ends. 

Specirnen had 4 bolts in 2 rows and 2 Lines: and (b) Galvanized steel can ùe brittle due to 

hydrogen embrittlement caused during the acid prickling process by absorption of 

hydrogen into the steel matrix and due to formation of the brittle iron-zinc d o y  layers 

during the galvaniPng process. 

Winter (1 956) conducted tests on bolted connections in light gage steel. Although 

this study is of light gage steel, the following information in it was considered useful: (a) 

The t orque corresponding to the "handtight" condition was O btained by experimentat ion 

with three persons who independently tightened bolts of dinerent diameters, ushg 

wrench lengths recornmended by bolt manufacturers' (fiom 9.75 in. for 1/4 in. bits to 20 

in. for 1 in bolts). The torque corresponding to 5/8 in. diameter bolt was 50 ft-lbs; (b) 

Since it was desired to obtain information on initial slip as weU as on deformation &er 

bearing had k e n  established the majority of tests were made on duplicate specimens one 

of which was tightened with maximum initial clearance and the other with initial bearing: 

(c) The theoretical maximum amount of initial slip is equal to twice the hole clearance. 

and in multiple-bolt comections it will usuaily be only som fiaction of the hole 

clearance in view of minor deviations fiom ideal dimensions, which will bring some bolts 

of a given comection into b e a ~ g  while clearance is stili maintained in others; and (d) 

Clearance slip, even when rnaximized as in these tests, usually represents only a smaü 

ffaction of the total slip up to maximum load. 



Vasarhelyi and Chang (1 965) conducted a study on misalignment in bolted joints. 

Variables considered were: (i) Misalignment (no midignment, five different 

misaiignrnent patterns); and (ii) Faying SUfaçe (mil1 scale, red lead paint). Tests were 

not repeated. Instrumentation was similar to that of an earlier study (Vasarhelyi et al., 

1959) by them The misalignment was set in the central plate of the tension lap joint 

(with a central plate and two side plates) by drilling the specïfk holes in the central plate, 

which were 1 /16 in. out of Iine with the others in the direction of the puU. The important 

hdings were: (a) The slip in al1 joints with misaligned Meners progresses graduaüy, 

indicating the presence in the joint, of a fàstening element in bearing; (b) If fasteners are 

properly aligned, slip wili bring the entire group in bearing alrnost simultaneously. If 

fasteners are out of alignment in a pattern symmetrical about the üne of puli through the 

joint. the action will be si.d.ar to the one descriid above for the joint with no 

misalignrnent. However, the slip will be more gradua1 and without noticeable major 

initial slip: (c) Slip in joints with u m t r i c a l  patterns of misalignment occur more 

graduaily than in one without rnisalignment, and the slips' development is not d o m  

There seerns to be no effect of the misalignment on the overail elongation of the joint; 

and (d) The presence of initialiy misaligned fasteners does not appear to reduced the 

ult irnate load carryïng capacity and joint efficiency significant ly. 

Fisher and Beedle (1965) investigated the design process currently used for the 

design of bearing type bolted joints. They reviewed the design process in the light of 

published experimental studies. Their important findings were: (a) The longer joints 

were not able to effect a complete redistri'bution of the load among ali the bolts, because 

the end fasteners failed prematurely. This was not caused by any deficiency of the 



fàstener, but due to the accumuiated dEerential srrains between the main plate and the 

lap plates: (b) When plates were ngid and bolts plastic a better redistrt'bution of forces 

occurredr and (c) When inelastic deformations occurred nearly simuItaneously in the end 

of fasteners and m the plates, end bolts contheci to pick up load at a faster rate than 

interior bolts. 

Fisher and Rurnpf (1965) developed an anaîytical method, based on iteration, to 

d e t e d e  the load distn'bution in bolts of a bolted joint. The method uses ordinary 

mechanics and satisfies the condition of equiliium (statics) and maintains continuity 

(compatibility) throughout the elastic and inelastic ranges. To use this method load- 

deformation curves up to fàilure of a bolt, main plate and lap plates with appropriate 

holes should be obtained by experimental study. Faiiure load is govemed by the ultimate 

strength of the plate or a faener.  

Fisher (1965) conducted a study on behavior of fasteners and plates with holes. 

This experimental study resulted in developing mathematical expressions for load- 

deformation relationship of a plate wîth holes and of a bolt in shear, which are applicable 

to both elastic and inelastic regions. 

Sterhg and Fisher (1966) investigated the behavior of A440 steel joints 

connected by A 490 bolts. Variables considered were: (i) Pitch (2.63 in., 3.50 in., 5.25 

in.): (ii) Nurnber of bolts (8, 13, 19); (iii) Main plate thickness (2 in., 4 in.); and (iv) Ratio 

of plate area to shear area of bolts (1 -22, 1.27, 1.30, 1.3 1, 1 -92). No repeat tests were 

done. The instrumentation consisted of: (i) eiectric resistance strain gages attached to the 

edge of each plate to detect eccentricity of Ioading caused by uneven gripping as 

curvature in the joint; (ii) dial gages (0.001 in.) to measure joint elongation; and (iii) dial 



gages (0.0002 h) to measure slip between the main and lap plates. Steel plates were 

made of 1 in. plies of A440 steel and bolts used were 7/8 in, diameter A490 bolts set in 

holes 15/16 in diameter. Load was appiied in increments of 50 kips up to about 80% of 

the expected slip load and in increments of 10 kips up to major slip. Increment of loading 

after major slip was not given The study concluded that: (a) in joints fitstened by long 

b i t s .  the slippage of plates causes the bolt to ben& giving rise to an increased shearing 

area This in tum produces an increase in the ultimate load and in ultimate deformation: 

and (b) average fastener shear strength is greatly iduenced by increases in joint length 

causing a reduction in shear strength. The fastener pitch influences the shear strength 

m n l y  through its effect on joint length. 

Kormanik and Fisher (1 967) studied theoreticaiiy the bearing type bolted hybrid 

joints involving steels of different strengths. The variables were: (i) Ratio of net area of 

steel matenal to the total bolt shear area (0.53 to 1.70); and (ii) Joint length as reflected 

by the nurnber of bolts in line (5 in. to 120 in.). 'Ihe study was a fhther development of 

the Fisher and Rumpf method (1965) where e~uili'brium and compatibility equations 

were solved with the aid of the cornputer. Analytical relationships for tension behavior 

of a steel plate with holes and for a single bolt in double shear were developed based on 

the experimental work. The conclusions were: (a) The hybnd joints behaved similarly to 

homogeneous joints; (b) An increase in joint length produces a decrease in average shear 

strength; and (c) A decrease in the ratio of net area of steel to total bolt shear area 

produces a decrease in average shear strength. 

Kulak and Fisher (1968) investigated the behavior of A5 14 steel joints fastened 

by A490 bolts. The variables were: (i) Bolt type (A325, A490); (u) Boit diameter ( 1  in., 



1 1/8 in.); (iiï) Number of Esteners in line (4, 7, 13, 17,25); (iv) Joint length (10.5 in., 21 

in.. 42 in., 56 in., 84 in.); and (v) Ratio of net area of either main or lap plate to total shear 

area of fkstener (0.40 to 1.12). No replicates were used. Instrumentation used consisted 

of (i) electric resistance strain gages attached to each edge of each plate just as it entered 

the joint. to detect possible eccentricity of loading caused by uneven gripping or 

curvature of the specimen; (ùi electric resistance strain gages, in large joints, placed 

across the width of lap plates at certain locations between fasteners to d e t e d e  plate 

Ioads in those Iocations; (üi) did gages (0.0001 in.) to mesure the slip between main and 

lap plates; (iv) dia1 gages (0.001 in.) to measure movernent of points one pitch length 

removed fiom each of the extreme fàsteners (joint elongation); and (v) dial gages (0.00 1 

in.) on the member as close as possible to the gripping heads to m u r e  member 

elongation. AU joints consisted of a main plate and two lap plates bolted together. The 

main findings were: (a) At the slip load, the main and lap plates moved relative to one 

another a little less than the amount of the hole clearance; (b) The specimens that fded  

by fi-acture of plates had a Vary fiat load-deformation curve near faiiure. In specimens 

that failed by bolt shear, the load-defonnation curve approached the M u r e  load on a 

much steeper slope because of their relatively greater plate area; and (c) Ultimate strength 

of the joint was dependent on joint length and relative plate-mener proportions but 

independent of fastener diameter or pitch. 

Chong and Matlock (1975) conducted a study on iight gage steel bolted 

connections without washers. The variables shrdied were: (i) Steel sheet thickness (0.94 

mm to 2.64 mm); (ii) Surfàce condition of sheet @ainted, galvanized, bhck surface); (üi) 

Bolt diameter (VI6 in., 1/2 in., 314 in.); (iv) Number of bolts (1, 2, 3); (v) Bolt 



arrangement (dl b l t s  perpendicular or in line with load); (vi) Ratio of edge distance to 

bolt diameter (1 .O to 7.0); and (3 Clamphg torque (standard, twice the standard). 

Study was simiIar to that of Winter (1956) and the findings were: (a) Slip loads occurred 

between 40 to 80 percent of the ultimate load, with the lower percentages correspondhg 

to thicker connecting sheets; (b) Deformation was not appreciable up to about 85 percent 

of the ultimate load, after which bolts started to tilt and warping of the fke edges was 

naticeable; (c) Warping of fiee edges. which occurs towards the end of testing, has 

negligible effect on the load carrying capacity of the conwction; and (d) Doubling the 

ciamping torque did not affect the ultimate load, but slip loads increased with higher 

toque. 

Zwerneman ands Saleh (1996) studied the effect of burrs on the shear capacity of 

bearing connections. The variable in this study was burr height, which ranged fiom O to 

O. f 76 inches. A total of 45 bearing connections were tested, where a single bolt was 

loaded in double shear. Joint consisted of a middle plate and two lap plates. Ail 

specimens were made with 314 in. diameter A325 bolts and A572 steel plate. Details of 

the test program and instrumentation were not reported. AU nuts were tightened by hand 

to avoid cornpressing the large burrs prior to tests. The main hdings were: (a) Failure 

was by shearing of the bolt, but ova ling of the bolt hole was never enough to be regarded 

as a bearing failure; (b) lncrease of burr s i x  caused only a minor decrease in shear 

strength; and (c) Required strength in bearing connections can be achieved without 

removing burrs fiom around bolt holes. A major shortcoming of this paper is that neither 

the details of the test program nor the test results were presented in M. 



Lo bb and Stoller ( 197 1 ) investigated the behavior of  bohed joints under sustained 

loading. This study, which dealt with a plate-angle connection, haç little relevance and 

hence only the relevant hdings are presented here. They were: (a) Galvanized surfaces 

caused somewhat more slip than other types of kying sudkes; (b) Joint slip is a tirne- 

dependent phenomenon; (c) The slip rate was hnearly proportional to the fastener shear 

stress; and (d) Staggering the direction of bolt insertion did not improve the performance. 

Fisher md Struik (1974) have reviewed bolted joints comprehensiveiy and some 

important information, not presented previously, is descn id  here: (a) An economid 

way of m u r i n g  slip is to measure the movement of different plates forming the joint at 

their centroidal lines of the bolt group perpendicular to the loading direction; and (b) 

Single bolt lap spiices bend at the joint and shear fdure  of the fasteners were observed at 

an average fastener shear stress about 10 percent l e s  than those for syrnmetric butt joints 

with similar material properties. 

2.3 SHEAR TESTS ON BOLTED ANGLE CONNECTIONS 

Sakla, Wahba, and Madugula (1999) investigated spiiced axiaily loaded single 

angle members in compression. This was a limited study where only six specimens were 

tested. Four specirnens were tested with the splice joint, one specimen with a spke joint 

where packing bars were used to fili the 114 in. gap between top and bottom angles, and 

one specimen was one piece angle without any joint. The tested joint had 6 bolts of 5/8 

in. diameter on each angle distn'buted among both legs. Bolts were tightened to a 150 in- 

lbs torque, which represented the snug tight condition. Instrumentation consisted of: (i) 

two dial gages at rnid-height of the specimen to mesure lateral deflection in 



perpendicular directions; (ü) ten electric resistance strain gages positioned, three on 

center of one splice plate, three on center of the other splice plate, and remaining four on 

each leg of the angle approximately mid-way between joint and support to obtain the 

stress distribution; and (iü) thin layer of white wash appiied to the specimen to detect 

high-yielding zones by observing the flaking off of the brittle coating. The main findings 

were: (a) There is no signincant decrease in ulthate load between one-piece angle and 

the spliced angle; (b) Use of packing bars did not signifcantly increase the maximum 

compressive load carrying capacity; and (c) Use of splice angles, instead of splice plates 

will reduce the joint eccentricity. The main shoncoming of this study was the omission 

of the stifniess of the specirnen fkom consideration due to non-meastuement of either slip 

or axial deformation of the joint. 

Kennedy and Sinclair (1 969) studied the ultimate capacity of single bolted angle 

connections. Variables considered were: (i) End distance (314 in. to 1 3 /4  in. in steps of 

118 in.); (ü) Edge distance (518 in to 1 3/8 in. in seps of 118 in.); (üi) Thickness (118 in.. 

3/16 in., 114 in.); and (iv) Material of angle (CSA G40.4, ASTM A36, CSA G40.6, CSA 

G40.8, RB 60). Test program details were not reported, so the nurnber of repiicates used 

could not be found. AU the bolts were tightened to the maximum possible extent by hand 

using 14 in. ratchet wrench, as this was the rnethod used in the field erection of tower 

structures. Instrumentation deta* were not presented clearly in the paper. The main 

findings were: (a) Failure in bearing occurs at a nominal bearing stress equal to 

approximately 4.5 times the yield stress; (b) The development of local stresses in the 

immediate neighborhood of the hole, equd to or greater than the yield stress, is not a 

reliable indication of approaching failure of the joint; and (c) Failure through either end 



or edge is a distinct function of end and edge distance and can be predicted with the 

equat ions deveioped in this study. 

2.4 TORQUE TENSION TESTS ON BOLTS 

Eaves (1978) investigated the effect of bolt lubrication on tightening 

characteristics of high strength bolts. Variables considered were: (i) Method of 

t ightening (impact wrench, torque wrench); (ii) Bolt type (A325, A490); (iii) Nut type 

(A325, 2H); and (iv) Thread condition (clean, as received, lubricant 1, lubricant 2). 

Nurnber of replicates used were 2 and 3. Instrumentation used was: (i) Skidmore- 

Wilhelm bolt tension calirator to rneasure axiai bolt load; and (fi) A C-firame f'ixture 

made of square tubïng and cmying a dia1 gage (0.000 1 in.) to measure bolt elongation. 

Main findings were: (a) Twist measured in the exposed threaded end of the boIt was a 

good indicator of the lubricant condition; (b) Of the two tightenùig methods considered, 

the impact rnethod was found to give more consistent results; and (c) Two modes of 

failure observed were stripping of the thread and tende failure of the bolt shank. 

Kennedy (1972) conducted torque tension tests on galvanized A325 bolts, 1/2 in. 

diameter by 2 in. long. 'Zlie galvanized bolts, nuts, and washers had a coating thickness 

of 0.086 mm * 20 percent, 0.1 12 mm + 20 percent, and 0.1 14 mm * 25 percent 

respectively. They were galvanized to ASTM A153 class C and galvanized nuts were 

tapped 0.254 to 0.341 mm in diameter oversize after galvanizing. Variables considered 

were: ( i) BoIt type (black, galvanized); and (ii) Lubricat ion (none, beeswax). 

1 nstrumentation used consistai of: (i) S kidmore- Wilhelm hydrauiic caiiirato r to measure 

the tension induced in the bolt; (ü) C-fkme extensorneter consisting of a k e d  anvil and 



a rnounted dia1 gage (0.0001 in) to measure bolt elongation; and (üi) hardened steel balls 

1/16 in. diameter set into the two ends of the b l t s  to take up the C - b  extensometer 

during elongation measurement. The main findings were: (a) To obtain consistent 

normal clamping forces, boit should be tightened to an elongation of 0.308 mm; (b) 

Average clarnping force on a galvanized lubricated bolt was 8 percent in excess of a 

biack bolt; and (c) Bkck bolts and galvanized bolts lubricated with beeswax required 

1 1 13 and 1 1 /9 turns. respectively, to failure fiom snug position- 

Brookhart. Siddiqi, and Vasarhelyi ( 1 968) studied how the presence of protective 

coatings on bolt and nut threads atfects the tightening of high strength bolts. Variables 

studied were: (i) Bolt type (black, gaivanized); (ü) Type of torquing (manuai, power); 

(üi) Lubricant (none, molecular graphite type lubricant); (iv) Bolt diarneter (3/4 in.. 1 

in.); and (v) Bolt materiai (A325. A490). AU the bolts were in the as-manufactured 

condition and the galvanizing was of ASTM A153 class C (1.25 oz.) with nuts 

overtapped 1 /64 in. after galvanizing. Nurnber of replicates used was 4- Instrumentation 

used was: (i) C-fiame extensometer with 1/8 in. deep holes M e d  in the center of head 

and shank ends of the bolt to measure bolt elongation; (ü) Skicimore-Wilhehn bolt 

calibrator to measure load in the bolt; and (ü) Pneumatic impact wrench (air pressure of 

100 psi) to tum the nut. The main findings were: (a) Manual torquing is variable with 

torque required to attain a given clamping force varying as much as * 30 percent; (b) The 

torque is increased by galvanizing by as much as 14 percent of the value obtained for 

black bolts; (c) Lubricant reduces the torque 20 percent or more in both bolt types; and 

(d) Power torquing applies a higher torque than manual torquing increasing it by 20 



percent and 5 percent for galvanized and black bolts respectively. This increase is 

attniuted to the vibration generated by the power wrench 

Tightening a nut (Fisher and Struik, 1974) induces torsional stresses in addition to 

tensile stresses and resdts in reduction of ultimate tende load carried by the bolt as 

cornpared to ultirnate load detennined by a direct tension test. This average reduction is 

about 15 percent for A325 and A490 bolts. 

2.5 DEVELOPMENT OF LOGD-DEFORMATION FORMULAI3 OF BOLTED 

JOINTS 

Research on joint deformation on structural behavior was first focused on steel 

joints in rigid fiame structures (Frye et al., 1 974; Jones et al., 1982; Lui et al., 1986; Chen 

et al.. 1 987; Goldkrg et al., 1 963; Romsted et al., 1970). Sxcess achieved in this area of 

research Ied to the need for extension of this concept to bolted joints in tower type 

structures, which are predominantly under direct forces as opposed to bending moments. 

Aithough the importance of accounting for boit slip was highlighted by rnany engineers 

(Petersen. 1962; Mqeerrison, 1968; Kravitz et al., 1969) who conducted fùll scale tests 

on transmission line towers, due to complexity of the problem, it did not attract attention 

of research workers. Kittipornchai, Al-Bermani, and Peyrot (1 994) were the îïrst to 

address the issue of effect of bolt slippage on ultimate behavior of lattice structures and 

they proposed two models for bolt slippage. 

The main shortcomings of these models are: (i) The mdels were not verified by 

experimntal studies; (ü) Too much emphasis was given to slippage rather than total 

deformation of the joint; (üi) Variation of joint slip by factors such as construction 



clearance in bolt holes, boh arrangement, and number of bolts was ignored; and (iv) In 

mode1 II. joint deformation is made a fiuiction of the member deformation rather than the 

member force. 

2.6 CONCLUSIONS 

The conclusions made fiom the fiterature survey on bolted joints subject to shear 

are presented belo W. 

Finger tight condition of nut tightening is considered as the tightness attained 

when a nut is tightened using the maximum effort of the fingers of the operative. Snug 

tight condition of nut tightening is considered as the tightness attained fiom the 6rst few 

impacts of an impact wrench. or the full effort of a man using an ordinary spud wrench. 

Sometimes this condition is also referred to as the hand tight condition. 

The variables that influence joint slip or deformation of ùolted joints were: (a) 

load appiied; (b) workmanship; (c) bolt properties; (d) angle properties; (e) extent of 

corrosion; (f) nature of faying surfaces; (g) bolt tightening method; (h) number of bolts; 

(i) pitch of bolts; 0) joint length; (k) the ratio of the effective net area of steel angle or 

plate, A,,, and the shear area of the bolts, A,; (1) bolt diameter; (m) the ratio of the 

effective net area of steel angle or plate, A,, and the gross area of the steel angle or plate, 

A,; (n) end distance and edge distance; (O) type of bolt; and @) location of the shear 

planes within the bolt iength. 

Nurnber of repiicates used in previous studies on bolted joint behavior varied 

fiom O (Winter, t 959; Bendigo et al., 1963; Vasarhelyi et al., 1967; Fisher et al., 1968; 

Vasarhelyi et al., 1965; Sterling et al., 1966; Kulak et al., 1968) to 18 (Wallaert et al., 



1 965) with 3 as the more reasonable value, which is a balance between reliability and 

economy of the experimental program. 

Most of the specirnens were proportioned to accurately represent the actual joint 

arrangement in addition to the incorporation of srnall portions of the mernbers h m h g  

into the joint. 

Most cornmon bolt diameters investigated were 7/8 in. and lin., which represent 

applications in bridge and building structures. Very few studies dealt with 5/8 in. 

diameter M t ,  which is widely used in transmission h e  tower structures. 

The most widely used method of slip measurement was to measure the relative 

movement between individual plates or angles that are connected at the joint. Dial gages 

(0.0001 in.) were widely used for siip measurement. 

In fiction type connections, slip load was detemiined fiom the load-deformation 

plot as one of the following: (i) Maximum load if it occurred before a total slip of 0.5 1 

mm; (ii) Load at which deformation hcreases rapidly; and (iii) Load at a siip of 0.51 mm 

when load-deformation curve changes graduaily. In bearing type joints, slip load was 

Iess complicated to determine as it was the load in (il above. 

Bending at the joint of -y loaded lap joints due to internaily developed 

eccentricity was well known, and Bendigo et al. (1963) used an extemal bracing system 

to restrain the rotation of the connection during tests. 

For testing bolted joints, Yura and Frank (1985) speciiied that the loading system 

should have an accuracy of 1.0 percent of the slip load, and, for fiction type joints. a 

loading rate of 25 kips (109 kN) per minute, or 0.003 in (0.07 mm) of slip displacement 

per minute until slip load is reached. For b e h g  type joints, a loading rate between 0.25 



in. per minute and 0.50 in per minute (ASTM F606-90, 1993) should be maintained fkom 

start tiU faijure. 

In compression tests. the spheriçal head of the standard testing machine was 

considered (Polyzois et al-: 1986) to ensure uniform compression dong the specimen 

edge. 

Shear strength of bolts (Wallaert and Fisher, 1965) tested in a tension jig was 10 

percent lower than the same bolt types tested in a compression jig due to prying action of 

plates at the ends of the joint. 

In fiction type butt lap joints, with main plates o f  thickness differing by O to 1 /8 

in., made with 3/4 in diameter bolts, average slip reading (Vasarhelyi and Chen, 1967) at 

major slip was about 1.02 mm- 

Slip behavior of joints with oversize holes or slotted holes was (Man and Fisher, 

1968) similar to those with normal size holes. Slip coefficient of 114 in- oversize and 

5/16 in. oversize joints showed a decrease of O and 17 percent of that of 1/16 in. oversize 

joints. 

The m a n d y  applied torque at snug position for 5/8 in. diameter bolts was 

(Winter, 1956) reported to be 50 fi-lbs. 

The theoretical maximum amount of initial slip is (Winter, 1956) equal to twice 

the hole clearance and in a multiple-bolted connection it will usually be only some 

fiaction of the hole clearance in vïew of rninor deviations fiom ideal dimensions, which 

d l  bring some bohs of a given comection into bearing whiIe clearance is still 

maintained in others. 



The slip in aii joints with misaligned fasteners, progresses gradually indicating the 

presence. in the joint, of  a f ~ e n i n g  element in bearllig (Vasarhelyi and Chang, 1965). If 

the fastenen are properly aligned or if fasteners are out of alignment in a pattern 

symmetrical about the line of force through the joint, slip wiIl bring the entire bolt group 

in bearing sirnultaneously. Slip in joints with unsymmetrical patterns of misalignment 

occurs more gradually and development of slip may not be uniforni. 

In light gage steel connections without washers (Chong and Matlock, 1975) slip 

loads occurred at 40 to 80 percent of  the uhimate loads with lower percentage for thicker 

sheets. Deformation was d up to about 85 percent of the ultimate load, after which 

bolts started to tilt and warping of the fkee edges was noticeable. 

Canadian practice (Kennedy and Sinclair. 1909) in field erection of tower 

structures is to tighten bolts to the maximum possible extent manually using a 14 in. 

ratchet wrench. 

In torque tension tests on bolts, the two mode of failure observed (Eaves, 1978) 

were stripping of the thread and tende failure of the bolt shank. 

Power torquing can apply (Brookhert et ai., 1968) a higher torque than manual 

torquing due to vibration generated by the power wrench. 

Tightening a nut (Fisher and Struik, 1974) induces tonional stresses in addition to 

tensile stresses and results in about 15 percent reduction of ultimate tende  load as 

compared to that detennined by a direct tension test in black bolts. 

Shortcomings of Kitipomchai et al. (1994) bolt slippage models are: (i) The 

models were not verified by experirnental studies; (ü) Too much emphasis was given to 

slippage rather than total deformation of the joint; (iü) Variation of joint slip by factors 



such as construction clearance in bolt fioles, boh arrangement, and nurnber of bolts was 

ignored: and (iv) In the mode1 based on continuous slip, joint deformation is made a 

f h c t  ion of the member de formation rather than the member force. 

Increase of nurnber of threads per nut (Pickford. 1 98 1 ) fkom 6 (B33.4 grade 5) to 

7 (A325) improves the stress distribution of  the bolt end and the nut considerably. 

When a boIt is tightened (Pickford, 1981), tende  stresses are developed 

throughout the bolt starting fiom zero at the fkee face of the bolt head, uniformiy 

increasing to a high stress at bolt shank to bolt head joint, remaining constant at this high 

stress till the start of the thread, increasing to a still higher stress at the thread 

commencement and remaining constant at this stress in the threaded region up to the 

bearing face of the nut, reducing uniformiy to zero at the f?ee face of the nut. and 

continuing to be zero up to the protruding end of the bolt thread. 

Relative typical magnitudes (Pickford, 1981) of the three reaction toques. whkh 

oppose the input torque applied to a nut are as foilows: 10 percent inched plane reaction 

torque, 40 percent thread fiction reaction torque, and 50 percent nut fiction reaction 

torque. 



CHAPTER 3 

DEVELOPMENT OF THE EXPEIUMENTAL KNVJZSTIGATION 

3.1 INTRODUCTION 

This chapter de& with issues related to the developrnent of  the experirnental 

investigation. Important variables that affect joint behavior of bolted joints were 

considered. In order to attain the objectives of the study, these variables were controled 

judiciously keeping some unchanged while varying the more influentid variables. Three 

joint types were selected as these present the most prevalent in electric transmission h e  

towers. Also. the details of each test series of the experirnental investigation are 

presented in this chapter. 

3.2 VARIABLES CONSIDERED 

A bolted joint rnay transfer loads by shear in one direction. shear in several 

directions, tension and shear in one direction, or tension and shear in several directions. 

Since the most common form o f  load transfer of bolted joints in electric transmission h e  

towers is shear in one direction, this mode of load transfer was selected for the study. 

AISO. since load transfer by shear may involve bolts in single shear or bolts in double 

shear. both of these types of shear were considered in this study. 

To a structural engineer, two aspects of bolted joint behavior are of interest: 

strength and slip or deformation, The main focus of this study is the deformation 

khavior of the bolted joint with particular reference to joint slip. Joint slip and 

deformation result fiom a complex interaction of many variables. The literature survey 

revealed that joint slip or deformation in connections of angle section is a f'unction of the 



following variabies: (a) load apptied; (b) workmanship; (c) bolt properties; (d) angle 

properties; (e) extent of corrosion; (0 nature of fkying SUTfaçes; (g) bolt tightenulg 

method; (h) nurnber of bolts; (3 pitch of bolts; Cj) joint length; (k) the ratio of the 

effective net area of steel angle or plate, A, and the shear ai-ea of the bits, &; (1) bolt 

diameter; (m) the ratio of the effective net area of steel angle or plate. &, and the gross 

area of the steel angle or plate, 4; (n) end distance and edge distance; (O) type of bolt; 

and @) Iocation of the shear planes within the bolt length Hence. these variables were 

considered in the study and some were varied wMe others were kept constant. 

3.3 SELECTION OF JOiNTS FOR THE: EXPERIMENTAL STUDY 

A large variety of joints are used in electric transmission h e  towers. Guyed 

lattice towers and self-supporthg lattice towers are two cornmon types of transmission 

towen. Among each of the above two types, a f d y  of towers consisting of suspension 

towers. towers for various deflection angles. and dead end or anchorage towers are in use. 

Different types of electric transmission h e  towers used by Manitoba Hydro were 

reviewed and three types of joints were selected for the experimental study, as s h o w  in 

Figure 3.1. The criteria used in selecting those joints were as foilows: - 

1 )  One of the selected joints should carry the highest compressive force developed in a 

joint of a leg in the tower king considered for study; 

2) One of the selected joints should carxy the highest tende force developed in a joint 

of a web bracing member in the tower king considered for study; 

3) One of the selected joints should carry a relatively srnail force developed in the tower 

being considered for study; 



Ail the joints do not need to be selected fiom the sarne tower, but the joints should be 

akeady used in the towers; 

The selected joints should represent the variation of eccentricity withm a joint, 

typical of joints in a t r a h i o n  iïne tower with eccentricity fiom none (see Figure 

3.1 (b)) to a signifiant value (see Figure 3.1 (c)); 

Selected joints should not have too many bolts such that failure load is not more than 

a maximum load of 1,000 IrN, which c m  be applied by a testing machine in the 

iaboratory ; 

Number of bolts in the weakest joint can be h e a s e d  in at least three steps without 

exceeding a maximum load of 1,000 kN, which can be applied by a testing machine 

in the labratory; 

Selected joints shouid encompass major jointing methods such as use of splice angle, 

gusset plate, and direct member to member contact; 

Selected joints should cover bolts in single shear as well as bolts in double shear; 

10) Selected joints should cover common joint layouts such as several bolts in a row as 

weU as several b i t s  in a line; 

1 1 ) Selected joints should include cornrnon rnember arrangements in a joint such as angle 

connected by one leg only as well as angle connected by both legs; and 

12) Bolt shear capacity of the three joints should f d  within a sunilar range to enable 

direct cornparison, where applicable. 

The joint, shown in Figure 3.1 (a), functions in compression or tension in an 

actual transrnission tower. Tension will give more room for deflection as two angles w i l  

not contact each other and the same mode of load transfer will prevail till failure. 



However. the more restrictive condition will be when loaded in compression as top and 

bottom angles may corne into direct contact at some stage and change the mode of load 

transfer of the joint. Hence this joint was earmarked for testing in compression. 

ïhe joint, shown Ïn Figure 3.1 (b), hc t ions  in compression or tension in an 

actual transmission tower. ï h e  weaker gusset and the end zones of the angles are more 

likely to be criticaiiy loaded when the joint is subjected to a tensile force. Hence this 

joint was earmarked for testing in tension- 

The joint, shown in Figure 3.1 (c), fûnctions in compression or tension in an 

actual transmission line tower. When loaded in tension, member ends at the joint open 

out producing tensile forces on the outer b i t s  by prying action, which results in a lower 

failure load compared to that when loaded in compression (Wallaert and Fisher, 1965). 

In order to simulate the condition that produces a higher failure load, which in turn 

induces a higher load on a bolt, this joint was earmarked for testing in compression. 

3.4 CONTROL OF VARIABLES 

Variables relevant and considered in this study are listed in 3.2. 

As the joint slip was p M y  due to construction clearance that exists between 

bolt shank and bolt hole at assembly, this variable was considered the most important 

variable that requires close attention. Hence, construction clearance at assembly was 

vaxied to include three settings, as shown in Figure 3.2, name&: maximum construction 

dearance at assembly, normal construction clearance at assembly, and joints set in 

bearing at assembly. It was noted that construction clearance is sometimes referred to as 

fabrication and assembly conditions in the past literature. 



Load applied was varied in each test gradually up to Mure. 

In the weakest joint to be tested (see Figure 3.1 (c)), number of bo hs was varied to 

generate single boited joints, two-bolt joints, three-bolt joints, and four-bolt joints. 

Other relevant variables were not changed d e l i t e l y  and their detailed 

treatment is summarized below: - 

Worlcrnanship was mauitained at a level similar to that one wouM expect to see in 

construction of electric transmission iine towers by employing a fabricator with 

CO nsiderable experience in servicing Manitoba Hydro usmg galvanited steel angles, 

galvanized bolts and accessories; 

Bolt properties were not changed in the main joint tests, and b i t s  used were 9 8  in. 

( 1  5.88 mm) diameter and complied with CSA 833.4 (1973) for B33.4 grade 5 bolts. 

This is the specifkation used by Manitoba Hydro to ensure the quaiity of the bolts; 

Angle properties were not changed and the steel angle sections complied with CSA 

G40.2OMO.2 1-98 (1 998). The steel angle sections were galvanized d e r  the holes 

had been drilled and prior to assembly. These are the specifications used by 

Manitoba Hydro for their steel angle sections; 

Corrosion was not considered in this study and the materials used were in the '-as 

deliveredt condition; 

Nature of faying d a c e s  was not varied in this study and gaivanized surfaces were 

in the "as delivered" condition; 

Bolt tightening was not varied and each b l t  was tightened manually using torque 

wrench set to a torque of 84 fi-lbs (1 14.17 kN-mm). This is the actual torque used by 

Manitoba Hydro crews in erecting transmission line towers; 



7) Pitch of bolts was not varied and was same as that used in Manitoba Hydro design 

drawings; 

8) Joint length, the ratio of the effective area of steel angle or  plate. A, and the shear 

area of bolts, As, and bolt arrangement were varied for the weakest joint (see Figure 

3.1 (c)) only, as number of  bolts changed fiom one to fow; 

9) End distance, edge distance, bolt area at the shear plane correspondhg to bolt shank 

area, and the ratio of the effective area of steel angle or plate, &, and the gross area 

of the steel angle or plate, Ag, remained unchanged at values used in Manitoba Hydro 

design drawings; 

1 0) Two joint type tested (see Figure 3.1 (a) and (c)) were in single shear while the other 

joint type (see Figure 3.1 (b)) was in double shear; 

1 1 ) Bo lt length in two types of joints tested (see Figure 3.1 (a) and (c)) was 1 1 /2 inches 

(3 8.1 0 mm) while that of the other joint type (see Figure 3.1 (b)) was 1 3/4 inches 

(44.45 mm). AU these values were same as those used in Manitoba Hydro design 

drawings; and 

12) Two joint types (see Figure 3.1 (a) and (c)) were tested in compression and the other 

joint type (see Figure 3.1 (b)) was tested in tension. 

3.5 EXPERIMENTAL INVESTlGATION 

3.5.1 GENERAL 

The experimental investigation consisted of six test series. This section was 

presented in a manner that gives greater prominence to the joint tests of transmission Line 

towers. However, tests were carried out by testing the material properties of bolts and 



steel angles first. The joint tests were conducted later. The details of each test series are 

shown below. 

3.5.2 TEST SERIElS A 

In this test series tower leg spke joints (see Figure 3.1 (a)) were loaded in 

compression. Details of a specirnen are shown in Figure 3.3. For each joint 

configuration defined by a set of variables, three replicate specimens were tested in order 

to check the consistency of the test results. Specimen nurnbers of the test series are 

shown in Table 3.1. 

Each specimen was instrumented with linear variable displacement transducers 

(LVDTs) to monitor the displacement of members M g  at the joint at each bolt 

location. The LVDTs enabled relative rnovement at each b l t  location, as well as the 

whole joint. to be recorded with increasing load. The platen movement of the testing 

machine was also recorded. The load was applied via an MTS 445 Servo Hydraulic 

Testing Machine. The displacements and load were recorded by a National Instrument 

Data Acquisition systern using a Pentium II PC and Labview software. Data were 

sampled every one second and plots of load versus deformations were on display during 

the testing. The loading rate was approximately 0.004 mm per second. A specimen of 

Test Series A in position for testing with the displacement transducen attached to it is 

s h o w  in Figure 3 -4. The MTS testing machine and the data acquisition systern used for 

the tests are shown in Figure 3.5. 



3.5.3 TEST SERIES B 

in this test series web bracing member joints (see Figure 3.1 (b)) were loaded in 

tension. Details of a typical specimen are shown in Figure 3.6. For each joint 

configuration defined by a set of variables, three replicate specimens were tested in order 

to check the consistency of the test resuits. Specimen numbers of this test series are 

given in Table 3.1 . 

The instrumentation and the testing procedure were sirnikir to that of Test Series 

A except that the applied load was in tension Figure 3 -7 shows a specimen of Test 

Series B in position for testing with displacement transducers attached to it. 

3.5.4 'ïEST SEIUES C 

In this test series joints of low load carrying capacity with large eccentricity (see 

Figure 3.1 (c)) were loaded in compression These joints are found in situation such as a 

splice connection of a long diagonal bracing or a splice connection of leg in the top part 

of a transmission Line tower. In order to study how the joint behavior changes with 

increasing nurnber of bolts, four different joints were tested with the number of bolts 

increasing fiom one to four bolts. Details of a typical specimen are show in Figure 3.8. 

As in the other two series, for each joint configuration three replicate specimens were 

tested in order to check the consistency of the test results. Specimen numbers of the test 

series are shown in Table 3.1. 

The instrumentation and the testing were similar to that of Test Series A, except 

that the first two specimens were tested at a loading rate of 0.002 &sec. Figures 3.9 to 



3.12 show specirnens of each of the four dserent joints in position for testing with 

displacement transducers attached to them- 

3.5.5 TEST SERLES D 

This test series dealt with the caliiration of the bolts by the turn-of-nut method. 

Two different set-ups were employed for testing the bolts. One set-up involved a custom 

designed test rig, shown in Figure 3.13 (a) using an LW23 16-100K washer load ceU. 

supplied by Interface, Inc.. to monitor the tensile force induced in the bolt as the nut was 

t ightened. The ot her set-up involved a Skidmore- Willielm Hydraulic Bolt Calkator, 

shown in Figure 4.1 3 (b). 

In each set-up the tension force in the bolt was measured every 1/4 of a turn of the 

nut, starting fiom the "finger-tight" position of the nut. until failure of the bolt took place. 

The "snug-tight" position was also identified and the corresponding tensile load on the 

bolt was also recorded. In the fïrst set-up, readings fkorn the washer load cell were routed 

via a Measurements Group Vishay-2120 signal conditioning amplifier into a Vaiidyne 

Data Acquisition card controlled by a 386 PC using Labtech Notebook software, which 

displayed and recorded the tensile load applied to the bolt at ûach stage of tightening. In 

the second set-up, the tensile force in the bolt at each stage of tightening was read off the 

load indicator dial. 

3.5.6 TEST SERIES E 

This test series dealt with direct tension tests on blts. These tests were 

conducted on a 60 kips Richle Hydraulic Universal Testing Machine (see Figure 3.14). 



Bolt extension was measured with two LVDTs, at each loading step up to fdure. 

Displacement and load readings kom the testing machine were routed into a Labmaster 

Data Acquisition board controiled by a 486 PC using Labtech Notebook software, which 

d isplayed and recorded the tende load induced and the correspo nding displacement 

readings. 

3.5.7 TEST SERIES F 

This test series dealt with standard tension coupon tests to deter- the 

mechanical properties of the steel angle sections. Test coupons were obtained fkom the 

locations (see Figure 3.15) specified in CANICSA G40.20/40.21-98 (1998) and the 

dimensions of the coupons complied with ASTM A370 (1999). Test coupons were 

obtained fiom each of the three different angle sections used in this study. 

Tension tests on test coupons were done on a 30 kips Baldwin Universal Testing 

Machine. Extension between gage points was measured with an MTS (mode1 623.12C- 

20) extensometer strapped to the specimen by rubber bands. Extension readings and load 

readings fiom the testing machine were routed into a Labmaster Data Acquisition board 

controiied by a 486 PC using Labtech Notebook software, which displayed and recorded 

the tsnsiie load induced and the corresponding extension. Mer fdure occurred in the 

test coupon. measurements were also made to determine the percent elongation and the 

percent reduction in area. 



CHAPTER 4 

EXPERIMENTAL RESULTS AND ANALYSIS 

4.1 INTRODUCTION 

This chapter presents the experimental r ed t s  of the study along wiîh the anaiysis 

of al1 the results. The results and analysis of the Test Senes A, B, C, Dz E. and F are 

dealt in separate sections. A cornparison of resuits of Test Series A, B, and C Ïs 

presented in section 4.5. The chapter ends with the conclusions drawn fiom the analysis 

of the results. 

4.2 ANALYSIS OF RESULTS OF TEST SERlES A 

In this test series ali the bolts were in single shear and arranged on two vertical 

iines. one on each leg, parallel to the centroidal axes of angles. Initidy, before top and 

bottom angles made direct contact, the top angle first transferred the load to the splice 

angle via bolt shear and then the spiice angle transferred the load to the bottom angle via 

bolt shear. 

Some typical load versus deformation diagrams and other usefùl data are shown 

in Figures 4.1 to 4.19. Test results are summarized in Tables 4.1 to 4.3. 

The noteworthy observations made fiom the analysis of the results are presented 

below. 

In this series of tests, centroidal axis of the specimen varied along the specimen, 

but it was constant in the followuig parts: (i) Top angle only; (ü) Top angle and splice 

angle; (iii) Splice angle; (iü) Splice angle and bottom angle; and (v) Bottom angle only. 



Because of this variation, it was not possible to load the specimen in compression without 

eccentricity. However, eccentricity was m i n h k d  dong the speçimen by loading it 

dong the centroidal axis of combined top angle and b t tom angle sections. Hence, 

although the specimen is under a varying bending moment distribution, magnitudes of 

bending moments were d in cornpuison to compressive forces. 

A typical load versus total joint deformation diagram is shown in Figure 4.1. The 

main differences arnong the various diagram were observed to be the following: - 

(i) Extent of slip ' Q  (see Figure 4.1) was highest for joints with maximum 

construction clearance at assembly, Io west and virtually non-existent for 

joints set in bearing at assembly. In joints with normal construction clearance 

at assembly the slip had an intermediate value; and 

(ii) Period of Ioad transfer with top and bottom angles in direct contact with each 

other (see S in Figure 4.1) commences at a larger deformation for joints with 

maximum construction clearance at assembly, a smaller deformation for joints 

set ir, bearing at assembly, and an intermediate deformation for joints with 

normal construction clearance at assembly. 

A typical load versus total joint deformation diagram (see Figure 4.1) was 

O bserved to have the foiiowing distinct segments: - 

(i) A segment of elastic fictional ioad transfer (ab); 

(ii) A segment of slip at a very reduced stmess, or at an approximately constant 

load and thereafler at very reduced stifkess (bc); 

(iii) A segment of elastic load transfer by bolt tKaring (cd); 



(iv) A segment of eIastic load transfer (de) at a higher stifniess value. when the 

top angle makes direct contract with the bottom angle to transfer load directiy 

as well as through the splice angle; 

(v) A segment of non-linear load traasfer (ef) extending up to the maximum load, 

w here the top angle (srnallest angle) develo ps plat  ic de formations leading up 

to buckling; and 

(vi) A segment commencing tiom maximum load and leading up to Mure of top 

angle (fg) where the top angle rapidly loses its ioad carrying capacity due to 

onset of buckling. 

The specimen AB2 (set in bearing at assembly) showed a marked variation corn 

typical load versus totai joint deformation diagrams, by showing a slip region sMilar to 

those specimens with maximum or normal clearance at assembly (see Figure 4.4). This 

effect is attributed to the fact that only some bolts in a bolt group are inadvertently set in 

bearing at assembly due to inaccuracies in the shop production of bolt ho les at specified 

spacings and locations. 

Only one mode of fdure was observed in the Test Seties A. It consisted of the 

top angle slipping down to make direct contact with the bottom angle, foilowed by the 

development of plastic deformation in the top angle, the smallest angle, leading to failure 

by buckling. Figures 4.5 and 4.6 show the two legs of the top angle undergoing 

deformation leading to buckiing Mure, while Figure 4.7 shows the top and bottom angle 

in direct contact after Mure. 

Load at commencement of slip (see A in Figure 4.1) is detked as the load at 

which significant slip commences at a very reduced stifniess, or at an approximately 



constant load and thereafter at a very reduced stifhss. Bolted joints. which were set in 

bearing at assembly except the faulty speçmien AB2, showed no slip. Load per boit 

values at commencement of slip were consistent as s h o w  by the coefficient of variation 

of 1 0.90 percent (see Table 4.1). 

Load at the end of slip (see B in Figure 4.1 ) was defined as the load at which the 

stiffhess changes tiom a very reduced value to a greater value with the commencement of 

load transfer by bolts in bearing. Load per bolt values at the end of slip were somewhat 

variable, although not excessive, as shown (see Table 4.1) by a higher value of 

coefficient of variation of 22.8 1 percent. This variability can be attniuted to unexpected 

changes in the clearance at assembly due to inaccuracies in the shop production of bolt 

holes at specified spacings and locations. 

Load at the end of load transfer through the splice angle oniy (see C in Figure 4.1 ) 

was defined as the load at which mode of load transfer changes fkom via splice angle only 

to via spIice angle and direct contact of top and bonom angles. Stifbess increases 

sharply at t h  point since area of cross section tramferring compression load increases 

significantly. Load per bolt values at the end of load transfer through splice angle only, 

show (see Table 4.1) good consistency, as indicated by the coefficient of variation of 

13.01 percent as imperfections at assembly have ceased to make an impact as ail the bolts 

are in bearing at this stage. 

Load at onset of plasticity (see D in Figure 4.1) is defined as the load at which 

elastic response of the joint changes to non-linear behavior due to the development of 

plastic bending in the top angle (smallest angle). Load per b l t  values at the onset of 

plasticity are very consistent as shown by the coefficient of variation of 3.28 percent (see 



Table 4.1). Lower coefficient of variation also indicates the load at onset of plasticity is 

not dependent on the condition of construction clearance at assembly. 

Maximum load (see E in Figure 4.1) is defhed as the highest load reached by the 

bolted joint during a test. Load per bolt values at rnaximum load are the most consistent 

as shown by the lowest coefficient of variation of 1.74 percent. The consistency of 

maximum load indicates that ( i )  maximum load is independent of the condition of 

construction clearance at assembly; and (ü) inherent ductiiity of the specimens ensures 

that any inadvertent deviations in fabrication and testing processes are evened out by 

plastic deformation. 

Load at termination of the test (see F in Figure 4.1 ) has Little signiscance as a 

distinct point of failure was not observed due to considerable deformation required for a 

plastic buckling failure. Point of fdure was determined for convenience and uniformity 

to be the load at around 10 percent below maximum load. 

Maximum deformation under fictional load transfer (see P in Figure 4.1) is 

defined as the maximum deformation that takes place during the frictional load transfer at 

the joint. It depends on the condition of the faying surfaces, ckmping force, and actual 

area of contact. Large variations in s p e c k n s  with normal clearance at assembly (see 

Table 4.2) can be attnbuted to variation in contact ara  of a few specllnens due to interior 

fit of constituent parts due to inaccuracies during shop production. 

Extent of slip (see Q in Figure 4.1) is defïned as the slip that takes place at a very 

reduced stiflhess, or at an approxllnately constant load and thereafter at a very reduced 

stiffness. No slip was observed (see Table 4.2) for joints set m bearing at assembly 

except the faulty specimen AB2. Those with maximum construction clearance gave the 



highest extent of slip values, while those joints with n o r d  construction clearance gave 

intermediate extent of slip values. 

Deformation during load transfer through the splice angle oniy (see R in Figure 

4.1 ) is defined as the joint deformation that occurs during elastic load transfer by bolts in 

karing with the entire load transfer being afliected via the splice angle. These 

deformation values show the least coefficient of variation among ail other deformation 

values (see Table 4.2). This cm be attributed to lack of influence of construction 

clearances, and other fabrication and testing irreguknties as al1 bolts are in bearing at this 

stage. 

Deformation dutuig load transfer by direct contact between top and bottorn angles 

as weU as via splice angle (see S in Figure 4.1) is defined as the joint deformation that 

occurs during elastic load transfer by bohs in shear and elastic load transfer by top and 

bottom angles in direct contact. These values are variable (see Table 4.2) due to 

inconsistent nature of the onset of plasticity in the specimen due to matenal irregularities 

as weU as inadvertent fabrication and testhg irregularities. 

Deformation between onset of pkic i ty  and maximum load (see T in Figure 4.1) 

varies non-linearly with load. It is independent of construction clearance at assembly 

(see their mean values in Table 4.2) as boIts are in bearing at this stage too. Results show 

less consistency as indicated by a high coefficient of variation of 34.48 percent due to 

variability in the plastifkation process by the presence of inadvertent kregularities caused 

in fabrication and testing stages. 

Deformation between maximum load and termination of test (see U in Figure 4.1) 

has little significance as a distinct point of fidure was not observed due to considerable 



deformation required for a plastic buckhg Mure. Point of Mure was determined for 

convenience and uniformïty to be the load around 10 percent below the maximum load. 

Elastic stifmess before siip (see 0, in Figure 4.1) is caused by the frictional load 

transfer and the mobilization of a greater area of effective cross section to resist the load. 

For this reason. eiastic stiflness before siip is greater than the eiastic s t f i e s s  at any other 

stages of the loading proces. Elastic stShess before slip values show some variability, 

though not excessive, as shown by the coefficient of variation of 23.54 percent (see Table 

4.2). This can be attributed to the fact that higher accuracy of masurement c m o t  be 

rnaintained as load at commencement of slip as weii as the corresponding defonnation 

are rather small. 

Elastic stiflhess during slip (see Or in Figure 4.1) is either zero or very s m d .  The 

values show rernarkable consistency as shown by a low coefficient of variation of 14.37 

percent (see Table 4.2). This confïrms the fact that bolt clamping forces were u n i f o d y  

applied throughout the test series. A srnall stifkess at slip was reported by the previous 

researchers (Vasarhelyi et al., 1959; Vasarhelyi and Chang, 1965; Fisher and Struik, 

1 974) due to misalignent of holes. This indicates that in some tests small inadvertent 

misalignments would have existed. 

Elastic stifihess during load transfer only by the splice angle (see O3 in Figure 4.1) 

does not depend on construction clearance at assembly as ail the bolts are in bearing at 

this stage. The values show remarkable consistency as s h o w  by a low coefficient of 

variation of 1 5.5 1 percent (see Table 4.2). 

Elastic stifbess during Ioad transfer by direct contact between top and bottom 

angles as weU as via splice angle (see 8 4  in Figure 4.1) does not Vary with construction 



clearance at assembly as aii b l t s  are in bearhg at this stage too. These values are the 

most consistent of the dflerent types of stifhess observed in the loading cycle as shown 

by a coefficient of variation of 1 1.25 percent (see Table 4.2). 

Elastic s t f i ess  during unloading afker termination of the test (see O5 in Figure 

4.1) has iittIe significance, as point of failure was determined for convenience and 

d o r m i t y  to be the load at around 10 percent bebw the maximum load. The high 

coefficient of variation of 20.6 1 percent (see Table 4.2) can be attriiuted to the fact that 

as the point of termination of test is rather arbitrary and not distinct, dserent specimens 

are at different stages of acquired permanent deformations, which give rise to varying 

extents of recoverable elastic deformation. 

S tip coefficient before joints go into bearing was found (see Table 4.3) using the 

formula (Fisher and Stniik 1974): 

where Pdlp = S iip load: 

k , = Slip coefficient; 

rn = Number of slip planes; and 

= Sum of clamping bolt tensions. 
r = I  

In this entire test program the clamphg force used per bolt is 35.67 kN. which is 

the usual value used by Manitoba Hydro during erection of their transmission h e  towers. 

Kennedy (1972) reported a value of 0.153 for galvanized joints and Brookhart et 

al. ( 1 968) reported values ranging fkom 0.19 to 0.25. These O bserved values were h i e r  

due to bigger washers used for the galvanized angle joints. The values show good 



consistency as shown by the coefficient of variation of 7.99 percent (see Table 4.3). The 

joints set in b e a ~ g  during assembly were exciuded as there was no fiictiond load 

transfer in these joints. 

Hot-dip galvanizing results (Fisher and Struik, 1974) in a lower fiictional 

resistance of the faying surfaces. The low slip resistance of galvanized surfaces as 

compared to clean d scale surfaces is caused by the presence of the sofier Pnc layer, 

which tends to act as a lubricant between faying surfàces. Slip coefficient was found to 

decrease with an increase in coating thickness. Further, very t h  coatings 0.0005 to 

0.00 1 in. ( 12.5 to 25 pm) also result in relatively low slip coefficients. The optimum slip 

performance is achieved when the coating thickness was between 0.002 to 0.004 in. (50 

to 100 pm). Higher variability of slip resistance is often due to the variability in 

thickness of the metallic layer resulting fiom the galvanizing process. Fisher et al. (1974) 

have reported a coeacient of variation of 38.1 percent for joints with "as received 

galvanizsd surfaces, and results of this test series show good tolerance in the thickness of 

the galvanized coating. 

Figures 4.2, 4.3, and 4.4 show load versus total joint deformation diagrams for 

joints with maximum construction clearance, no& construction clearance, and joints 

set in bearing at assembly respectively. Basic shapes were sunilar except for the 

following: - 

(i) Extent of slip was highest for joints with maximum construction clearance at 

assembly, none for joints set in bearing at assembly except fàulty joint AB2, 

and intermediate for joints with normal construction clearance at assembly; 

and 



(ii) Slip consisted of either slip at a very reduced aifbess, or at an a p p r o h t e l y  

constant load and thereafter at a very reduced s t ~ s s .  

Figures 4.8, 4.9, and 4.10 show typical variations of individual boit row 

deformation and total joint deformation with load for joints with maximum construction 

cIearance, normal construction clearance, and joints set in bearing at assembly 

respectively. The foilowing effects were observed in the results: - 

Total joint deformation of a specimen was always greater than the 

deformation of each individual row of bolts; 

Moa ofien the lowest deformation was recorded by the lowest row of bolts in 

the bottom angle (L4). This means that most often the lowest row of bolts in 

the bottom angle is least stressed and hence carries a lower load: 

Mon ofien the highea deformation was recorded by the highest row of bolts 

in the top angle (LI). This means that moa ofien the highest row of bolts in 

the top angle is stressed most and hence carries a higher load; and 

After reaching maximum load deformation in either bolts at level 1 (LI). 

bolts at level 2 (L2), or bolts at level 3 (L3) of a specimen reverses and 

decreases as point of fdure approaches. Most oflen this happens in lower 

row of bolts of the top angle (L2) in the case of joints with maximum 

construction clearance at assembly, and in bolts of the bottom angle (L3 and 

L4) in the case of joints with normal construction clearance or joints set in 

bearing at assembly. In the latter case greatest reversal occurs in the higher 

row of bolts of the bottom angle (L3). These can be attriiuted to the varying 

bending moments developed due to changïng eccentricity dong the spechen 



during the buckling process dependent on the actual buckling profile of each 

spec imen. 

Figures 4.1 1, 4.12, and 4.13 show typical variations of top joint deformation, 

bottom joint deformation, and total joint defomiation with load for joints with maximum 

construction clearance, normal construction ciearance, and joints set in bearing at 

assembly respectively. The following effits were observed in the results: - 

(i) Total joint defomiation of a specirnen was greater than deformation of either 

top angle joint or bottom angle joint; 

(ii) Highest deformation was always recorded at the top angle joint, while lowest 

was at the bottorn angle joint. This shows that although the shear load 

transferred through top angle joint and bottom angle joint is the same. the 

difFerent bending moments induced and the rnating leg sizes affect the 

deformations at top and bttom angle joints; and 

(iii) M e r  reaching maximum load deformation in the bottom angle joint reversed 

and decreased as point of fdure approached in all joints with normal 

construction clearance at assembty and two of the three joints, AB1 and -3, 

set in bearing at assembly. Note that specimen AB2 showed a slip (see Figure 

4.4 and Table 4.2) indicating that it had some clearance at assembIy and thus 

resembles joints with maximum clearance. 

Figure 4.14, 4.1 5, and 4.16 show typical variations of deformation of portions of 

top angle, bottom angle, and spiice angle between two bolt rows of top or bottom joints 

wit h load for joints wiîh maximum construction clearance, normal construction clearance. 



and joints set in bearùig at assembly respectively. The following effects were observed 

in the results: - 
In ali the specimens, highest defomtion was observed in the portion of top 

angle within the top joint, due to its smaller cross sectional area; 

Srnallest deformation was observed in the portion of bottom angle withùi the 

bottom joint, due to its larger cross sectional are& and 

After reaching maximum load, most often deformation in the portions of 

bottom angle (B3B4) within the bottom joint reversed and decreased as point 

of fdure approached. This can be attributed to the developrnent of bending 

moments in the bottom angle due to buckljng profile undergone by the 

specimen. 

Ideaked curves are show in Figures 4.17, 4.18, and 4.19 for joints with 

maximum construction clearance (3.1 Smm), normal construction clearance ( 1 -59 mm). 

and joints set in bearing at assembly respectively. These are based on mean values 

O bserved during experùnental studies. Variation beyond maximum load up to failure was 

omitted as previous researchers (Kitipornchai et al., 1994; Frye et al., 1974; Jones et al., 

1982; Lui et al., 1986; Chen et ai., 1987 Goldberg et al., 1963; Romsted et al., 1970; Al- 

Bermani et al.. 1 992; Cox, 1 972) have also not considered this region. Foilowing effects 

were observed in the results for three categories of construction clearance at assembly: - 

(i) Goveming parameters (A and in Figures 4.17 to 4.19) of the region of 

fictional bad transfer were the same for all categories; 

(ii) There were ten goveming parameters, namely A, 01, B, 82 ,  C ,  e3, D, 04, E, and 

T (see Figures 4.17 to 4.19), for the categories of maximum construction 



clearance, and normal construction clearance at assembly. The goveming 

parameters B and Cl2 were not relevant for joints set in b e a ~ g  at assembly and 

hence had only eight governing parameters (see Figure 4.19); 

to 4.19) were the same for ail the three categories; and 

(iv} The governing parameter B varied for the categories of maximum 

construction clearance and nord construction clearance tu give dBerent 

values of slip. This parameter is not relevant for joints set in bearing at 

assembly as no slip occurred in them 

Past researchers have used foiiowing techniques to describe behavior of joints: - 

(i) On odd power polynomid (Frye and Morris, 1974) 

m 

where ~ = n $  ; 
/=O 

(ii) P-spline mode1 (Cox, 1972; Jones et al., 1982); 

(iii) Exponential mode1 (Lui et al., 1986; Chen et al., 1987; AI-Bermani et al.. 



(v) M = 
0.345~,1'  (0.72Itp)~.~ 

(Romstad et ai., 1970); and 
(1 - 0 . 3 2 ~ ) ' . ~  

(vi) A, = a ( v - v " )  

L 

Above methods used by previuus researchers to develop mathematicai 

expressions for load versus slip variation in the joint were tried and the bea fitted c w e  

was found to be: - 

Maximum construction ckamnce at assem bh. 

(i) P = 263.456 for 0 . 0 0 S 6 1 0 . 1 6 ;  

(ü) P = 20.99(~ - 0.16) + 43.28 for 0.16 5 S 13.71 ; 

(iii) P = 43.65(6 - 3.7l)+ 117.77 for 3.71 5 6 5 5.97 1 

(iv) P = 86.55(6 - 5.97)+ 2 16-40 for 5.97 5 6 < 6.76 ; and 

(v) P = 44.97(6 - 6.7613 - 147.79(6 - 6.76)' + 87.73(6 - 6.76) + 285.15 

for 6.76 1 6 I 7.12 ; 

where P = Load on the joint in kN; and 

6 = Deformation ofthe joint inrnrn; 

Normal construction clearance at assembh 

(i) P = 263.455 for 0.00 S S 1 0.16 ; 

(ii) P = 20.99(6 - O. 16) + 43.28 for 0.16 16 11.89;  

(Üi) P = 43.65(6 - 1 -89) + 79.49 for 1.89 5 S 5 5.03; 

(iv) P = 86.55(6 - 5.03)+ 216.40 for 5.03 5 6 -< 5.82 ; and 



(v) P = 44.97(6 - 5 . ~ 2 ) ~  - 147.79(6 - 5 . ~ 2 ) ~  + 87.73(6 - 5.82)+ 285.15 

for 5.825656.18;  

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 

Set in bearine at assembiv 

( i )  P = 263.456 for 0.00 5 S I 0.16 ; 

(ü) P = 43.65(6 - 0.16)+ 43.28 for 0.16 15 5 4.13 ; 

(iii) ~=86.55(6-4.13)+216.40 for 4.13~6<4.92;and 

(iv) P = 44.97(6 - 4.9233 - 147.79(~ - 4-92)' + 87.73(6 - 4-92) + 285.15 

for 4.92 I S ,< 5.28 ; 

where P = Load on the joint in kN; and 

S = Deformation ofthe joint in mm- 

Feasibility of interpolation or extrapolation of the load-de formation relationship 

for sirniiar joints with Iess or more number of rows of bolts was considered. Results of 

Test Series C (see 4.4) indicate that the load-deformation diagrams of joints c m  be 

interpolated or extrapolated for joints similar in configuration but differing in number of 

bo lts. Hence interpolation or extrapolation of load-de formation relationship for similar 

joint configurations can be recommended and fürther research is necessary to obtah 

regression equations of the goveming parameters. This requires further testing of 

specimens with number of bolt rows increased or decreased in this type of joint. 



4.3 ANALYSIS OF RESULTS OF TEST SERIES B 

In this test series bolts were in double shear, and the double angles and gusset of 

each joint were in tension 

Some typical load versus deformation diagrams and other useful data are shown 

in Figures 4.20 to 4.34. Test results are sumrnarized in Tables 4.4 to 4.6. 

The noteworthy observations made fiom the analysis of the resuits are presented 

belou.. 

In this series of tests, because of the syrnrnetry about the central vertical plane, all 

the boIts were loaded in pure shear. and the angles and the gusset were loaded in tension. 

A typical load versus total joint deformation diagram is shown in Figure 4.20. 

The main dflerences between different diagrams obtained for each specimen were 

observed to be as foliows: - 

(i)  Length of slip "P" (see Figure 4.20) was highest for maximum construction 

clearance at assembly. lowest and wtually non-existent for bearing, and an 

intermediate value for n o d  construction clearance at assembly; and 

(ii) Portions "ef' and "gh" showed kinks ifeither the gusset developed a second 

crack or the two angles cracked one d e r  the other. 

A typical load versus total joint deformation diagram (see Figure 4.20) was 

observed to have the following distinct segments: - 

( i) A segment of elastic fiictionai load transfer (ab); 

(ii) A segment of slip at approximately constant load or very reduced stiîT3ess 

(b4r 

(iii) A segment of elastic load transfer by bolt bearing (cd); 



(iv) A segment of non-linear load transfeer extending up to the maximum load. 

where the portion of the gusset between vertex of the gusset and the fint bolt 

hole undergoes plastic tende deformation (de); 

(V) A segment commencing fiom maximum load and leading up to Wure of load 

transfer of the b l t  closest to the vertex of the gusset, due to cracking of the 

gusset between bolt hole and exterior edge, either on one side or both sides 

(ef). If  both sides of the gusset cracked one &er the other, an additional kink 

was also developed in the segment Yg"; 

(vi) A segment of non-linear load transfer, at a very mild slope, extending up to a 

second peak of the bad where the portion of the angle between the end face of 

the angle and its closest b l t  hole undergoes plastic deformation where 

bulging can be seen by the naked eye (fg); and 

(vii) A segment (gh) commencing from second peak of the load and leading up to 

fidure of load transfer of the bolt closest to the end face of the angle due to 

cracking of the angle between bolt hole and end face of the angle, either on 

one angle or both angles. If the two angles cracked one after the other, an 

additional kink was also developed in the segment "gh". 

This test series gave remarkably consistent test results in cornparison to those of 

Test Series A and C ,  because of symrnetrical nature of the loading with no eccentricities 

and the absence of buckling effects, which are variable and infiuenced by local 

imperfections in the specirnens. 

Following modes of failure were observed in the Test Series B: - 
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(ii) 

(iii) 

Specimens BMI, BM2, BM3, and BN3 failed with the gusset near vertex 

cracking (see Figure 4.21) on one side foliowed by cracking of both of the 

angles (see Figure 4.22) at their ends simultaneously (see Figure 4.23); 

Specimens BN2 and BB3 fded with the gusset near vertex cracking on one 

side followed by cracking of the two angles at their ends one d e r  the other 

(see Figure 4.23); and 

Specimens BN 1 ,  BB 1 ,  and BB2 fàiled with the gusset near vertex cracking on 

both sides foilowed by cracking of the two angles at their ends one after the 

other (see Figure 4.24). 

Load at commencement of slip (see A in Figure 4.20) is defined as the load at 

which significant slip takes place at approximately constant load or at a very reduced 

stiflhess. Bolted joints, which were set at bearing during assembly, showed no initial 

slip. Values of equivalent single shear load per bolt at commencement of slip were very 

consistent (see Table 4.4) except for the high value of BMl specimen. However, even 

this high value does not make the coefficient of variation (9.96 percent) large. This high 

value at commencement of slip of BMI specimen is also associated with a Iow extent of 

slip (see BM 1 in Figure 4.25) indicating that fabrication errors would have led one bolt to 

be near bearing while the other bolt to be at less than the maximm construction 

clearance at commencement of the test. As the e s t  specimen to be tested in this series, it 

was repeatedly mounted and dismounted fiom the end attachments of the testing machine 

to get it correctly in position, and in this process above error would have occurred. 

Load at onset of plasticity ( s e  B in Figure 4.20) is defined as the Ioad at which 

elastic response of the joint changes to non-bear behavior due to development of plastic 



deformation at the vertex of the gusset. Values of equivalent single shear load per bolt at 

onset of plasticity are consistent (see Table 4.4) as shown by their low coefficient of 

variation (9.1 4 percent). 

iMaxirnum load (see C in Figure 4.20) is defined as the highest load reached by 

the bl ted joint during a test. Values of equivalent single shear load per bolt at maximum 

load show the greatest consistency (see Table 4.4) as shown by the very low value of 

coefficient of variation (2.07 percent). Theu mean value (5 1.27 kN) is lower than the 

specified single shear load for a bolt with a diameter of Y8 inches (16 mm) in accordance 

with CANKSA-S 16.1-94 (1995) (72.5 kN), since in multiple bolt joints, bolts may not 

share the load equaliy. 

Extent of slip (see P in Figure 4.20) is defined as the slip that takes place 

approximately at constant load or at very reduced stf iess.  No slip was observed (see 

Tabie 4.5) for joints, which were set in bearing during assembly. Those joints with 

maximum construction clearance gave the highest values of extent of slip, while those 

joints with normal construction clearance gave intermediate values. Neither the joints 

with maximum construction clearance nor the joints with normal construction clearance 

slipped to their respective maximum possible extents of 3.18 or 1.59 mm due to 

restrictions caused by fabrication tolerances when more than two members mate at the 

joint. 

Deforrnation between end of slip and onset of plasticity (see Q in Figure 4.20) 

varies elastically with the load, and most bolted joints in service fùnction in this range. It 

is independent of construction clearance at assembly as bolts are in bearing at this stage. 

Results show less consistency (see Table 4.5) as indicated by the coefficient of variation 



of 2 1.62 percent, due to variability in the local imperfections of the gusset area near the 

vertex, which yielded m. 

Deformation between onset of plasticity and maximum load (see R in Figure 

4.20) varies non-lïnearly with load. It is independent of construction clearance at 

assembly as bolts are in bearing at this stage too. Results show better consistency (see 

Table 4.5) as indicated by the coefficient of variation of 15.58 percent. This can be 

attributed to the fact that stress concentrations, caused by the joint configuration as weii 

as fabrication and testing errors, are aii evened out at maximum load due to the ductïiity 

available in the steel. 

Tests were concluded when the specirnens ceased to take any firther load. As the 

specimens were loaded in tension failure was distinct and easy to detect unlike 

compression specimens of Test Series A and C. Deformation fiom maximum load to 

complete failure (see S in Figure 4.20) was substantial and the coefficient of variation of 

16.52 percent indicates that the resuits were consistent. This high extent of deformation 

gives adequate warning before failure in transmission towers employing these joints. 

Elastic stiffiiess before commencement of slip is caused by the fictional load 

transfer and the mobilization of a greater area of effective cross section to resist the load. 

For this reason, elastic s t e e s s  before commencement of slip is greater than the elastic 

stiflkess afier slip. In specimens set in bearing at assembly (see Table 4.5). 

correspondhg s t f i e s s  could also be found as stiffiiess during fictional load transfer and 

stifiess during bolt bearing were observed distinctly in this test series. Values of elastic 

stifbess before commencement of slip show good consistency (see Table 4.5) as 



indicated by the coefficient of variation of 7.7 1 percent due to symmetrical nature of the 

loading with bolts in double shear. 

Values of elastic s t ~ s s  d e r  slip (see Table 4.5) were consistent with a 

coeEcient of variation of 12.49 percent. The considerable load range and deformation 

range covered during this stage make measurements accurate and thereby contribute to 

consistency. 

Values of the ratio of elastic stifhess before commencement of slip to elastic 

stif'fness after slip are greater than 2.95 due to the fact that the effective cross sectionai 

area at the joint after slip is reduced. Results show consistency as indicated by the 

coefficient of variation of 12.94 percent (see Table 4.5). 

Slip coefficient before joints go uito bearing was found (see Table 4.5) using the 

formula (Fisher and Struik, 1974): 

where = Slip load; 

k , = Slip coefficient; 

rn = Number of slip planes; and 

= Sum of clarnping boit tensions. 
r = l  

As stated in 4.2 (w), the clarnping force used per bolt is 35.67 kN, the value used by 

Manitoba Hydro during erection of their transmission line towers. 

Kennedy (1972) reported a value of 0.153 for gaivanized joints and Brookhart et 

al. (1 968) reported values ranging fkom 0.19 to 0.25. nie observed values compare well 

with values reported in the literature, which were al1 bolted joints in double shear. The 



values also show good consistency as shown by the coefficient of variation of 9.96 

percent. Note that specimen BMl was the first specimen to be tested. It was repeatedly 

mounted and dismounted fiom the end attachments of the testing machine to pet it 

correctly in position and m the process either it has got jamrned increasing the clamping 

force or the alignment of individual angles may have changed to give a higher than 

normal slip coefficient. Hence the slip coefficient value of specimen BM1 was not 

considered to be reliable. The joints set in bearing during assernbly were excluded as 

there was no fkictional load transfer in these joints. 

Figures 425,426, and 4.27 show load versus total jouit deformation diagrams for 

joints with maximum constniction clearance, normal construction clearance, and joints 

set in bearing at assernbly respectively. Basic shapes were similar except for the 

following: - 

( Exîent of slip was highest for joints with maximum construction clearance at 

assembly, none for joints set in bearing at assembly, and intemediate for 

joints with normal construction clearance at assembly; 

(ii) SLip consisted of either slip at approximately constant load, slip at a low 

stifbess or a combination of both. This can be attributed to fabrication 

difficulties that cause alignment problerns when more than two members mate 

at the joint; and 

(iii) Portion of curve beyond maximum load had more W s  when more then one 

crack forrn either at the vertex of the gusset or a crack forms in one angle 

fo ilowed by a crack in the other angle. 



Figures 4.28, 4.29, and 4.30 show typicd variations of individual bolt 

deformation and total joint defonnation with load f ~ r  joints with mâximum construction 

clearance. normal construction clearance, and joints set in bearing at assembly 

respectively. Individual values of deformation at bolts and total joint deformation are 

very simiiar and of the same order, with lower bolt (see Figure 4.28 to 4.30) most often 

recording the highest defonnation by a very d margin. This indicates that the lower 

bolt is carrying a slightly higher load. but as the dBerence in deformation of bottom bolt 

and top bolt is very srnail, it can be assurned that the two bolts share the load 

approximately equaiiy. 

Total joint deformation is not equal to the surn of deformations of top and bottom 

bolt and instead total joint deformation is approximately equal to deformation of either 

bolt. This suggests that portions of gusset plate and angles between two bolts are either 

deforhg equaiiy or their deformations are negligible compared to boit deformation. 

Inspection of extents of deformation undergone by the portions of gusset and angles 

between the two bolts show that the respective deformations are very srnall and 

negligible in cornparison to bolt deformation values (see "s" below). 

Figure 4.3 1 shows typical variations of deformations with load of the portions of 

gusset (GI ) and angle (Al) between the two bolts in the joint. The deformations are 

similar and extent of dehrmation (about 0.3 mm) is negligibly srnall in cornparison to 

boit deformation values (about 15 mm). 

Idealized curves are shown in Figures 4.32, 4.33, and 4.34 for joints with 

maximum construction clearance (3.18 mm), normal construction clearance (1.59 mm), 

and joints set in beating at assembly. These are based on mean values observcd during 



experimental studies. Variation beyond maximum load up to M u r e  was omitted as 

previous researchers (Kitipornchai et ai-, 1 994; Frye et ai,, 1 974; Jones et al., 1 982; Lui et 

al.. 1986; Chen et al., 1987; Goldberg et al., 1963; Romsted et d.? 1970; Ai-Bermani et 

al.. 1992; Cox, 1972) have also not considered this region. FoUowing effects were 

observed in the results for three categories of construction clearance at assembly: - 

(i) There were seven governing parameters, namely A, el, P, Q, B, R, and C (see 

Figures 4.32 to 4.34), for the categories of maximum construction clearance. 

and normal construction clearance at assembly. The governing parameter P 

was not relevant for joints set in bearing at assembIy and hence these joints 

had only six goveming parameters (see Figure 4.34); 

(ii) Values of goveming parameters A, 01, Q, B, R and C (see Figures 4.32 to 

4.34) were the same for all the threes categories; 

(iii) The governing parameter P varied for the categories of maximum 

construction clearance and normal constmct ion clearance to give different 

values of slip. This parameter is not relevant for joints set in bearing at 

assembly as no slip occurred in them; and 

(iv) When more than two rnembers Fame into a joint and when the joint contains 

more than I bolt, slip of the joint is only a srnail part of the construction 

clearance at assembly . 

Past researc hers have used various theories to express quantitatively the behavior 

of joints (see 4.2 (cc)). Those rnethods were tried to develop mathematical expressions 

for load versus total joint deformation of the joint, and the best fitted curve was found to 

be: - 



Maximum construction clearance at assemblv 

(i) P =211.386 for 0.00 5 6 5 0.11; 

(ii) P = 23.95 for 0.11 I S I 1 . 0 1 :  

(üi) P =51.78(6-1.01)+23.95 for 1.01<6<3.10;and 

(iv) P = 0.96(6-3.10)~ -12.25(~-3.10)' +51.87(6-3.10)+132.17 

for 3.10 I S S 7.09; 

where P = Load on the joint in and 

6 = Deformation of the joint in mm; 

Normal construction clearance at assembiv 

(i) P=211.386 for 0.00 < 6  5 0.1 1 ; 

(ii) P = 23.95 for 0.1 1 5 S 5 0.33 ; 

(üi) P = 5 1.78(6 - 0.33)+23.95 for 0.33 5 S 5 2.42; and 

(iv) P = 0.96(6 - 2.42)3 - 12.25(6 - 2-42)' + 5 l.87(6 - 2.42) + 132.17 

for 2.42 5 S < 6-41 ; 

where P = Load on the joint in kN; and 

6 = Deformation of the joint in mm; 

Set in bearinn at assembiv 

(i) P=211.385 for 0.0056 10.11; 

(ii) P=51.78(6-1.01)+23.95 for O. 1 1 S 5 2.20 ; and 

(iü) P = 0.96(6 - 2.20)~ - 1225(6 - 2.20)' + 5 1.87(6 - 2.20) + 132.17 

for 2.20 5 8 5 6-19; 

where P = Load on the joint in kN; and 



S = Deformation of the joint in mm. 

Feasibility of interpoiation or extrapolation of the load-deformation relationship 

for similar joints with less or more number of bolts was considered- Results of Test 

Series C (see 4.4) indicate that the loaddeformation diagrams of joints c m  be 

interpolated or extrapolated for joints similar in configuration but difTering in number of 

bolts. Hence interpolation or extrapolation of load-deformation relationship for sirnilar 

joint configurations can be recommended and fiutfier research is necessary to obtain 

regression equations of the goveniing parameters. This requires fhther testing of 

specimens with number of bolts increased or decreased in this type of joint. 

4.4 ANALYSIS OF RESULTS O F  TEST SEFUES C 

In t h  test series bolts were in single shear and in specimens where multiple bolts 

were used. bolts were on one IongitudjIlal iine. 

Some typical load versus deformation diagrarns and other usefùl data are shown 

in Figures 4.35 to 4.62. Test resuIts are summarized in Tables 4.7 to 4.10. 

The noteworthy observations made fiom the analysis of the results are presented 

below. 

In this type of lap joint with angles back to back, even if the loading is done to 

sirnulate pure shear in the bolt or bits, bending moments develop in the angle sections at 

the bolted joint, and the joint rotates fiom vertical at higher loadings. This rotation 

causes the shear load on the bolt to reduce (see Figure 4.35) and the tensile load to 

increase. SimiIar effect was reported by Fisher et al. (1974) for plate lap joints. The 

amount of rotation increases when specimen ends are pinned rather than fixed. 



When specirnen C3M1 was teste& the rotation was so excessive that angle began 

to buckle and it was evident that for 3-blt and 4-bolt joints unless early buckling is m t  

prevented, blts wili not be critically loadeci in shear. Hence for subsequent tests on 3- 

bolt and 4-bolt joints, ends were kept fked except for a s d  initial movement up to a 

maximum of 4.45 degrees to take up any imperfections of the angle ends. 

The specimen Cl Ml was tested using pinned end support conditions first, but was 

stopped prematurely due to a mistake in ident-g onset of yielding as omet of failure. 

Later it was re-tested with fixed end support conditions. Although mode of faiiure 

changed fiom angle under plastic b d h g  to bolt shear, the maximum load did not 

change sigdïcantly. Further, other important properties such as Ioad at slip, load at 

onset of plasticity, extent of slip, elastic stifhess before slip, elastic stiffiiess afler slip. 

and slip coefficient did not change significantly (see Cl Ml of Tables 4.7 to 4.10). This 

demonstrated that the change of support conditions did not alter the maximum load or 

O t her important joint properties significant !y, although bolt was more severely loacied in 

shear. 

A typicai load versus total joint deformation diagram is show in Figure 4.36. 

The main differences between diagrams obtained for each specimen were observed to be 

as follows: - 

(i) Length of slip "P" (see Figure 4.36) was highest for maxiniun construction 

clearance, lowest and virtualiy non-existent for karing' and an intennediate 

value for normal construction clearance at assembly; and 



(ü) Three-bolt and four-bo it joints developed large deformations d e r  reaching 

the maximum load indicating a tendency for the bolts to fàii by shear, rather 

than by angle buckling. 

A typical load versus total joint deformation diagram (see Figure 4.36) was 

observed to have the following distinct segments: - 

(i) A segment of elastic fnçtional load transfer (ab); 

(ii) A segment of slip at approximately constant load (bc): 

(iii) A segment of elastic load transfer by boh bearing (cd); 

(iv) A segment of non-linear load t d e r  extending up to maxirnurn load, where 

angle sections undergo plastic rotation thus rotating the bolted joint (de); and 

(v) A segment commencing Eom maximum load and leading up to fàilure either 

with a flatter curve (ef) showing bolt under shear deformation, or a steeper 

curve (eg) sho wing angle under buc kling deformation. These findings 

confonn with the results reported by previous researchers (Fisher et al., 1974). 

Two specimens, namely ClMl and ClM2. showed (see Figure 4.37) a marked 

variation from the typical load versus totai joint deformation diagram by showing a 

distinct kulk in the form of a vertical disturbance at the point, where the specirnen, which 

is still straight, begins to develop rotation visible sven to the naked eye. A sirnilar 

variation, but less pronounced, was observed in only one other spechen, namely ClBl  

(see Figure 4.46). C 1 Bl was tested at a loading rate of 0.004 mmkc  while C 1 M l  and 

Cl M2 were tested at a loading rate of 0,002 &sec. This effect is attributed to: (i) The 

onset of yielding of the angle section and magnification of the discontinuous yielding 

process due to generaliy low loading rates used in the tests; and (ü) Specimen abruptly 



undergoing rotation, due to some geometric imperfections in the specimen to change its 

defonned shape from a straight profïie to a buckling profïie, rather than undergoing the 

more common gradua1 change fiorn straight profile to a buckling profile. Note that in al1 

other tests, a loading rate of 0.004 mmkc was used, which in lower than the rate of 

0.106 to 0.212 d s e c  recommended by ASTM F606 (1993). A very low rate was 

considered necessary to observe the slip in the joint accurately. 

Following modes of failures were observed in the Test Series C: 

(i) Specimens CIMI, ClM2, ClM3, CINI, C1N2, ClN3, C lBl ,  CIB2, ClB3, 

C2M1 (see Figure 4.38), C2M2. C2M3, C2N1, C2N2, C2N3, C2B1, C2B2. 

C2B3, and C3M1 failed with angle section reaching plastic bendïng fdure. 

Note that in the case of C 1 M 1, test was tenninated, by mistake, just after 

angle section began to develop large rotational deformations due to plastic 

bending of the angle; 

(ii) Specimens C3M2 (see Figure 4-39), C3M3, C3N1, C3N2, C3N3, C3Bl. 

C3B2, C3B3. C4M1 (see Figure 4-40), C4M2, C4M3. C4N1. C4N2, C4N3. 

C4B1, C4B2, and C4B3 fded with bolts under shear fdure dong with angle 

sections reaching some stage of plasticity; and 

(iii) Specïmen Cl Ml when re-tested under k e d  end support conditions failed 

with the bolt shearing completely apart (see Figure 4.4 1 ). 

Load at commencement of siip (see A in Figure 4.36) is defined as the load at 

which significant slip takes places at approximately constant load. Values of load per 

bolt at commencement of slip werr similar (see Table 4.7) for single-boit, 2-boit. 3-bolt, 

and 4-bolt assemblies with maximum and normal construction clearance, as shown by 



their mean values ranging fiorn 9.29 kN to 11.74 W. Bolted joints set in bearing during 

assembly, showed no slip. The coefficient of variation values ranging fiom 6.87 percent 

ro 2 1.89 percent, also show the consistency of values of load at commencement of slip. 

Also values of load at commencement of slip are approraniately directly proportional to 

the number of bolts in the assembly, but do not depend on maximum or normal 

construction clearance at assembly . 

Load at onset of plasticity (see B in Figure 4.36) is defined as the load at which 

elastic response of the joint changes to non-linear behavior due to development of plastic 

bending in the angle. The mean of load per bolt of 2-bolt joints (48.75 kN) is rnarginally 

less than that of 3-boit joints (50.95 k!V) possïbly due to change in support end 

conditions. Values of load per bolt at onset of plasticity decrease erraticaiiy (see Table 

4.7) with hcreasing the number of bolts, while coefficient of variation values ranghg 

fkom 3.33 percent to 1 1 -52 percent show the consistency of the results. Values of total 

load at onset of plasticity increase with number of bolts in the assembly but not in direct 

proportion, and are independent of construction clearance at assernbly. These values of 

total load also show reasonable consistency with the coefficient of variation ranging kom 

3 -33 percent to 1 1.52 percent. 

Maximum load (see C in Figure 4.36) is dehed  as  the highest load reached by 

the bolted joint during the test. Values of load per bolt at maximum load decrease (see 

Table 4.7) with increasing nurnber of bolts as loads on bolts are not distriiuted evenly. 

However. values of load per bolt at maximum load are independent of construction 

clearance condition at assembly, while coefficient of variation values rang h g  fiom 2 -40 

percent to 11 -68 percent show the consistency of the results. Maximum load results also 



show that maximum load cannot be inçreased by increasing the number of bolts beyond 3 

bolts as angle becornes criticalIy stressed. Further, as demonstrated by specimen C4M 1. 

joint loaded uistantaneously showed a maximum load not very dBerent indicating tbat 

the loading rate may not signiscantiy affect the maximum Ioad of a specimen. 

Extent of slip (see P in Figure 4.36) is defïned as the slip that takes place 

appro'cimately at constant load, which is n o d y  a very low load value. No slip was 

observed (see Table 4.8) for joints set in bearing during assernbly. Those joints with 

maximum constniction clearance gave the highest extent of slip values, while those joints 

with normal construction clearance gave intermediate extent of slip values. Extent of slip 

changes irregularly with number of bolts and appears to be independent of the nurnber of 

bolts, but dependent on construction clearance at assernbly. 

Extent of slip observed during tests, irrespective of number of bolts in the joint. 

was always less than the maximum possible slip in a joint. In the case of joints with 

maximum construction clearance, the rnean value of extent of slip was 2.2 1 mm while 

maximum possible slip was 3.18 mm In the case of joints with normal construction 

clearance. the respective values were 0.85 and 1.59 mm This can be a t tn i t ed  to normal 

tolerances likely in the shop production process and the fabrication process. 

Deformation between end of slip and onset of plasticity (see Q in Figure 4.36) 

varies elasticdy with the load, and rnost bolted joints in service h c t i o n  in this range. it 

is independent of construction clearance at assembly (see Table 4.8) and nwnber of bolts 

in the joint. Coefficient of variation ranged fiom 15-14 percent to 22.52 percent 

indicating that it is sornewhat variable due to inconsistent nature of the onset of plasticity 

in the joint. 



Deformation beîween onset of plasticity and nisuamum load (see R in Figure 

4.36) varies non-iinearly with load. It is independent of construction clearance at 

assembly (see Table 4.8) as during this stage all bolts are in bearing irrespective of the 

starting condition. Mean values indicate that it reduces with number of bolts (see Table 

4.8). Coefficient of variation values range from 15-82 percent to 23.84 percent indicating 

that it is somewhat variable due to inconsistent nature of the onset of plasticity in the 

joint. 

Testing was concluded when either the specimen takes no more load or when the 

load reaches 10 percent k b w  the maximum load- In Test Series C specimens, because 

of buckling, specimens did not completely r e k  to take load, and instead load decreased 

gradualiy with increasing deformation (see "eg" and "ef" in Figure 4.36). Hence testing 

was concluded before complete failure. Deformation fiom maximum load to 10 percent 

beiow maximum load changes with failure mode. These values were highest (in the 4- 

bolt specimens) when bolt shear failure was in progress (see Table 4.8). and lowest (in 

the 2-bolt specimens) when angle section was under elasto-piastic buckling. 

Elastic s t f i e s s  of the joint before commencement of slip was dficult to find for 

joints with less bolts because slip load was very low. In general, elastic stiflbess of the 

joint before commencement of slip (see Table 4.9) was greater than the elastic stifhess 

afier slip. Ratio of elastic stitfiiess before commencement of slip to elastic s t a e s s  &er 

slip increased with number of bolts up to 3 bolts as overhpped length of angles increased. 

Slight drop in the ratio for Cbolt joints can be attnibuted to higher variability encountered 

in these tests as shown by a coefficient of variation of 29.43 percent. 



Elastic stifhess during unloading d e r  M u r e  was observed (see Table 4.9) only 

for the specimens tested later. This was not found to be a usefid parameter because 

elastic s t f i e s s  during unioading after fàilure will depend on any reduction in are% any 

change of shape from straight to curved profile, or any change in length that has occurred 

during the failure process of the specimen. 

Elastic stiftiiess of the joint before commencement of slip increased with number 

of bolts, but not in direct proportion. This can be attributed to increased effective area 

due to increased overlap lengtk Coefficient of variation ranged fkom 1 7.08 percent to 

24.56 percent showuig that results are reasonably consistent. Further, these s t f iess  

values are not dependent on conditions of construction ciearance. 

Values of elastic stifbess &er slip (see Table 4.9) were the most consistent of 

elastic stifkess measurements where coefficient of variation ranged fiom 7.59 percent to 

26.54 percent. Further, these stmess values were independent of the condition of 

construction clearance at assembly- 

Slip coefficient before joints go into bearing was found (see Table 4.1 0) using the 

formula (Fisher and Struik, 1974): 

where Pdtp = Slip load; 

kS = Slip coefficient; 

M = Number of slip pianes; and 

CT. = S m  of clamping boit tensions- 
1 = I  



As stated in 4.2 (w), the clarnping force used per bolt is 35.67 kN, the value used by 

Manitoba Hydro during erection of their transmission luie towers. 

Kennedy (1972) reported a value of 0.1 53 for galvanized joints and Brookhart et 

al. (1 968) reported values ranging fiom 0.19 to 0.25. The observed values were Little 

higher due to bigger washers used for the galvanized angle joints. The values show good 

consistency as shown by the coefficient of  variation ranging fiom 6.87 percent to 21.89 

percent. Fisher et ai. (1974) have reported a coefficient of variation of 38.1 percent for 

joints with "as received gahanized surfsrces and results of Test Series C show lesser 

variability. The joints in bearing during assembly were excluded as there was no 

fictional load transfer in those joints. 

Figure 4.42 shows load versus total joint deforrnation diagrams for single bolted 

Joints with normal consmiction clearance (1 -59 mm) at assembly. Single bolted joints 

with maximum construction clearance at assembly showed similar behavior except that 

slip was more. Single bolted joints set in bearing at assembly showed similar behavior 

except that they had no slip. 

Figure 4.43 shows typical load versus bolt deformation diagrams for a joint with 

two bolts and n o d  construction clearance (1 -59 mm) at assembly. in aii these joints, 

deformation of top and bottom b l t s  were similar up to the end of slip, but thereafter 

deformation of top bolt was more than that of bottom bolt and the total joint deformation 

was in between those values. This meant that the bottom boit showed a higher s tf iess 

and hence carried a larger portion of the load. Bottom bolt reached yielding and ultimate 

load fist foliowed by the top bolt. This behavior can be attniuted to the higher rotation 

capacity of the lower angle since the lower pinned joint allowed a greater rotation than 



the top joint, which only ailowed the standard rotation of a loading platen of a testing 

machine. It should be noted that the bottom pin was replaced in tests &er C3M1. 

Behavior of joints with maximum construction clearance at assembly and joints set in 

bearing at assembly resembled the former joints in all other respects except that the 

extent of slip was different. 

Figure 4.44 shows typical load versus bolt deformation diagrams for a joint with 

three bolts and n o d  construction clearance (1.59 mm) at assembly. Extent of bolt 

deformation experienced by the three bolts difEered after the end of slip with the total 

joint deformation of the joint taking a value in between those of individual bolts. In ail 

the joints. middle bolt showed higher bolt deformation values indicating a lower stifhess. 

Hence greater load shares were taken by the top and bottom bolts while the middle bolt 

too k the Ieast load. This load sharing pattern is in c o n f o ~  with the kdings of Fisher 

et al. (1 974). The dif5erences between behavior of bolt assemblies with maximum 

constniction clearance, normal construction cIearance and those set in bearing at 

assembly were only in the extent of slip with the rest of behavior king s d a r .  

Figure 4.45 shows typical load versus bolt deformation diagrams for a joint with 

four bolts and normal construction clearance (1.59 mm) at assembly. Extent of bolt 

deformations experienced by the four bolts up to the end of slip formed into a narrow 

band but widened later after the end of slip. In ali the joints total joint deformation took 

an intermediate vaiue in between the boit deformation vaiues of individual bolts. 

Specimen C4M1, which was accidentaiiy loaded instantaneously to failure. was not 

considered in this anaiysis. In ail the joints least bolt deformation was observed at middle 

top bolt, next higher bolt deformation was observed at bottom bolt. next higher bolt 



deformation was observed at middle bottom bolt, and the highest bolt deformation was 

observed at top bolt. This meant that share of load taken by each bolt uicreased Erom 

rniddle top bolt (highest load), bottom bolt, rniddle bottom bolt, and top bolt (lowest 

load). This pattern of load transfer is inconsistent with the findings based on deformation 

of portions of angle between bolts (see 4.4 (2)) and the findings of Fisher et al. (1 974). 

This cm be attn'buted to the Fact that bolt deformations cannot be strictly used to rneaswe 

Ioad transferred by bolts because boIt deformations measured in this study include bolt 

hole deformation of the angles near the boit m addition to the actual bolt deformation. In 

situations where bolt holes undergo significant deformations only near fdwe, bolt 

deformations c m  be used to measure the load transferred by the bolt 

The differences between bolt assernblies with maximum construction clearance, 

normal construction clearance and those set in bearing at assernbly were only in the 

extent of slip. with the rest of behavior king similar. 

Figure 4.37, 4.42, and 4.46 show the variation of load versus individual bolt 

deformation of single bolted joints with maximum construction clearance, normal 

construction clearance, and those set in bearing at assembly and illustrate that their main 

difference is in their response during slip with the extent of slip king a fhction of 

construction clearance at assembly. Extent of slip was greatest for joints with maximum 

construction clearance, least or non-existent for joints set in bearing at assembly, and an 

intermediate value for joints with normal construction clearance at assembly. The above 

effect is iliustrated fûrther in: (i) Figures 4.43, 4.47, and 4.48 for joints with two bolts; (ü) 

Figures 4.44, 4.49, and 4.50 for joints with three bolts; and (iii) Figures 4.45, 4.51, and 

4.52 for joints with four boks. 



Figure 4.53 shows the typical variation of load and deformation between bolt 

holes in the angle sections of joints with two bolts. These variations are very similar 

showing that the joint was loaded uniformly. Zig-zag nature of the diagrams are due to 

the rnagnified scale used to express defonnations. 

Figure 4.54 shows the typical variation of load and deformation between bolt 

holes in the angle sections of joints with three bolts. Note that deformation A2B could 

not be rneasured due to a defective transducer. AIT and A2T of the top angle show 

sirnilar values of slip up to 75 kN (3/8" of the maximum load)? thereafler diverges and 

due to redistribution of stresses after yielding reach similar deformations near maximum 

load. Sirnilarity of deformations of AI T and A2T uidicates thai during earlier stages and 

during latter stages, rniddle bolt does not transfer substantial loads. AlB shows clearly 

the change in deformation pattern of the speçimen by reversal of deformation pattern 

fiom compression mode to compression and bending mode afier yielding of the angle. 

Further. the high stifltness of AIB in cornparison to AIT  shows that top bolt transfers a 

large component of the total load. These findings on load transfer conform with work 

reported by Fisher et al. (1974). 

Figure 4.55 shows the typicaI variation of load and defomtion between bolt 

holes in the angle section of joints with four bolts. Note that deforrnation AI B could not 

be rneasured due to a defective transducer. Similarity of deformations of Al T and A2T 

indicates that the rniddle top bolt does not transfer a substantial component of the total 

load. Further. the similarity of deformation of A2B and A3B indicates that the middle 

bottom bolt does not transfer a substantial portion of the total load. Similarity in stf iess 



of A3T to those of AIT and A2T confirms, M e r .  that the rniddle bottom bolt is 

carrying a srnail portion of the load. 

As stifihess of AlB is not available, extent of load transfer by top bolt cannot be 

directly identified. but considerable stifbess of A2B and A3B and the fact that middle 

bolts do not transfer heavy loads indicate that the top bolt carries the highest Ioad. These 

findings as regards load transfer are in confonnity with the results reported by Fisher et 

ai. (1974). 

The diagrams also show the occurrence of slip at about 40 kN, and plastic 

bending of the angle near Mure by sharp variations in the deformation pattern at higher 

loads. 

Idealized curves are show in Fi-me 4.56, 4.57, and 4.58 for joints with 

maximum CO nstruc t ion clearance (3.1 8 mm), normal CO nstruct ion clearance ( 1 .59 mm). 

and those set in bearing at assembly. These are based on rnean values observed durhg 

experimental studies. Variation beyond maximum load up to failure was omitted as 

previous researchers have also not considered this region (Kitipornchai et al.. 1994; Frye 

et al., 1974; Jones et al., 1982; Lui et al., 1986; Chen et al., 1987; Goldberg et al., 1963; 

Romsted et al.. 1970; Al-Bermani et al., 1992; Cox, 1972). Following effects were 

observed in the results for three categories of construction clearance at assembly: - 

(i) Goveming parameters (A and 8, in Figures 4-56 to 4.58) of the region of 

fictional load transfer, varied with number of bolts, but for a given nurnber of 

bo lt s rernained constant for aii categories of construction clearance; 

(ii) There were seven governing parameters, namely A, 81, P, Q, B, R and C (see 

Figures 4.56 to 4-57), for the categories of maximum construction clearance, 



and n o d  construction clearance at assembly. The governing parameter P 

was not relevant for joints set in bearing at assembly and hence they had only 

six governing parameters (see Figure 4.58); 

(iii) Values of governing parameters A, el, Q, B, R, and C (see Figures 4.56 to 

4.58) varied with number of bolts, but for a given number of bolts remained 

constant for aü the threes categories of construction clearance; 

(iv) The goveniing parameter P varied for the categories of maximum 

construction clearance and normal construction clearance to give different 

values of slip. This parameter is not relevant for joints set in bearing at 

assembly as no slip occurred in them; 

(v) Slip observed for maximum construction clearance at assernbly and norrnal 

construction clearance at assernbly does not depend on number of bolts. 

However, in each case maximum possible slip (3.1 8 mm and 1.59 mm 

respectively) never occurred in a joint. Only 69.5 percent and 53.5 percent of 

maximum possible slip occurred in joints with maximum construction 

clearance and normal construction clearance respect ively due to shop 

production and assembly deviations; and 

(vi) Governing parameters A, €Il, Q, B, R, and C varied approxirnately linearly 

with the number of bolts (see Figure 4.59). The respective regression 

equations are also given in Figure 4.59. 

Past researchers have used various theories to express quantitatively the behavior 

of joints (see 4.2 (cc)). Those methods were tried to develop mathematical expressions 



for ioad versus total joint deformation of the joint, and the best fitted c w e  was found to 

be: - 

Maximum constniction clearance at rissembiv 

1. Single bolted joint 

(i) P = 27.51s for 0.00 1 6 5 0.34 

(Ü) P = 9.29 for 0.34 I S 12.55 ; 

(üi) P = 20.34(6 - 2.55) + 9.29 for 2.55 5 S 5 5.29 ; and 

(iv) P = O. 1 ï(6 - 5-29)' - 3 .23 (~  - 5-29)I + 20.39(6 - 5-29) + 65.03 

for 5.29 5 8 I 1 1.33 ; 

where P = Load on the joint in kN: and 

S = Deformation of the joint in mrn; 

2. Two-bolt joint 

(i) P = 84.816 for 0.00 5 6 10.24 ; 

(ii) P = 20.14 for 0.24 I 6 1 2.45 : 

(iii) P = 44.72(6 - 2.45)+ 20.14 for 2.45 1 6 s 4.18 ; and 

(iv) P = -0.38(6 - 4-18)' - 7.35(8 - 4.1 8)' + 44.82(6 - 4.18) + 97.5 1 

for 4-18 I S < 6.73; 

where P = Load on the joint in kN; and 

6 = Deformation of the joint in mm; 

3. Three-bolt joint 

(i) P=113.926 for 0.00 5 S 5 0.26 ; 

(ii) P = 29.28 for 0.26 5 8 1 2.47 ; 

(Üi) P = 5 1 .49(6 - 2.47) + 29.28 for 2.47 I S 1 4.87 ; and 



(iv) P = 0.88(6 - 4.87)' - 14.66(6 - 4.87)' + 5 1.42(6 - 4.87) + 152.85 

for 4.87 5 6 5 7.05 ; 

where P = Load on the joint in kN; and 

S = Deformation ofthe joint in mm; 

4. Four-bolt joint 

(i) P=138.956 for 0.00 I S 5 0.34 ; 

(ii) P=46.95 for 0.31 1 S 1 2.55 ; 

(üi) P = 65.54(6 - 2.55) + 46.95 for 2.55 5 6 1 4.40 ; and 

(iv) P = - 1 JO@ - 4-40)' - 25.28(6 - 4-40)' + 65.53(6 - 4.40) + 168.21 

for 4.40 5 6 1 5.56 ; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 

Normal constiuction cleamnce at assembh. 

1. Single bolteü joint 

(i) P = 27.516 for 0.00 L S 10.34 : 

(U) P = 9.29 for 0.34 IS 51-19; 

(Üi) P = 20.34(6 - 1.19) + 9.29 for 1.19 < S 13.93; and 

(iv) P = O. l7(6 - 3.93)3 - 3.23(6 - 3.93)2 + 20.39(6 - 3.93)+ 65.03 

for 3.93 5 S 19.97 ; 

where P = Load on the joint in kN; and 

6 = De formation of the joint in mm; 

2. Two-bolt joint 

(i) P = 84.8 16 for 0.00 1 6 1 0.24 ; 

82 



(ü) P=20.14 for 0.24 56 11.09; 

(iii) P=44.72(6-1.09)+20.14 for1 .09~6~2 .82;and  

(iv) P = -0.38(6 - 2.82)' - 7.35(6 - 2.82)' + 44.82(6 - 2.82)+ 97.5 1 

for 2.82 2 S I 5.37 ; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 

3. Three-boit joint 

(i) P = 1 13.926 for 0.00 < S 1 0.26 ; 

(ii) P = 29.28 for 0.26 16Sl .11;  

(iii) P = 51.49(6- 1 . 1  1)+29.28 for 1.1116~3.5l;and 

(iv) P = 0.88(6 - 3-51)' - l4.66(6 - 3.5 1)' + 5l.42(6 - 3.51)+ 152.85 

for 3.51 s S I5.69; 

where P = Load on thejoint in kN; and 

6 = Deformation of the joint in mm; 

4. Four-bolt joint 

(i) P = 138.955 for 0.00 I S 1 0.34 ; 

(ii) P = 46.95 for 0.34 I S 11.19 ; 

(iü) P = 65.54(6 - 1.19)+ 46.95 for 1 . 1 9 ~ 6 ~ 3 . 0 4 ; a n d  

(iv) P = -l.70(6 - 3.04)~ - 25.28(6 - 3.04)~ + 65.53(6 - 3.04)+ 168.21 

for 3.04 5 6 1 4.20 ; 

where P = Load on the joint in kN; and 

6 = Deformation ofthe joint in mm; 



Set in bearian at assembh. 

1. Single bolted joint 

( i )  P = 27.516 for 0.00 5 S I 0.34 ; 

(ü) P = 20.34(6 - 0.34) + 9.29 for 0.34 I 6 5 3.08 ; and 

(iii) P = O. 1 7(6 - 3.08)' - 3.23(6 - 3-08)' + 20.39(6 - 3.08) + 65.03 

for 3-08 5 6  59-12; 

where P = Load on the joint in kN; and 

6 = Deformation ofthe joint in mm; 

2. Two-bolt joint 

(i) P=84.816 for 0.00 5 S 1 0.24 ; 

(ü) P =44.72(6-0.24)+20.14 for 0.24 5 S 1 1.97 ; and 

(iii) P = -0.38(6 - 1.97Y - 7.35(6 - 1-97)? + 44.82(6 - 1.97) + 97.5 1 

for 1-97 I S I4 .52 ;  

where P = Load on the joint in kN; and 

6 = Deformation ofthe joint in mm; 

3. Three-bolt joint 

(i) P=113.926 for 0.00 5 S 1 0.26 ; 

(ii) P = 5 1.49(6 - 0.26) + 29.28 for 0.26 I S 5 2.66 ; and 

(iü) P = 0.88(6 - 2-66)' - 14.66(6 - 2.66)' + 5 1.42(6 - 2.66) + 152.85 

for 2.66 I S 1 4.84 ; 

where P = Load on the joint in kN; and 

S = Deformation ofthe joint in mm; 



4. Four-bolt joint 

(i) P = t 38.958 for 0.00 s S 5 0.34 ; 

(ii) P = 65.54(6 - 0.34) + 46.95 for 0.345S 52.19; and 

(iii) P=-1.70(6-2.19)~-25.28(~-2.19)'+65.53(6-2.19)+168.21 

for 2-19 I S  13.35 : 

where P = Load on the joint in kN; and 

S = Deformation of  the joint in mm. 

Using the theory of Fisher and Rumpf (1%5) and c o n s i d e ~ g  load versus 

deformation diagram of: - 

(i) Bolt as the mean of bolt deformation fkom single bolted joint tests; and 

(ii) Portion of angle between bolt holes as the mean of  angle deformations from 

joints with two bolts. an analysis was carried out. It was found that the 

deformation of bolt can be expressed as a h c t i o n  of bolt load as follows: - 

Maximum construction ckamnce: 

3 6, = 3 x 1 O-' Rb - 0.0040~~ '  + 0.225 IR, - 0.1588 

Normal construction clearance: 

6, = 2x10-'Rb3 -0.0031~~'  +0.1845Rh -0.4122 

Set in beanng: 

= 1 x 10'' Rb3 - 0.0012~~'  + 0.00774, - 0.1583 

where Rb = Load resistance by the bolt in kN; and 

6, = Deformation of the bolt ùimm 



It was also found that the deformation of the portion of the angle between two 

bolt holes can be expressed as a k t i o n  of load carried by the portion of the angle 

between two bolt holes as foilows: - 
6, = 3 x 1 0 - ~ ~ , , '  -5x10-'~,' +0.0046Rh +0.0119 

where Rh = Load carried by the portion of the angle between bolt holes in kN; and 

6, = Deforrnation of the portion of the angle between bolt holes in mm 

Resdts of the analysis are shown in Figure 4.61 and 4.62, and the 

foilowing observations are made fiom the results: - 
(i) Proportions of load carrïed by each bolt fa11 into a generai pattern in which 

outer bolts carry highest loads while middle bolts carry lower loads, and the 

pattern is in agreement with the findings o f  previous researchers (Fisher et al., 

1965; Fisher et al., I 974); 

(ii) Proportions of load carried by each bolt become more divergent near uhimate 

load and this e&t is also in agreement with the findings of previous 

researchers (Fisher et al., 1965; Fisher et al., 1 974); 

f üi) Percentage loads carried by intermediate and end bolts become more d o m  

for joints with maximum construction clearance and most divergent for joints 

set in bearing for t h - b o l t  and four-bolt joints; and 

(iv) Percentage loads, carried by end bolts of the three-bolt joint with maximum 

construction clearance at ultimate load, are slightly lower than expected 

probably because of higher percentage of error in satisfj4ng the equilibnum 

equat ion. 



Variations of shear strength per bolt with number of bolts as weli as length of the 

joint are shown in Figure 4.60, and the relationships are approiàmatefy iinear. The 

reduction in shear strength is caused by unequai load distriiution among bolts with outer 

bolts carrying highest Ioads while middle bolts carrying progressively reduced loads. 

Feasibility of interpolation or extrapolation of the ioad-defonnation relationship 

for joints similar in configuration but differing in number of bolts was considered. 

Results of Test Series C indicate that the governhg parameters vary linearly (see Figure 

4.59) with the nurnber of bolts, and the value of a governing parameter for the required 

number of bolts can be obtained fiorn the regression equations (see Figure 4.59). Based 

on these results. extrapolation of load-deformation relationship for joints of similar 

configuration but dBering in nurnber of b i t s  cm be recommended as a tentative 

measure, but f'urther research should be conducted to c o h  this recommendation. 

4.5 COMPARISON O F  RESULTS LN TEST SERIES A. B. AND C 

The Test Series A dealt with a critical compression joint in a transmission line 

tower. while Test Series B dealt with a critical tension joint in a transmission iine tower. 

In contrast. Test Series C deait with a simple and economical joint in a transmission line 

tower where two members are joined directly without additional components such as 

gusset plates or sptice angles. 

A cornparison of the results of the Test Senes A, B, and C was carried out and the 

findings are shown below. 

Table 4.1 1 shows the load values at various important stages of the loading 

process for each of the Test Series A, B, and C. Results show that: - 



(i) In Test Series B and C, there was no signiscant clifference between the load at 

the commencement of slip and the load at the end of slip, because slip 

occurred at approximately constant load. However. in Test Series A, slip 

occurred at a varying bad, but at a very low stifhess; 

(ü) In Test Series B and C, there was no significant dflerence in load at the end 

of slip for joints with maximum construction clearance and joints with normal 

construction clearance. In contrast, Test Series A had dBerent values for the 

above two construction clearances respectively. This was because in Test 

Series A, although slip occurred at an approximately constant stifhess. load at 

the end of slip was higher for maximum construction clearance, which had a 

greater extent of slip: 

(iii) Load at commencement of slip of Test Senes A is similar to that of a four-boh 

joint of Test Series C. This can be attributed to the number of bolts 

tramferring the load king the same in each case. Similarly as the nurnber of 

bolts is the same, load at commencement of slip of Test Series B was sirnilar 

to that of a two-bolt joint of Test Senes C; 

(iv) As regards load at the end of slip, results of Test Series B compare weil with 

the results of two-bolt joints of Test Senes C, as the number of bolts is the 

same. However, results of Test Series A are very dflerent fiom those of Test 

Series B and C; 

(v) Values of load at onset of plasticity of the three test series are significantly 

dBerent; and 



(vi) As regards maximum load, Test Series A with four bolts developed a higher 

load than a four-bolt joint of Test Series C ,  because of the better load 

distribution through both legs of the angle in the former in comparison to the 

load distribution through oniy one leg of the angle in the latter. The 

maximum load of Test Senes B with two bolts compares well with that of 

four-bolt joint in Test Series C. This can be attn'ited to the fact that two 

bolts in double shear is equivalent to four bolts in single shear as  regards 

shear capacity. 

Table 4.12 shows slip and deformation values at various important stages of the 

loading process for each of the Test Series A, B, and C. Results show that: - 

(i) Deformations under fictional load transfer in Test Series A and C were 

comparable because both had aii the b i t s  in single shear. Corresponding 

deformation was less in Test Series B, because bolts were in double shear 

where more interfaces are active in fictional load transfer; 

(ii) Slip values in three test series were different fkom each other with the Test 

Series B showing the least values. This can be at tr i ied  to greater influence 

of shop production and fabrication errors in joints where more than two 

members are comected. It should be noted that slip values in Test Series A 

should be halved for comparison with othen because in reaiity each joint in 

this test series consisted of two separate joints, namely top angle-splice angle 

joint and splice angle-bottom angle joint; 

(iii) Values of deformation during load transfer by bolt bearing were comparable 

in Test Series B and C. This c m  be attriiuted to angles maintainhg spacing 



between boh holes unchanged becaiuse they remain elastic during this stage. 

These values were not applicable to Test Series A; 

(iv) Values of deformation between onset of plasticity and maximum load in the 

three test series were different Eorn each other with the Test Series A showing 

the least value. This can be attniuted to the delay in the onset of plasticity in 

Test Series A due to uiiprovement of load vansfer after direct contact is made 

between top and bottom angles: and 

(v) Values of deformation reached at maximum load were sirniiar on the three 

test series because virtually aii the ductility of the bolt materiai was harnessed 

before failure in each test series irrespective of the f'ailure mode. 

Table 4,13 shows elastic stifiness values at various important stages of the 

loading process for each of the Test Series A, B, and C. Results show that values of 

elastic stifniess before slip were highest in T+n Series A and lowest in Test Series C. 

This can be attniuted to increased contact area providing better composite action of the 

connected members in the vicinity of the joint. 

Table 4.14 shows the load at commencement of slip as a ratio of load at other 

important loading stages of the loading process for each of the Test Series A, B. and C. 

Results show that: - 

(i) thevalueofthe ratio loadat slipto loadat theendofslipwasconstantat 1.00 

for Test Series B and C indicating that slip occurred at a constant load. The 

values for Test Senes A Micate that for joint with maximum construction 

clearance, the load Uicrease during slip is more than that for joints with 

normal construction clearance; and 



(ii) the ratio of load at slip to load at onset of plasticity and the ratio of load at slip 

to maximum load were comparable for the t h e  test series indicating that the 

region of ductile response is sirniiar for aU the tested joints. 

Table 4.15 shows the slip as a ratio of deformation at other important stages of the 

loading process for each of the Test Series A, B, and C. Results show that: - 

(i) the values of the ratio of slip to deformation reached at maximum load range 

fiom 0.03 to 0-44 for ali the three test series. The above ratios in the work 

reported by Fisher et aL (1974) and Shoukry et al. (1970) for fiction type 

bolted joints are 0.09 and 0.06 respectively. This cornparison demonstrates 

that slip when considered in relation to deformation at maximum load is 

considerable in bearing type jomts. Hence jomt slip of bearing type joints 

should be separately accounted for in analytical work; and 

(ii) the values of the ratio of slip io deformation reached at onset of plasticity 

range fiom 0.09 to 0.48 for al the three test series. The above ratios in the 

work reported by Fisher et al. (1974) and Shoukry et ai. (1970) for friction 

type bolted joints are 0.50 and 0.18 respectively. This cornparison 

demonstrates that slip when considered in relation to deformation at onset of 

plasticity is simiiar in both bearing and fiction type joints. As deformation at 

maximum load is far more important than deformation at onset of plasticity, it 

cm be concluded that joint slip of bearing type joints cannot be ignored in a 

rnanner sunilar to that of friction type joints. Hence joint slip should be 

separately accounted for in analytical methods. 



Table 4.16 shows the xnaximum load as a ratio of net yield load of angle. net 

ultimate load of angle, and ultimate shear load of bits respectively. For angles 

connected by one leg, the net effective area was taken (Fisher and Struik, 1974) as: 

where A, = Cross sectionai area of angle less bolt holes (net area of the weakest 

connected member); 

- 
x = Distance between centroidal axis of the angle and the joint shear 

plane; and 

L = Length of the joint. 

Actual material properties obtained d d g  the study were used in the computations. 

Resuits show that: - 

(i) bolt shear fàiiure would have occurred in single bolted joints and two-boit 

joints of Test Series C as shown by high values of the ratio of maximum load 

to ultimate shear load of bolts; and 

(ii) low values of the ratio of maximum load to net yield load of angle and the 

ratio of maximum load to net ultimate load of angle in Test Series C indicate 

that the rnethod of comection employed in that test series is an inefficient 

way of making a joint, due to bendmg moment htroduced at the joint by the 

eccentricity within it. 

Typical load versus total joint deformation diagrams obtained in Test Series A, B, 

and C are shown in Figures 4.1, 4.20, and 4.36 respectively. Foilowing distinct 

dif5erences at id similarities were O bserved: - 



In aii the test series, the region of fictional load transfer was elastic and has a 

higher stifks than at any other stage of the loading process; 

In Test Series B and C, the region of slip was at approximately a constant 

Ioad, while in Test Series A it was at a varying bad but at a lower stiflness 

value: 

AU the test Senes had an elastic portion of load transfer by bolt bearing. In 

Test Series B and C, this load transfer took place in one region. while in Test 

Series A there were two distinct regions, one in which bolts transferred the 

load by bearing and another in which load was transferred by bolts in bearing 

as weli as by direct contact of top and bottom angles; 

Ail the test series had an ineiastic portion just before reaching maximum load 

and in al1 test series angles developed plasticity; and 

All the test series showed a falling curve after reaching maximum load. In 

Test Senes A and C this was one smooth curve, while in Test Series B this 

region consisted of two distinct curves one depicting failure of the gusset and 

the other depict ing failure of the angle end. 

Five bolts were tested using the Skidmore-Wilhelrn Hydraulic Boh Calibrator to 

determine the bolt force developed by the clamping torque that was used throughout the 

test program The clamphg torque used was 84fi-lbs (1 14.17 kN-mm), which was the 

value used by Manitoba Hydro on theù transmission line towers. The test gave a mean 

value of force developed in the bolt as 35.67 kN with a coefficient of variation of 12.34 

percent, showing good consistency of results. 



Table 4.17 shows &'A, and AJA, ratios of the specimens of the Test Series A, 

B. and C. Resuits show that: - 

(i) high values of AJ& in Test Series A, Test Series B, and three-bolt and four- 

bolt joints of Test Series C show that load carrying capacity of the angle is not 

weakened by the introduction of the joint; 

(ü) high values of AJA, in Test Series A, Test Series B, and four-boit joint of 

Test Series C show that adequate nurnber of bolts were available to match the 

load carrying capacity of the smallest angle. Values greater than 1 .O0 in Test 

Series A and Test Series B show that number of bohs provided were too 

rnany. Also a low AJG, value of 0.38 for single bolted joints in Test Series 

C shows that a shear failure of bolt is possible in that joint, while in ali other 

joints angle or gusset failures are likely; 

(üi) values of maximum load indicated that three-bolt joint of Test Series C was 

the rnost efficient in developing the load canying capacity of the smallest 

angle fiaming into the joint; and 

(iv) values of average shear stress in a bolt at failure show that bolt shear failure is 

most iikely in single blted joints of Test Series C. 

Idealized load versus deformation diagrams fiom Test Series A, B1 and C are 

shown in Figures 4.17, 4.18, 4.19, 4.32, 4.33, 4.34. 4.56, 4.57, and 4.58 respectively. 

Diagrams of Test Series A differed Fom each other by the values of B (load at the end of 

slip). Diagams of Test Series B differed from each other by the value of P (extent of 

slip). Diagrams of Test Series C for a given number of bolts difEered fiom each other by 

the value of P (extent of slip). 



The current practice of providing a n o d  construction clearance of 1/16 in, (1.59 

mm) was considered satisfaçtory for the following reasons: - 
The maximum slip that can occur in such a joint is 1/16 in. (1.59 mm). Fisher 

et al. (1974) and Chesson (1965) have reported that field practice fias shown 

that joint slips are rarely as large as 1/16 in. (1 -59 mm) and average less than 

1/32 in. (0.80 mm). Results of this study indicate that normal construction 

clearance (see Table 4.12) slips ranging fiom 0.22 to 1.03 mm can be 

expected and these results conforrn to the fhdings of above researchers. In 

many situations, the joint slip is less because some bolts may be in bearing 

due to srnall misalignrnents inherent in the shop production and fabrication 

processes. This is particularly true for multi-bolt and multi-rnember joints; 

With a d construction clearance, misalignment of bolts is possible. As 

considerable ductility is available in angles and bolts used in electric 

transmission iine towers, such misalignment will have a beneficial effect. It 

improves slip resistance. offers a stiffer joint and does not result in a decrease 

in joint strength (Vasarheli and Chang, 1965); and 

Results show that maximum construction clearance increases the slip (see 

Table 4.12) considerably fkom the range of 0.22 to 1-03 mm of normal 

construction clearance to the range of 0.90 to 2.35 mm. 

4.6 ANALYSIS OF RESULTS OF TEST SERiES D 

The Test Series D dealt with bolt caliiration by the turn-of-nut rnethod. Results 

are shown in Figures 4.63 and 4.64. Eleven blts ,  consisting of ten B33.4 grade 5 b i t s  



and one A325 bolt, were tested ushg the custom designed special test rig (see Figure 

4.63). Nine bolts. consisting of five B33.4 grade 5 bolts and four A325 bolts, were tested 

using the Skidrnore- Wiihelm Hydraulic Bolt Caliirator (see Figure 4.64). 

The conclusions made fkom bolt cal i i t ion tests by the turn-of-nut method are 

shown klow. 

Flattening of lock washers is not an event of significance because it happens at a 

very low load ranging fiom 300 to 1,530 lbs (1.34 to 6.82 kN) and weil before the snug 

position at a number of turns varying fiom 1 IR to 2 1/6 fiom the "finger-tight" position. 

Number of turns requirpd to attain the snug position was variable and ranged from 

1 1 1 /12 to 2 7/12 turns fiom the "finger-tight" position, or 114 to 511 2 turns f?om the 

position at which lock washer was flattened. However, the force induced in the boit at 

the snug position was consistent and ranged fiom 7,436 to 9,295 Ibs (33.16 to 41.45 kN), 

and differed fiom the value of 10,000 Ibs (44.59 kN) usually associated with fiction type 

bolts. 

Mean of the maximum load induced on the bolt before failure was 12,405.80 lbs 

(55.32 kN) with a coefficient of variation of 20.21 percent. This was lower than the 

tensile load of 27,100 lbs (120.84 IrN) specified by CAN B33.4 (1973) for the bolt of 

grade 5. This difference can be attri'buted to the developrnent of torsional shear stresses 

in the bolt shank in addition to tensile stresses during torque tensioning. 

Three modes of boh failure (see Figure 4.65 and legend of Figure 4.63) were 

observed and they were: torsional shear Mure at the root of the thread, thread failure 

between the bolt and the nut, and lock washer fdure by opening out resulting in 

misalignment of the nut and release of the bolt load. It should be noted that failure could 



not be reached (see Figure 4.66) in tests ushg Skidmore-Willielm Hydraulic Boh 

Calibrator, as this calr'brator is not designed to c a i i i t e  a 833.4 grade 5 bolt since the 

dimensional properties of this bolt is srnalier than those of a A325 bolt. Further, the b l t  

Iength of both 5/8 inches (15.88 mm) diameter B33.4 grade 5 bolts and A325 bolts was 

not long enough to provide a good grïp for the nut. 

These bolts are not suitable for friction type bolted connections as thread yielding 

occurs at 1% to 5/12 turns fkom the snug position. Note that CANKSA-S 16.1-94 (1995) 

recornrnends tightening the nut by t /3 of a turn beyond the snug position for a fiction 

type bolt of the size tested. 

Variation of behavior d e r  thread yielding is likely to be greater when a tende 

load is applied to a bolt by tuming the nut. as items tested are varying continuously as the 

bolt shank gets shortened by the tum of the nut and new portions of bolt thead are 

engaging the nut. Hence it is not a suitable test for cornparhg the behavior of bolts. but 

has only a limited value for determination of load induced at the snug position and the 

number of turns that the nut can be tightened fkom the snug position before threads begm 

to yield. 

Loss of load ïmmediately d e r  tightening the nut can be attributed to the 

reduction of defonnation due to release of applied torque and the nut slipping back while 

it develops fnction between threads to prevent the nut king pushed back. Increase of 

load immediately after tightening the nut can be attributed to the increase in the effective 

area of the bolted material resisting the bolt clamping force due to better contact between 

different materials resisting the boit clamping force. The former effect is more cornmon. 

while latter sometimes occurs in A325 bolts due to their larger nuts and larger heads. 



Behavior of A325 bolts under torqued tension was very different fiom that of 

B33.4 grade 5 bolts, s h e  A325 bolt has a wider bolt head, a wider nut, and a thicker nut, 

wfüle more threads in the nut engage the b i t .  AU these fàctors contribute to produce a 

better stress distribution in the A325 boit. 

Application of tensile load in the b l t  by tightening the nut was found to reduce 

(Fisher and Struik, 1974) the tende load that the bolt can carry by about 85 percent due 

to torsional shear stresses induced during tightening, in the case of black bolts. A further 

reduction of 25 percent was reported by Brookhert et ai. (1 968) and Fisher et al. (1 974) 

for galvanized bolts by the zinc layer on the bolt threads, galiiig in the threads. and 

seizing when the bolt is tightened. A reduction of tensile load by 40.3 percent was 

reported by Brookhrt et al. (1 968) for manual torquing of galvanized 3/4 in. (1 9 mm) 

diameter A325 bolts compared to power torquing of those bohs. In these tests B33.4 

grade 5 bolts reached 49 percent to 57 percent of the tensile load of the bolt. These 

differences can be attributed to: (i) longer and Iarger diameter bolts tested by previous 

researchers; (ü) muaI tightening used in these tests reduce the tensile load compared to 

power wrench tightening due to absence of wiration (Fisher and Stniik, 1974); and (G) 

galvanized threads, smaller nut, and srnaller head of B33.4 grade 5 bolt give rise to a 

greater reduction than for A325 bolts. Considering the fact that the A325 boit has a 

better stress distribution than that of B33.4 grade 5 bolt, a reduction of 49 percent to 57 

percent of tensiIe load by torque tightening obtained in this study was considered 

comparable with the findings of previous researchers (Fisher and Struik. 1974). 



4.7 ANALYSIS OF RESULTS OF TEST SERIES E 

The Test Series E deah with direct tension tests o n  bolts. Resdts are shown in 

Table 4.18 and Figures 4.67 to 4.69. Nine bolts, consisting of five 833.4 grade 5 bolts, 

three A325 galvanized b l t s  and one A325 non-galvanized bolt, were tested in direct 

tension. 

ASTM A325-86a (1993) and A325M-86 (1993) on high strength bolts for 

structural steel joints r e c o m n d s  the wedge tension test for determinhg the mechanical 

properties of bolts, but aiiows using the direct tension test on fidi size bolts as an 

alternative. ASTM A394 (1993) on steel transmission tower bolts and CSA 833.4 

( 1 973) on galvanized steel tower bolts recommend the wedge tension test. In this study, 

the direct tension tests on bolts were used in preference to the wedge tension tests for the 

foiiowing reasons: - 

1. As the bolts used in this study were very short in length, the wedge tension tests 

require the replacement of the nut of the bolt by a special a t tachent  device. This 

will not ailow a proper study of the load transfer between the nut and the boh, 

which is a very critical consideration for this type of bolts; 

II. According to ASTM F606 (1993), the purpose of the wedge tension test is to 

obtain the tensile strength and demonstrate the "head quality'' and ductility of the 

bo lt. Investigators of bolt brittleness (Ga and Hansen, 1966) have g e n e d y  used 

this test and in the case of brittte bolts the hc tu re  of the fastener has ofien been 

reported to occur at the juncture of the bolt head and shank rather than in the thread 

area. As the bolts in this study were known to have considerable ductility, the 

wedge tension test was not considered usefùi; 



III. 

IV. 

v. 

The wedge tension test d o w s  an easy assessrnent of two properties, namely bolt 

brittleness and ds tende load carrying capacity, by one test method. However, 

rnost previous researchers have conducted the direct tension test as this test ailows 

the determination of mechanical properties mure realisticaLiy as it does not induce 

large bending stresses in the boit shank: 

The wedge tension test does not represent actuai condition of the bolt in service as 

the bolt head is n o d y  weli seated making fidl contact with materials king 

connected, where necessary by the use of a washer which has a unifordy sloping 

surface; and 

Some standards (ASTM A325-86% 1993; ASTM A325M-86. 1993), whkh 

recornrnend the wedge tension test, also recommend the direct tension test as an 

alternative test. 

The conclusions made fiom the tensile test results on both types of bolts, B33.4 

Grade 5 bolts and A325 boIts are presented below. 

The mean tensile strength expressed in kips for B33.4 bolts was 30.25 kips with a 

coefficient of variation of 8.06 percent. Those for A325 bolts were 31.46 kips and 1.32 

percent respectively. Both types of bolts satis@ the minimum required tensile strength of 

27.1 kips and show very consistent results as indicated by low values of coefficient of 

variation. 

The mean tensile strength expressed in MPa based on "stress area" (Fisher and 

Struik, 1974) for B33.4 bolts was 899.87 MPa with a coefficient of variation of 8.27 

percent. Those for A325 bolts were 943.1 1 MPa and 1.62 percent respectively. Both 



types of bolts satisfi the minimum required tensile strength of 840 MPa or 120 ksi and 

show very consistent results as indicated by low values of coefficient of variation. 

As "stress area" accounts for the fàct that the weakest section of any bolt in 

tension is at the threaded portion, the tensile strength based on "stress area" (Wallaert and 

Fisher, 1965) is a better parameter to compare the performance of two types of bi ts .  The 

results show that the two types of bolts are substantially similar in their capacity to carry 

tensile loads, aithough B33.4 bolt heads and nuts are smaller in size. 

AU the tested B33.4 bolts showed thtead failure (see Figure 4-69), while al1 the 

tested A325 b l t s  showed tensile f'ailure of bolt shank at the root of the thead. This can 

be attributed to the thinner nut and the lesser nurnber of threads participating in the load 

transfer in the former type of bolts. The latter type of failure is more advantageous with 

respect to maintenance, as a blt can be replaced easily when excessive deformation is 

observed since the nut does not get jammed. The former type of failure is more gradual 

and not sudden, but the nut invariably gets jammed. However, it is not a serious 

drawback as most of these tower bolts are carrying shear loads as opposed to tensile 

loads. 

The ioad versus elongation characteristics of a bolt are considered to be more 

significant than the stress versus straïn characteristics of the parent metai. because 

performance is affectai by the presence of the threads since the stress varies dong the 

bolt as a result of the gradua1 introduction of force fiom the nut and the change in section 

fiom the threaded to the unthreaded portion- The load versus elongation diagrams (see 

Figurers 4.67 to 4.68) show that B33.4 bolts have less scatter in the elastic region and 

greater scatter in the plastic region. A325 b i t s  show the exact opposite. Longer 



unthreaded bolt shank of the former type can be attniuted to les scatter in the elastic 

response, whiie considerable necking before fidure of A325 boks can be attriiuted to 

less scatter in the plastic response. The bad versus elongation curves obtained compare 

weii with those reported by Gill et al- (1 966), Vasarhelyi et al. (1967), and Christopher et 

al. (1 966). 

No previous researcher has reported the moduius of eiasticity value of the bah, 

probably because it is laborious to compute and requires shplifyuig assumptions to 

determine the modulus of elasticity value. Moreover, the value so obtained is not readily 

comparable since the ratio of threaded and unthreaded portions of the bolt shank varies 

among different studies. Hence, no attempt was made to determine the modulus of 

elasticity value of a boit in this study too. 

The rnean strain at fidure of B33.4 bolts was 0.089 d m r n  with a coeficient of 

variation of 12.77 percent. Those for A325 bolts were 0.146 rndm and 3.90 percent 

respectively. The results of A325 bolts are more consistent and can be attniuted to 

considerable necking obsewed before Mure. 

The mean bolt elongation at fdure  of B33.4 bolts was 0.148 inches (3.76 mm) 

with a coefficient of variation of 8.55 percent. Those for A325 bolts were 0.2 19 inches 

(5.56 mm) and 3.65 percent respectively. These d u e s  compare weU with 0.14, 0.13, 

0.24, and 0.25 inches reported by Vasarhelyi et al. (1967). Christopher et al. (1966). 

Rurnpf et al. (1963), and Fisher et al. (1968) respectively, c o n s i d e ~ g  that sorne of those 

values were for very long bolts. As the B33.4 boit has a shorter thread length under direct 

tension, it results in a decrease in deformation capacity, compared to an equivalent A325 

bolt. This sUriilar behavior was also observed and reported by Sterling et al. (1965). 



4.8 ANALYSIS OF RESULTS OF TEST SERiES F 

The Test Series F deah with tension tests on steel angle sections. Test results are 

shown in Table 4.19 and Figures 4.70 and 4.7 1. As the results gave a sharpkneed stress- 

strain diagram, in accordance with ASTM A370 (1993), yield point was taken as the 

stress corresponding to the top of the knee. 

Results of percent elongation and percent reduction in area could not be compared 

with those of previous researchers because they have used either thicker test specùnens or 

a gauge length of 8 inches (200 mm). 

The following conclusioos can be made fiom the tensile test results on angle 

coupons: - 
The coefficients of variation of yield strength, tensile strength modulus of elasticity. 

percent of elongation, and percent of reduction in area ranged from 2.38 percent to 

7.89 percent indicating good consistency of  the test results; 

The mean modulus o f  elasticity was 214.67 GPq which compares fàvorably with 

the usual value for steel that is 200 GPa (CANKSA-S 16-1-94, 1995); 

Ail the results of yield strength satisfied the minimum requirement of 300 MPa 

specified in CANKSA-G40.21 -MW (1987). The observed mean value of 347.56 

MPa moreover, compared weil with 369.6 MPa reported by Sakla et ai. (1999); 

AU the results of tensile strength satisfied the requirement of 450 to 620 MPa 

specifïed in CANKSA-G40.2 1 -M87 (1 987); 

AU the results of percent of elongation satisfied the minimum requirement of 20.5 

specified in CANICSA-G40.2 1 -Mg7 (1 987) and CSA G40.2O/G40.2 1-98 (1 998); 



6) Percent of reduction in area ranged fiom 52.96 to 59.67 showing considerable 

ductility in the tested steel. It shouid be noted that percent of reduction in area is not 

a requirement for steel angles; 

7) Stress-strain diagrams (see Figure 4.70) showed a substantial plastic range and a 

substantial strain-hardening range indicating the tested steel was very ductile; 

8) Galvanized surface peeled off at the rniddle of the specùnen (see Figure 4.69) at a 

strain of around 0.15 &mm; and 

9) The mean of the ratio of tende strength to yield strength of 1 -46 was much greater 

than 1.05 suggested (Dhalla and Wiiter, 1974) to be the minimum requirement for 

drain-hardenability of steels suitable for structural applications. 

4.9 CONCLUSlONS 

The overali conciusions made fiom the test results of the experimentd 

investigation are sho wn below. 

In the spiice joint under compression (Test Series A) centroidai axis of the 

specimen varied dong the specimen. Nthough the specimen is under a varyllig bending 

moment distniution, magnitudes of bending moments were srnail in comparison to 

compressive forces. 

The main differences between dflerent load versus total joint deformation 

diagrains of Test Series A were found to be the foiiowing: - 

(i) Extent of slip 'Q" (see Figure 4.1) was highest for joints with mauimum 

construction ciearance at assembly, 10 west and virtually non-existent for 



joints set in bearing at assembly; and an intermediate value for joints with 

normal construction clearance at assembiy; and 

(ii) Penod of load transfer with top and bottom angles in direct contact with each 

other (see S in Figure 4.1) commences at a larger deformation for joints with 

maximum construction clearance at assembly, a smailer deformation for joints 

set in bearing at assembly, and an intermediate deformation for joints with 

normal construction clearance at assembly. 

A typical load versus total joint deformation diagram (see Figure 4.1) of Test 

Series A was found to have the following distinct segments: - 

A segment of elastic fictional load transfer (ab); 

A segment of slip at a very reduced stifhess, or at an approximately constant 

load and thereafter at very reduced stiIniess (bc); 

A segment of e b i c  load transfer by bolt bearing (cd); 

A segment of elastic load transfer (de) at a higher s t f i e s s  value, when the 

top angle makes direct contact with the bottom angle to transfer load directly 

as weli as through the splice angle; 

A segment of non-iïnear load transfer (ef) extending up to the maximum load, 

where the top angle (srnailest angle) develops plastic deformations leading up 

to buckiing; and 

A segment commencing fiom maximum load and leading up to failure of top 

angle (fg), where the top angle rapidly loses its load carrying capacity due to 

omet of buckling. 



Oniy one mode of M u e  was observed in the Test Series A. It consisted of the 

top angle slipping down to make direct contact with the bottom angle, foiiowed by the 

development of plastic deformation in the top angle, the d e s t  angle, leading to Mure 

by buckling. 

Load at the end of load transfer through splice angle only (see C m Figure 4.1 ) is 

defined as the load at which mode of load transfer changes fkom via splice angle only to 

via splice angle and direct contact of top and bottom angles. Stifbess increases sharply 

at this point since area of cross section transferring compression load increases 

sipificantly . 

Load at onset of plasticity (see D in Figure 4.1) is defined as the load at which 

elastic response of the joint changes to non-linear behavior due to the developrnent of 

plastic bending in the top angle (smallest angle). Load per bolt values of Test Series A at 

the omet of piasticity are very consistent as show by the coefficient of variation of 3.28 

percent (see Table 4.1). Lower coefficient of variation also indicates that the load at 

onset of plasticity is not dependent on the condition of construction clearance at 

assembly. 

Maximum load (see E in Figure 4.1 ) is dehed as the highest load reached by the 

bolted joint during a test. Load per bolt values at maximum load in Test Senes A are the 

rnost consistent as show by the lowest coefficient of variation of 1.74 percent. The 

consistency of maximum load indicates that (i) maximum load is independent of the 

condition of construction clearance at assem'oly: and (ii) inherent ductility of the 

specimens ensures that any inadvertent deviations in fabrication and testing processes are 

evened out by piastic deformation 



Extent of slip (see Q in Figure 4.1) is defined as the slip that takes place at a very 

reduced stifEiiess, or at an approxirnately constant load and thereafter at a very reduced 

stiffiiess. In Test Series A, no slip was observed (see Table 4.2) for joints set in bearing 

at assembly except the fàuIty specirnen AB2. Those with maximum construction 

clearance gave the highest extent of sfip values, whiie those joints with normai 

constnict ion clearance gave intermediate extent of slip values. 

Deformation during load transfer through the splice angle only (see R in Figure 

4.1 ) is defked as the joint deformation that occurs during elastic load transfer by bolts in 

bearing with the entire load transfer king affected via the spiice angle. These 

deformation values show the least coefficient of variation among ail other deformation 

values (see Table 4.2). ?'bis can be attn'buted to lack of influence of construction 

clearances, and other fabrication and testing irregulanties as al1 bolts are in bearing at this 

stage. 

Elastic s tf iess before slip (see 0, in Figure 4. I ) is caused by the finctional load 

transfer and the mobilization of a greater area of effective cross section to resist the load. 

For this reason, elastic s t a e s s  before slip is greater than the elastic stiffhess at any other 

stage of the loading process. Elastic stifhess before slip values show some variability in 

Test Series A, though not excessive, as shown by the coefficient of variation of 23.54 

percent (see Table 4.2). This can be attributed to the fact that higher accuracy of 

measurement cannot be maintained as load at commencement of slip as weil as the 

corresponding de format ion are rather small. 

Elastic stifiess during slip (see Oz in Figure 4.1) is either zero or very s m d .  The 

values in Test Senes A show remarkable consistency as shown by a low coefficient of 



variation of 14.37 percent (see Table 4.2). This codirms the fkct that bolt clamping 

forces were unifonniy applied throughout the test series. A s d  s t ~ s s  at slip was 

reported by the previous researchers (Vasarhefyi et al., 1959; Vasarhelyi et al., 1965: 

Fisher et al., 1974) due to misalignment of holes. This indicates that in some tests small 

inadvertent misalignments would have existed. 

Elastic stfiess during load transfer ody by the splice angle (see 83 in Figure 4.1) 

does not depend on construction clearance at assembly as dl the bolts are in bearing at 

this stage, The values in Test Series A show rernarkable consistency as show by a low 

coefficient of variation of 15.5 1 percent (see Table 4.2). 

Elastic stif3hess during load transfer by direct contact between top and bottom 

angles as well as via sptice angle (see O4 in Figure 4.1 ) does not Vary with construction 

clearance at assembly as all bolts are in bearing at this stage too. These values in Test 

Series A are the most consistent of the different types of stifhess observed in the loading 

cycle as shown by a coefficient of variation of 1 1.25 percent (see Table 4.2). 

In this entire test program the clamping force used per bolt is 35.67 kN, which is 

the usuaI value used by Manitoba Hydro durhg erection of their transmission line towers. 

Kennedy (1972) reported a value of 0.153 for the slip coefficient of galvanized 

joints and Brookhart et al. (1968) reported values ranging fkom 0.19 to 0.25. These 

observed values were higher due to bigger washers used for the galvanized angle joints. 

The vafues show good consistency as shown by the coefficient of variation of 7.99 

percent (see Table 4.3). The joints set in bearing during assembly were excluded as  there 

was no fkïctional load transfer in these joints. Hot-dip galvanizing results (Fisher and 

Struik. 1 974) in a lower fictional resistance of the faying surfaces. Higher variability of 



slip resistance is often due to the variab'ility in thickness of the metallic layer resulting 

f?om the galvaninng process. Fisher et ai. (1974) have reported a coefficient of variation 

of 38.1 percent for joints with "as received" galvanized surfaces, and resuhs of this test 

series show good tolerance in the thickness of the galvanized coating. 

Basic shapes of load versus total joint deformation diagrams of Test Series A 

were similar except for the foiiowïng: - 

(i) Extent of slip was highest for joints with maximum construction clearance at 

assembly, now for joints set in bearing at assembly except fauty jouit -2, 

and intermediate for joints with norrnai construction clearance at assembly; 

and 

(ü) Slip consisted of either slip at a very reduced stitrwss, or at an approxhately 

constant load and thereafter at a very reduced stifhess. 

The foliowing effects were observed in the diagranis (Figures 4.8 to 4. IO), which 

show typical variations of individual bolt row deformation and total joint deformation 

with load for joints of Test Senes A: - 

(i) Total joint deformation of a specimen was always greater than defomtion of 

each individual row of bo lts; 

(ii) M ~ s t  often the lowest deformation was recorded by the lowest row of bolts in 

the bottom angle (L4). This means that mst often the lowest row of bolts in 

the bottom angle is least stressed and hence carries a lower load; 

(iii) Most ofien the highest deformation was recorded by the highest row of bolts 

in the top angle (L 1). This means that most oflen the highest row of bolts in 

the top angle is stressed most and hence carries a higher load; and 



(iv) Mer reaching maximum b d  defonnation in either bolts at level 1 (LI), 

bolts at level 2 &2), or bolts at level 3 (L3) of a specimen reverses and 

decreases as point of Mure approaches. Most often this happens in lower 

row of bohs of the top angle (L2) in the case of jomts with maximum 

construction clearance at assembly, and in bolts of the bottom angle 6 3  and 

L4) in the case of joints with normal construction clearance or joints set in 

bearing at assembly. In the latter case greatest reversal occws in the higher 

row of bolts of the bottom angle 63) .  These can be attributed to the varying 

bending moments developed due to changing eccentricity dong the specïmen 

during the buckling process dependent on the actual buckling pronle of each 

specimen. 

The following effects were observed in the diagrams (Figures 4.1 1 to 4.13). whkh 

show typical variations of top joint deformation, bottom joint deformation, and total joint 

deformation with load for joints of Test Series A: - 
Total joint deformation of a specirnen was greater than deformation of either 

top angle joint or bottom angle joint; 

Highest deformation was always recorded at the top angle joint, while lowest 

was at the bottom angle joint. This shows that although the shear load 

transferred through top angle joint and bttom angle joint is the same, the 

different bending moments induced and the mating leg sizes affect the 

deformations at top and bottom angle joints; and 

After reaching maximum load, defonnation in the bottom angle joint reversed 

and decreased as point of failure approached in al1 joints with normal 



construction clearance at assembly and two of the three joints, AB 1 and AB3, 

set in bearing at assernbly. Note that specimen AB2 showed a slip (see Figure 

4.4 and Table 4.2) indicating that it had some clearance at assembly and thus 

resembles joints with maximum clearance. 

The following effects were observed in the diagrams (Figure 4.14 to 4.16). which 

show spical variations of deformation of portions of top angle, bottom angle, and sptice 

angle between two bolt rows of top or bottom joints. with load for joints of Test Series A: 

(i) In di the specimens, highest deformation was observed in the portion of top 

angle within the top joint, due to its smaller cross sectional area; 

(ü) S d e s t  deformation was observed in the portion of bottom angle within the 

bottom joint, due to its larger cross sectional ara; and 

(5) M e r  reaching maximum load, m a  often, deformation in the portions of 

bottom angle (B3B4) within the bottom joint reversed and decreased as point 

of failure approached. This can be attniuted to the development of bending 

moments in the bottom angle due to buckluig profile undergone by the 

specimen. 

The following effects were obsewed in the idealized load versus deformation 

diagams deveioped for joints in Test Series A (Figures 4.17 to 4.19): - 

(i) Governing parameters (A and 0, in Figures 4-17 to 4.19) of the region of 

fictional load transfer were the same for all categories; 

(ii) There were ten governing parameters, narnely A, 01, B, 8 2 ,  C, 03, D, 8 4 ,  E, and 

T (see Figures 4.17 to 4.19), for the categories of maximum construction 



clearance, and no& construction clearance at assembly. The goveniing 

parameters B and O2 were not relevant for joints set in bearing at assernbly 

and hence had only eight goveming parameters (see Figure 4.1 9); 

(iii) Values of governing parameters A, 0 1, C, 8 3 ,  D, 04,  E, and T (see Figures 4.1 7 

to 4.1 9) were the same for ail the three categories; and 

(iv) The governing parameter B varied for the categories of maximum 

construction cIearance and nomial construction clearance to give dBerent 

values of slip. This parameter is not relevant for joints set in bearing at 

assernbly as no slip occurred in them 

Various methods used by previous researchers to devebp mathematical 

expressions for load versus slip (deformation) for Test Series A, variation in the joint 

were tried and the best fitted curve was found to be: - 
Maximum construction ckarance at assembiv 

(i) P = 263.4% for 0.00 I S I 0 . 1 6 ;  

(ii) P = 20.99(6 - O. 16) + 43 -28 for 0.16 < S 53-71 : 

(üi) P =43.65(6-3.71)+117.77 for 3.711655-97; 

(iv) P = 86.55(6 - 5.97)+ 2 16.40 for 5.97 S 6 < 6.76 ; and 

(v) P = 44.97(6 - 6.76)3 - 147.79(6 - 6.76)' + 87.73(6 - 6.76)+ 285.15 

for 6.76 I S 5 7.12 ; 

where P = Load on the joint in kN; and 

8 = Deformation of the joint in mm; 

Normal constmction cieannce at assemblv 

(i) P=263.45S for 0.00 -< S 10.16; 
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(ii) P = 20.99(6 - 0.16) + 43.28 for 0 .1656I1 .89:  

(Üi) P = 43.65(6 - 1.89) + 79.49 for 1.89 5 6 5 5.03; 

(iv) P = 86.j5(6 - s . o ~ ) +  216.40 for 5.03 5 6 15-82 ; and 

(v) P = ~ . 9 7 ( 6  - 5.82).' - l47.79(6 - 5 .82)2 + 87.73(6 - 5-82) + 285.1 5 

for 5 .8216I6 .18;  

where P = Load on the joint in W; and 

S = Deformation of the joint in mm; 

Set in bearine at assembiv 

(i) P = 263.456 for 0 .00S650 .16:  

(ü) ~=43.65(6-0.16)+43.28 for0.16a614.13;  

(Yi) P = 86.55(6 - 4.13) + 216.40 for 4.13 < 6 5 4.92 ; and 

(iv) P = 44.97(6 - 4.92y - 147.79(6 - 4.92)' + 87.73(6 - 4-92) + 285.15 

for 4.92 5 S I 5.28 ; 

where P = Load on the joint in kN; and 

6 = Deformation of the joint in mm. 

Feasibility of interpolation or extrapolation of the load-deformation relationship 

for similar joints with less or more nurnber of rows of bolts was considered for Test 

Senes A. Results of Test Series C (see 4.4) indicate that the load-deformation diagrams 

of joints can be interpolated or extrapolated for joints suriilar in configuration but 

differing in nurnber of bolts. Hence interpolation or extrapolation of load-deformation 

relationship for similar joint configurations can be recomrnended and fùrther research is 

necessary to O btain regression equations of the goveming parameters. This requùes 



further testing of specimens with the number of boit rows increased or decreased in this 

type of joint. 

The main ciifferences between different load versus total joint deformation 

diagrarns of Test Series B was found to be the following : - 

(i) Length of slip "P" (see Figure 4.20) was highest for maximum consmiction 

clearance at assembiy. lowest and Mrtually non-existent for bearing. and an 

intermediate value for no& construction clearance at assembly; and 

(ii) Portions "ef' and "gh" showed kinks if either the gusset developed a second 

crack or the two angles cracked one after the other. 

A typical load venus total joint deformation diagram (See Figure 4.20) of Test 

Series B was found to have the foIlowing distinct segments: - 

(i) A segment of elastic fiictional load transfer (ab); 

(ii) A segment of slip at approximately constant load or very reduced s t f iess  

(W; 

(iii) A segment of elastic load transfer by bolt bearing (cd); 

(iv) A s e p n t  of non-linear load transfer extending up to the maximum load. 

where the portion of the gusset between vertex of the gusset and the first boit 

hole undergoes plastic tende deformation (de); 

(v) A segment commencing fiom maximum Ioad and leading up to failure of load 

transfer of the bolt closest to the vertex of the gusset, due to cracking of the 

gusset between bolt hole and exterior edge, either on one side or both sides 

(ef). If both sides of the gusset cracked one after the other, an additional kir& 

was also developed in the segment "ef ; 



(vi) A segment of non-linear load transfer, at a very mild dope, extenduig up to a 

second peak of the load where the portion of the angle between the end fafe 

of the angle and its closest bolt hole undergoes plastic deformation where 

bulging can be seen by the naked eye (fg); and 

(vii) A segment (gh) commencing fiom second peak of the load and leading up to 

failure of load transfer of the bolt closest to the end face of the angle due to 

cracking of the angle between bolt hole and end face of the angle, either on 

one angle or both angles. If the two angles cracked one d e r  the other, an 

additional kink was aiso developed in the segment "gh". 

The Test Series B gave remarkably consistent test results in cornparison to those 

of Test Series A and C, because of symmetrical nature of the loading with no 

eccentricities and the absence of buckhg effects, which are variable and infiuenced by 

local imperfections in the specimens. 

Following modes of fdure were o k r v e d  in the Test Series B: - 

(i) A failure mode with the gusset near vertex cracking (see Figure 4.21) on one 

side foilowed by cracking of both of the angles (see Figure 4.22) at their ends 

simultaneously (see Figure 4.23); 

(ii) A fdure mode with the gusset near vertex cracking on one side foliowed by 

cracking of the two angles at their ends one d e r  the other (see Figure 4.23); 

and 

(üi) A failure mode with the gusset nea. vertex cracking on both sides foliowed by 

crackmg of the two angles at th& ends one afier the other (see Figure 4.24). 



In Test Series B, the load at commencement of slip (see A in Figure 4.20), which 

is defined as the load at which signifiant slip takes phce at constant load or at a very 

reduced stf iess,  was very consistent with a coefficient of variation of 9.96 percent. 

In Test Senes B, the load at onset of plasticity (see B in Figure 4-20), which is 

defined as the load at which elastic response of the joint changes to non-linear behavior 

due to development of plastic deformation at the vertex of the gusset, was consistent as 

sho wn by its 10 w coefficient of variation (9.1 4 percent). 

Maximum load (see C in Figure 4.20) is defmed as the highest load reached by 

the bolted joint during a test. In Test Series B, values of equivalent single shear load per 

bolt at maximum load show the greatest consistency (see Table 4.4) as shown by the very 

low value of coefficient of variation (2.07 percent). Their mean value (5 1.27 kN) is 

lower than the speçif5ed single shear load for a bolt with a diameter of 5/8 inches (16 

mm) in accordance with CANICSA-S 16.1-94 (1995) (72.5 kN), since in multiple bolt 

joints. bolts may not share the load equaiiy. 

Extent of slip (see P in Figure 4.20) is defined as  the slip that takes place 

approximately at constant load or at very reduced stifikess. In Test Series 8, no slip was 

observed (see Table 4.5) for joints, which were set in bearing during assembly. Those 

joints with maximum construction clearance gave the highest values of extent of slip, 

while those joints with normal construction clearance gave intermediate values. Neither 

the joints with maximum construction clearance nor the joints with normal construction 

clearance slipped to thei. respective maximum possible extents of 3.1 8 or 1.59 mm due to 

restrictions caused by fabrication tolerances when more than two members mate at the 

joint. 



Deformation between end of slip and onset of  piasticity (see Q in Figure 4.20) 

varies elastically with the Io& and most bolted joints in service function in this range. It 

is independent o f  construction clearance at assembly as bolts are in bearing at this stage. 

In Test Series B. re& show l e s  consistency (see Table 4.5) as indicated by the 

coefficient of variation of 21.62 percent, due to variability in the local imperfections of 

the gusset area near the vertex, which yielded first. 

Deformation between onset of piasticity and mxÏmurn load (see R in Figure 

4.20) varies non-linearly with load. It is independent of construction clearance at 

assembly as bolts are in bearing at this stage too. In Test Series B. results show better 

consistency (see Table 4.5) as indicated by the coefficient of variation of 15.58 percent. 

This can be attriiuted to the fact that stress concentrations, caused by the joint 

configurations as weil as fabrication and testing errors, are al1 evened out at rnaximm 

load due to the ductdity available in the steel. 

Tests were concluded when the specimens ceased to take any fùrther load. As the 

specirnens were loaded in tension in Test Senes B, failure was distinct and easy to detect 

tinlike compression specimens of Test Senes A and C. Deformation fiom maximum load 

to cornplete failure (see S in Figure 4.20) was substantial and the coefficient of variation 

of 16.52 percent indicates that the results were consistent. This high extent of 

deformation gives adequate warning before failure in transmission towers employing 

these joints. 

Elastic stiflness before commencement of slip is caused by the fictional load 

transfer and the mobilization of a greater area of effective cross section to resist the load. 

For this reason, elastic stiflness before Commencement of slip is greater than the eiastic 



s t f i ess  after slip. In specimens of Test Series B set in bearing at assembly (see Table 

4.5). corresponding s t ~ s s  codd also be found as s t i f k s s  during fictional load 

transfer and stifiess during boh bearing were observed distinctly in this test series. 

Values of elastic stifhess before commencement of slip show good consistency (see 

TabIe 4.5) as indicated by the coefficient of variation of 7.7 1 percent due to syrnmetrical 

nature of the loading with bolts m double shear. 

Values of elastic st&ess after slip (see Table 4.5) were consistent in Test Series 

B with a coefficient of variation of 12.49 percent. The considerable load range and 

deformation range covered during this stage make measwments accurate and thereby 

contnbute to consistency. 

In Test Series B, the values of the ratio of elastic stiflbiiess before commencement 

of slip to elastic s t ~ e s s  afkr slip are greater than 2.95 due to the fact that effective cross 

sectional area at the joint after slip is reduced. Results show consistency as indicated by 

the coefficient of variation of 1 2.94 percent (see Table 4.5). 

In Test Series B, the observed values of the siip coefficient compare weU with 

values reported in the Literature, which were all bolted joints in double shear. The values 

also show good consistency as shown by the coefficient of variation of 9.96 percent. The 

joints set in bearing during assembly were excluded as there was no fictional load 

transfer in these joints. 

In joints of Test Series B, the basic shapes of load versus total joint deformation 

diagrams (Figures 4.25 to 4.27) were sirnilar except for the following: - 



Extent of slip was highest for joints with maximum construction clearance at 

assembly, none for joints set in bearing at assembty, and intermediate for 

joints with normal construction clearance at assembly; 

Slip consisted of either slip at approxirnately constant load, slip at a low 

stiflness or a combination of both. This can be attributed to fabrication 

diffïcuities that cause alignment problems when more than two rnembers mate 

at the joint; and 

Portion of curve beyond maximm load had more W s  when more than one 

crack form either at the vertex of the gusset or a crack forms on one angle 

followed by a crack in the other angle. 

Typical variations of individual bolt defonnation and total joint deformation with 

load for joints in Test Series B show that the individual values of deformation at b i t s  and 

total joint deformation are very sùnilar and of the same order, with lower bolt (see Figure 

4.28 to 4.30) m o a  oeen recording the highest deformation by a ver'  srnall margin. This 

indicates that the lower bolt is carrying a sEghtly higher load. but as the dserence in 

deformation of bottom bolt and top bolt is very small, it can be assurned that the two bolts 

share the load approximately equally. Further, the deformations of portions of gusset 

plate and angles between two bolts are negligible compared to bolt deformation values. 

In Test Series B, the variations of deformations with load of the portions of gusset 

and angle between the two bolts of the joint are similar and extent of deformation (about 

0.3 mm) is negligibly small in cornparison to bolt deformation values (about 15 mm). 

In Test Series B, idealized curves are shown in Figures 4.32, 4.33. and 4.34 for 

joints with maximum construction clearance (3 - 1 8 mm), normal construction clearance 



( 1  -59 mm), and joints set in bearing at assembly. These are k d  on mean values 

observed during experimental studies. Variation beyond maximum load up to failure was 

omitted as previous researchers (Kitipomchai et ai., 1994; Frye et al., 1974; Jones et al.. 

1982; Lui et al., 1986; Chen et al., 1987; Goldberg et al., 1963; Romsted et al., IWO; Ai- 

Bermani et al., 1992; Cox, 1972) have also not considered thk region The following 

effects were observed in the results for three categories of  construction clearance at 

assembly: - 

(i) There were seven goveniing parameters, namely A, 81, P, Q, B, R, and C (see 

Figures 4.32 to 4-34), for the categories of maximum construction clearance, 

and nomial construction clearance at assembly. The govemhg parameter P 

was not relevant for joints set in bearing at assembly and hence these joints 

had ody six governing parameters (see Figure 4.34); 

(ii) Values of governing parameters & Cl1, Q, B, R. and C (see Figures 4.32 to 

4 -34) were the same for al1 the three categories; 

(iii) The governing parameter P varied for the categories of rnaximurn 

construction clearance and normal construction clearance to give different 

values of slip. This parameter is not relevant for joints set in bearing at 

assembly as no slip occurred in them; and 

(iv) When more than two members hime into a joint and when the joint contains 

more than 1 bok, slip of the joint is o d y  a srnail part of the construction 

clearance at assembly. 

For the Test Series B, The best ated mathematical expressions for load versus 

total joint deformation of  the joint was found to be: - 



Maximum constniction cieamnce at assembtv 

(i) P=211.386 for 0.00ISI0.11; 

(ii) P = 23.95 for 0.11SS11.01; 

(üi) P=51.78(6-1.01)+23.95 for 1 . 0 1 ~ S ~ 3 . 1 0 ; a n d  

(iv) P =0.96(6-3-10)' -12.25(8-3.10)~ +51.87(6-3.10)+132 

for 3.10s S 5 7.09; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 

Normal constmction ciearance at assemblv 

(i) P=211.385 for 0.00 I 6 I O. I 1 ; 

(u) P = 23.95 for 0.1 1 5 S 5 0.33 ; 

(üi) P = 5 1.78(6 - 0.33) + 23.95 for 0.33 1 S 5 2.42 ; and 

(iv) P = 0.96(6 - 2-42)' - 12.25(6 - 2.42)2 + 5 l.87(6 - 2.42) + 132.17 

for 2.42 5 S 5 6.41 ; 

where P = Load on the joint in kN; and 

S = Deformationofthe joint in mm; 

Set in bearine at assembh. 

(i) P = 2 1 1 . 3 8 5  for 0.00ISI0.11; 

(ii) P=51.78(6-1.01)+23.95 for 0.11~S12.20:and 

(iii) P = 0.9@ - 2 .20)~  - l2.25(6 - 2.20)' t 5 1.87(6 - 2.20) + 132.17 

for 2.20 1 6 1 6.19 ; 

where P = Load on the jouit in kN; and 



S = Deformation of the joint in mm. 

Feasibility of interpoiation or extrapoiation of the load-deformation rehtionship 

for similar joints with less or more number of bolts was considered for Test Series B. 

Results of Test Series C (see 4.4) indicate that the ioad-deformation diagrams of joints 

can be interpolated or extrapolated for joints similar in configuration but ditliering in 

nurnber of bolts. Hence interpolation or extrapolation of load-deformation relationship 

for similar joint configurations cm be recommended and M e r  research is necessary to 

O btain regression equations of the governing parameters. This requires fùrther testing of 

specirnens with the number of bolts increased or decreased in this type of joint. 

In Test Series C, which dealt with lap joints where angles were placed back to 

back even if the loading is done to simulate pure shear in the bolt or bolts. bending 

moments develop in the angle sections at the bolted joint, and the joint rotates îrom 

v e r t i d  at higher Ioadings. This rotation causes the shear load on the bolt to reduce (see 

Figure 4.3 5) and the tensile load to increase. Similar effect was reporteci by Fisher et al. 

(1974) for plate lap joints. The amount of rotation increases when specimen ends are 

pinned rather than tixed. The change of support conditions fiom pinned ends to fixed 

ends with limited movement up to a maximum of 4.45 degrees to take up any 

imperfections of the angle ends. did not alter the maximum load or other important joint 

pro pert ies significantly, although bolt was more severely loaded in shear. 

A typical load versus total joint defonnation diagram, for Test Series C, is shown 

in Figure 4.36. The main differences between diagmms obtained for each specimen were 

observed to be as follows: - 



Length of slip "P" (see Figure 4.36) was highest for maximum construction 

clearance, 10 west and virtualiy non-existent for bearing, and an intemiediate 

vaiue for normal construction clearance at assembly: and 

Three-bolt and four-bolt joints developed k g e  deformations &er reaching 

the maximum load inciicating a tendency for the bolts to fail by shear, rather 

than by angle buckhg, 

typical load versus total joint deformation diagram (see Figure 4.36) of Test 

Series C was observed to have the foiiowing distinct segments: - 

(i) A segment of elastic fiiçtional load transfer (ab); 

(ü) A segment of slip at approxirnateiy constant load (bc); 

(iii) A segment of elastic load transfer by bolt bearing (cd); 

(iv) A segment of non-linear load transfer extending up to Maximum load. where 

angle sections undergo plastic rotation thus rotating the bolted joint (de); and 

(v) A segment cornmencing fiom maximum load and leading up to failure either 

with a flatter curve (et) showing bolt under shear deformation, or a steeper 

curve (eg) showing angle under buckling deformation. These findings 

confonn with the results reported by previous researchers (Fisher et al., 1 974). 

In Test Series C ,  modes of fdure observed were: - 

(i) Specimen failure with angle section reacbg  plastic bending failure; 

(ii) Specimen fdure with b i t s  failing under shear dong with angle sections 

reaching sorne stage of plasticity; and 

(iii) Specimen failure with the boit shearing completely apart. 



Load at commencement of slip (see A in Figure 4.36) is dehed  as the load at 

which significant slip takes places at approxmiately constant load. These values of Test 

Series C were found to be consistent with coefficient of variation values ranging fiom 

6.87 percent to 21.89 percent. Also values of load at commencement of slip are 

approximately directly proportional to the number of bolts in the assembly, but do not 

depend on maximum or normal construction clearance at assembly. 

Load at onset of plasticity (see B in Figure 4.36) is defined as the load at which 

elastic response of the joint changes to non-linear behavior due to developrnent of plastic 

bending in the angle. These values of Test Series C have coefficients of variation values 

ranging from 3 -3 3 percent to 1 1 -52 percent (see Table 4.7) showing the consistency of the 

results. Further, the values of load at omet of pk ic i ty  increase with number of bolts in 

the assembly but not in direct proportion, ami are independent of construction clearance 

at assembly. 

Maximum load (see C in Figure 4.36) is defined as the highest load reached by 

the bolted joint during the test. In Test Series C, the values of load per bolt at maximum 

Ioad decrease (see Table 4.7) with increasing nurnber of bolts as loads on bolts are not 

distributed evenly. However, values of load per bolt at maximm load are independent of 

construction clearance condition at assembly, while coefficient of variation values 

ranging fiom 2.40 percent to 11.68 percent show the consistency of the results. 

Maximum load results also show that maximum load cannot be increased by increasing 

the nurnber of boits beyond 3 bolts as angle becomes criticaily stressed. Further. as 

demonstrated by specirnen C4M1, joint loaded instantaneously showed a maximum load 



not very ditferent indicating that the loadhg rate may not significantiy affect the 

maximum load of a specirnen. 

Extent of slip (see P in Figure 4.36) is de- as the slip that takes place 

approximately at constant load, which is normaüy a very low load value in Test Series C. 

No slip was observed (see Table 4.8) for joints set m bearing during assembiy. Those 

joints with maximum construction clearance gave the highest extent of slip values, whde 

those joints with normal construction clearance gave intermediate extent of slip values. 

Extent of slip changes irregularly with number of bolts and appears to be independent of 

the number of bolts, but dependent on constniction clearance at assembly. 

Extent of slip observed in Test Series C, irrespective of number of bolts in the 

joint. was always l e s  than the maximum possible slip in a joint. In the case of joints 

with maximum construction clearance, the mean vaiüe of extent of slip was 2.21 mm 

while maximum possible slip was 3.18 mm. In the case of joints with normal 

construction clearance, the respective values were 0.85 and 1.59 mm This can be 

attributed to normd tolerances likely in the shop production process and the fabrication 

process. 

Deformation between end of slip and onset of plasticity (see Q in Figure 4.36) of 

Test Senes C varies eiastically with the load, and most bolted joints in service hc t ion  in 

this range. It is independent of construction clearance at assembly (see Table 4.8) and 

nurnber of bolts in the joint. Coefficient of variation ranged fiom 1 5.14 percent to 22.52 

percent indicating that it is somewhat variabIe due to inconsistent nature of the onset of 

plasticity in the joint. 



Deformation between onset of piasticity and maximum load (see R in Figure 

4.36) of Test Series C varies non-linearly with load. It is independent of construction 

clearance at assembly (see Table 4.8) as during this stage ail bolts are in bearing 

irrespective of the starting condition. Mean values indicate h t  it reduces with nurnber 

of bolts (see Table 4.8). Coefficient of variation values range from 15.82 percent to 

23.84 percent indicatmg that it is somewhat variable due to inconsistent nature of the 

onset of pIasticity in the jouit. 

Testing was concluded when either the specimen takes no more load or when the 

load reaches 10 percent below the maximm load. In Test Series C specimens, because 

of buckling, specimens did not completely ref'use to take bad, and instead Ioad decreased 

graduaily with increasing deformation (see "eg" and "ef' in Figure 4.36). Hence testing 

was concluded before complete failure. Deformation fiom maximum load to 10 percent 

below maximum load changes with failure mode. These values were highest (in the 4- 

bolt specimens) when bolt shear fdwe was in progress (see Table 4.8), and lowest (in 

the 2- bo lt specimens) when angle section was under elasto-plastic buckling . 

In Test Series C, elastic stifkess of the joint before commencement of slip was 

dificuit to find for joints with less bolts because slip load was very low. In general. 

elastic stifFness of the joint before commencement of slip (see Table 4.9) was greater than 

the elastic st ifmess after slip. 

In Test Series C, elastic stifbess of the joint before commencement of slip 

increased with nwnber of bolts, but not in direct proportion. This can be attributed to 

increased effective area due to increased overlap length. Coefficient of variation ranged 



fiom 17.08 percent to 24.56 percent showing that results are reasonably consistent. 

Further. these st-s values are not dependent on conditions of construction clearance. 

Values of elastic stiflness after slip (see Table 4.9), in Test Series C, were tbe 

most consistent of elastic stfiess measurements where coefficient of variation ranged 

from 7.59 percent to 26.54 percent. Further, these stBhess values were independent of 

the condition of construction clearance at assembly. 

In Test Series C, the observed values of the slip coefficient (see Table 4.10) were 

Little higher than those reported by Kennedy (1972) and Brookhart et al. (1968) due to 

bigger washers used for the galvanized angle joints. The values show good consistency as  

shown by the coefficient of variation ranging h m  6.87 percent to 2 1.89 percent. Fisher 

et al. (1974) have reported a coefficient of variation of 38.1 percent for joints with "as 

received" galvanized sur f i l es  and results of Test Senes C show lesser variability. The 

joints in bearing during assembly were excluded as there was no fictional Ioad transfer in 

those joints. 

Extent of bolt defomtion experienced by the three bolts of three-bolt joints in 

Test Series C dflered f i e r  the end of slip with the total joint deformation of the joint 

taking a value in between those of individual bolts. In aU the joints. middle bolt showed 

higher bolt deformation values indicating a lower stiffness. Hence greater Ioad shares 

were taken by the top and bottom bolts while the middle bolt took the least load. This 

ioad sharing pattern is in conformity with the hdings of Fisher et al. (1974). The 

dserences between behavior of bolt assembiies with maximum construction clearance, 

normal construction clearance and those set in bearing at assembly were only in the 

extent of slip with the rest of behavior king sirnilar. 



Idealized load versus deformation diagrams for Test Series C are shown in 

Figures 4.56, 4.57, and 4-58 for joints with maximum construction clearance (3.18 mm), 

normal construction clearance (1 5 9  mm), and those set in bearing at assembly. These 

are based on mean values observed during experimental studies. Variation beyond 

maximum load up to fdure was ornitted as previous reseafchers have also not considered 

this region (Kitipornchai et al.. 1994; Frye et al., 1974; Jones et al., 1982; Lui et al., 1986; 

Chen et al., 1987; Goldberg et al., 1963: Romsted et al., 1970; Al-Berrnani et al., 1992; 

Cox. 1972). Following eEects were observed in the results for three categones of 

construction clearance at assembty: - 

(i) Govenllng parameters (A and 0, in Figures 4.56 to 4.58) of the region of 

fictional load transfer, varied with number of b l t s ,  but for a given number of 

bits remained constant for aii categories of construction clearance: 

(ü) There were seven goveming parameters, namely A, 01. P. Q. B. R and C (see 

Figures 4.56 to 4-57), for the categories of maximum construction clearance. 

and normal construction clearance at assembly. The governing parameter P 

was not relevant for joints set in bearing at assembly and hence they had only 

six goveming parameters (see Figure 4.58); 

(iii) Values of goveming parameters A, 01, Q, B. R and C (see Figures 4.56 to 

4.58) varied with number of bolts, but for a given number of bolts remained 

constant for aIl the threes categories of constniction clearance; 

(iv) The goveming parameter P varied for the categones of maximum 

construction clearance and normal coristruction clearance to give different 



values of slip. This parameter is not relevant for joints set in bearing at 

assembly as m, slip occwed in thern; 

(v) Slip observed for maximum construction clearance at assembly and normal 

construction clearance at assernbly does not depend on number of bolts. 

However, in each case maximum possible slip (3.18 mm and 1.59 mm 

respectively) never occurred in a joint. Only 69.5 percent and 53.5 percent of 

maximum possible slip occm in joints with maximum construction clearance 

and normal construction clearance respectively due to shop production and 

assembly deviations; and 

(vi) Goveming parameters A, 01, Q, B, R, and C varied approximately linearly 

with the number of bolts (see Figure 4.59). The respective regression 

equations are also given in Figure 4.59. 

For the Test Series C, the best fitted mathematical expressions for the load versus 

total joint deformation of the joint was found to be: - 
Maximum construction clearance at assembh 

1. Single bolted joint 

(i) P = 27.51s for 0.00 S I 0.34 ; 

(u) P = 9.29 for 0.34 5 S I 2.55 ; 

(iii) P = 20.34(6 - 2.55) + 9.29 for 2.55 I 6 1 5.29 ; and 

(iv) P = O .  1 7(6 - 5-29)' - 3.23(6 - 5.29)' + 20.39(6 - 5.29) + 65.03 

for 5.29 5 S < 1 1.33 ; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 



2. Two-bolt joint 

(i) P=84.816 for 0.00 -< S 1 0.24 ; 

(ii) P=20.14 for 0.24 5 S 5 2.45 ; 

(iii) P = 44.72(6 - 2.45) + 20.14 for 2.45 IS 54.18; and 

(iv) P = -0.38(6 - 4. 1 813 - 7.35(6 - 4-18)' + U.82(6 - 4.18) + 97.5 1 

for 4-18 5 6 56.73; 

where P = Load on the joint in kN; and 

6 = Deformaiion of the joint in mm; 

3. Three-bolt joint 

(i) P=113.928 for 0.00 5 S I 0.26 ; 

(ii) P = 29.28 for 0.26 5 S 1 2.47 ; 

(ïii) P = 5 1.49(6 - 2.47) + 29.28 for 2.47 16 2 4.87 : and 

(iv) P = 0.88(6 - 4-87)' - 11.66(6 - 4-87)' + 5 1.42(6 - 4.87)+ 152.85 

for 4.87 I S S 7.05 ; 

where P = Load on the joint in kN; and 

6 = Deformationofthe joint in mm; 

4. Four-bolt joint 

(i) P=138.955 for 0.00 I 6 6 0.34 ; 

(ii) P = 46.95 for 0.34 5 S 5 2.55 ; 

(üi) P = 65.54(6 - 2.55) + 46.95 for 2.55 I S 5 4.40 ; and 

(iv) P = -1.70(6 - 4-40)' - 25.28(6 - 4.40)' + 65.53(6 - 4.40) + 168.2 1 

for 4.40 < 6 1 5.56 ; 



where P = Load on the joint in kN: and 

S = Deformation of the joint m mm; 

Normal construction cleannce at assernbîy 

1. Single boked joint 

(i) P = 27.516 for 0.00 5 S 5 0.34 ; 

(Ü) P = 9-29 for 0.34 i 6 5 1.19 ; 

(üi) P = 20.34(6 - 1.19)+ 9.29 for 1 . 1 9 ~ S L  3.93; and 

(iv) P = O. l7(6 - 3.93Y - 3.23(6 - 3.93)l + 20.39(6 - 3.93) + 65-03 

for 3.93 < S 1 9.97 ; 

where P = Load on the joint in kN; and 

8 = Deformation of  the joint in mm; 

2. Two-bolt joint 

(i) P=84.816 for 0.00 5 S 1 0.24 ; 

(ii) P=20.14 for 0.24 1 S 1 1.09 ; 

(iii) P =44.72(6-1.09)+20.14 for 1.09 5 S 5 2.82 ; and 

(iv) P = -0.38(6 - 2.82)3 - 7.35(6 - 2.82)' + 44.82(6 - 2.82)+ 97.5 1 

for 2.82 5 S 5 5.37 ; 

where P = Load on the joint in kN; and 

S = Deformation ofthe joint in mm; 

3. Three-boit joint 

) P=113.926 for 0.00 5 S 1 0.26 ; 

(ii) P = 29.28 for 0.26IS11.11; 

(üi) ~=51.49(6-1.11)+29.28 for 1 . 1  1 I 6 13.51 ; and 



(iv) P = 0.88(6-3.5ly -l4.66(6 -3.51)~ + 5l.42(6 -3.51)+152.85 

for 3.51 ~ S 5 5 - 6 9 ;  

where P = Load on the joint in kN; and 

6 = Deformation of the joint in mm; 

4. Four-bolt joint 

(i) P = 138.955 for 0.00 5 S 1 0.34 ; 

(ii) P = 46.95 for 0.34 5 6 2 1-19 ; 

(üi) P=65.54(6-1.19)+46.95 for 1.19<8<3.04;and 

(iv) P=-1.70(6-3.04y -25.28(~-3.04)'+65.53(6-3.04)+168.21 

for 3.04 I 6 5 4.20 ; 

where P = Load on the joint in kN; and 

6 = Deformation of the joint in mm; 

Set in bearine at assembly 

1. Single bolted joint 

(i) P = 27.516 for 0.00 5 6 5 0.34 : 

(ii) P = 20.34(6 - 0.34) + 9.29 for 0.34 5 8 < 3.08 ; and 

(iii) P = O. 1 7(6 - 3.08)~ - 3.23(6 - 3.08)~ + 20.39(6 - 3.08) + 65.03 

for 3.08 5 6 19.12; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm; 

2. Two-bolt joint 

(i) P=84.816 for 0.00 1 6 5 0.24 ; 
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(ii) P = 44.72(6 - 0.24) + 20.14 for 0.24 I S 1 1.97 ; and 

(iii) P = -0.38(6 - 1-97)) - 7.35(6 - 1-97)' + 44.82(6 - 1.97) + 97.5 1 

for 1-97 I SI 4-52; 

where P = Load on the joint in H; and 

S = Deformation of the joint in mm; 

3. Three-bolt joint 

(i) P=113.926 for 0.00 5 S 1 0.26 ; 

(ü) P = 5 1.49(6 - 0.26)+ 29.28 for 0.26 I 6 I 2.66 ; and 

(iii) P = 0.88(6 - 2-66)' - l4.66(6 - 2.66)' + 5 1.42(6 - 2-66) + 1 52.85 

for 2.66 I S 1 4.84 ; 

where P = Load on the joint in kN: and 

S = Deformation of the joint in mm; 

4. Four-bolt joint 

(i) P = 138.956 for 0.00 5 S 1 0.34 ; 

(Ü) P = 65.54(6 - 0.34) + 46.95 for 0.34 16 12.19; and 

(iii) P=-1.70(6-2.19)3-25.28(6-2.19)2 +65.53(6-2.19)+168.21 

for 2.19 5 6 13.35 ; 

where P = Load on the joint in kN; and 

S = Deformation of the joint in mm. 

Using the theory of Fisher and Rumpf (1965). an analysis was carried out on 

distribution of bolt loads in joints of Test Series C and the main hdings were: - 



Proportions of load carried by each bolt fàii into a general pattern in which 

outer bolts carry highest bads while middle bolts cany Iower loads, and this 

pattern is in agreement with the findings of previous researchers (Fisher and 

Rumpf, 1965; Fisher and Stniik, 1974); 

Proportions of load carried by each bolt become more divergent near ultimate 

load and this effect is also in agreement with the findings of previous 

researchers (Fisher and Rumpf. 1965; Fisher and Stniik, 1 974): 

Percentage loads camed by intermediate and end blts become more uniform 

for joints with maximum construction clearance and rnost divergent for joints 

set in karing for three-bolt and four-ùolt joints; and 

Percentage loads, carried by end b l t s  of the three-boit joint with maximm 

construction clearance at u l t b t e  load, are slightly lower than expected 

probably because of higher percentage of error in sa t i smg the equilibriurn 

equation. 

In Test Series C, the variations of shear strength per bolt with number of bolts as 

well as length of the joint are shown in Figure 4.60. and the relationships are 

approximateiy hear. The reduction in shear strength is caused by unequal load 

distribution arnong bolts with outer bolts carrying highest loads whiie middle bolts 

canying progressively reduced loads. 

Feasibility of interpolation or extrapolation of the load-defonnat ion relat ionship 

for joints sidar in configuration but dinering in number of b i t s  was considered. 

Results of Test Series C indicate that the goveming parameten Vary linearly (see Figure 

4.59) with the nwnber of bolts, and the value of a goveniing parameter for the required 



number of bolts can be obtained fkom the regression equations (see Figure 4.59). Based 

on these results, extrapolation of load-deformation relationship for joints of sirnilar 

configuration but difFering in nurnber of bolts can be recomrnended as a tentative 

measure, but fûrther research should be conducted to confirm this recommendation. 

Values of elastic stiffness before slip were highest in Test Series A and lowest in 

Test Series C .  This can be attniuted to increased contact area providing better composite 

action of the comected members in the vicinity of the joint. 

The ratio of load at slip to load at onset of plasticity and the ratio of load at slip to 

maximum load were comparable for the three test series indicating that the region of 

ductile response is similar for all the tested joints. 

Values of the ratio of slip to deformation reached at maximum load ranged ftom 

0.03 to 0.44 for aii the three test series. The above ratios in the work reported by Fisher 

et al. (1974) and Shoukry et al. (1970) for fiction type bolted joints are 0.09 and 0.06 

respectively. This cornparison demonstrates that slip when considered in relation to 

deformation at maximum load is considerable in bearing type joints. Hence joint slip of 

b e a ~ g  type joints should be separately accounted for in analyticai work. 

Low values of ratio of maximum load to net yield load of angle and the ratio of 

maximum load to net ultimstte load of angle in Test Series C indicate that the method of 

connection employed in that test series is an inefficient way of making a joint, due to 

bending moment introduced at the joint by the eccentricity within iî. 

A cornparison of load versus total joint deformation diagrams obtauied in Test 

Series A, B, and C highlighted the following distinct differcnces and similarities: - 



In ail the test series, the region of frictional load transfer was elastic and had a 

higher stifkss than at any other stage of the loading process; 

In Test Series B and C, the region of slip was at approximately a constant 

load, whiie in Test Series A it was at a varying load but at a lower stifhess 

value; 

AU the test Series had an elastic portion of load transfer by bolt bearing. In 

Test Series B and C ,  this Ioad transfer took place in one region while in Test 

Series A there were two distinct regions. one in which bolts transferred the 

load by bearing and another in which ioad was transferred by bolts in bearing 

as well as by direct contact of top and bottom angles; 

Ail the test series had an inelastic portion just before reaching maximum load 

and in d test series angles developed plasticity; and 

AU the test series showed a falling curve &er reaching rnaximum load. In 

Test Series A and C this was one smooth curve, while in Test Series B this 

region consisted of two distinct c w e s  one depicting failure of the gusset and 

the other depicting failure of the angle end. 

BoIts were tested using the Skidmore-Wielrn Hydraulic Bolt Calibrator to 

determine the bolt force developed by the clamping torque of 84ft-lbs ( 1  14.17 kN-mm), 

which was the value used by Manitoba Hydro on their transmission Line towers. The tests 

gave a mean value of force developed in the bolt as 35.67 kN with a coefficient of 

variation of 1 2-34 percent showing good consistency of results. 

The current practice of providing a nomial construction clearance of 1116 inches 

( 1 -59 mm) was considered satisfactory. 



Tests on bolt d i t i o n  by tum-of-nut rnethod revealed that flattening of lock 

washers is not an event of significance because î t  happms at a very low load rang* 

tiom 300 to 1,530 Ibs (1.34 to 6.82 kN) and weii before the snug position at a number of 

tums varying fiom 1 1/2 to 2 1/6 fiom the "fïnger-tight" position. 

Number of hum required to attain the snug position of the nut was variable and 

ranged fiom 1 11/12 to 2 7/12 tums from the "fïnger-tight" position, or 114 to 5/12 tums 

fiom the position at which lock washer was flattened. However. the force induced in the 

bolt ar the snug position was consistent and ranged fiom 7,436 to 9,295 Ibs (33.16 to 

4 1.45 kN). and difEered fiom the value of 1 0,000 lbs (44.59 kN) usualiy associated with 

fiction type bolts. 

Mean of the maximum load induced on the M t  before faiiure was 12,405.80 lbs 

(55.32 kN) with a coefficient of variation of 20.21 percent. niis was lower than the 

tensile load of 27,100 lbs (120.84 icN) specified by CAN B33.4 (1973) for the boh grade 

5.  This difference can be attributed to the development of tonional shear stresses in the 

bolt shank in addition to tensile stresses during torque tensioning. 

In the tests on bolt caiiiration by turn-of-nut method, three modes of bdt fdure 

(see Figure 4.65 and legend of Figure 4.63) were oôserved and they were: torsional shear 

failure at the root of the thread, thread failure between the bolt and the nut. and lock 

washer failure by opening out resulting in misaiignment of the nut and release of the bol 

load. 

The B33.4 grade 5 b l t s  are not suitable for fiction type bolted connections as 

thread yielding occurs at 116 to 5/12 tums fkom the snug position. Note that CAN/CSA- 



S 16.1-94 (1 995) recornmends tightening the nut by 1/3 of a turn beyond the snug position 

for a friction type bolt of the size tested. 

Variation of behavior afler thread yielding is Likely to be greater when a tende 

load is applied to a b l t  by turning the nut, as items tested are varying continuousIy as the 

bolt shank gets shortened by the turn of the nut and new portions of bolt thread are 

engaging the nut. Hence it is not a suitable test for comparing the behavior of bolts, but 

has o d y  a limited value for determination of load induced at the snug position and the 

number of tums that the nut can be tightened fiom the snug position before threads begin 

to yield. 

Behavior of A325 bolts under torqued tension was very dserent tiom that of 

B3 3 -4 grade 5 bolts, since A325 b l t  has a wider bolt head a wider nut. and a thicker nut. 

while more threads in the nut engage the bolt- Ali these factors contniute to produce a 

better stress distniution in the A325 boh. 

Direct tension tests on B33.4 grade 5 bolts gave a mean tensile strength of 30.25 

kips with a coefficient of variation of 8.06 percent. Those for A325 bolts were 3 1.46 kips 

and 1 -32 percent respectively. Both types of bolts satis& the minimum required tensile 

stragth of 27.1 kips and show very consistent results as indicated by low values of 

coefficient of variation. 

The mean tende strength expressed in MPa based on "stress area" (Fisher and 

Stmik, 1974) for B33.4 bolts was 899.87 MPa with a coefficient of variation of 8.27 

percent. Those for A325 bolts were 943.1 1 MPa and 1.62 percent respectively. Both 

types of bolts satisQ the minimum required tensile strength of 840 MPa or 1 20 ksi and 

show very consistent result s as indicated by low values of coefficient of variation. 



As "stress area" accounts for the k t  that the weakest section of any bolt in 

tension is at the threaded portion, the tensile strength based on "stress area" (Waihert and 

Fisher, 1 965) is a better parameter to compare the performance of two types of bolts. The 

results show that the two types of bits are substantiaiiy similar in their capacîty to carry 

tensile loads, aithough B33.4 bolt heads and nuts are d e r  in six. 

AU the tested B33.4 b i t s  showed thread Wure (see Figure 4-69), while ali the 

tested A325 bolts showed tensile failure of b l t  shank at the root of the thread. This can 

be attrïbuted to the thinner nut and the lesser number of threads participating in the load 

transfer in the former type of bofts. The latter type of Mure is more advantageous with 

respect to maintenance, as a bolt can be repiaced easily when excessive deformation is 

observed since the nut does not get jammed. The former type of failure is more gradua1 

and not sudden, but the nut invariably gets jammed. However, it is not a senous 

drawback as most of these tower bolts are carrying shear loads as opposed to tensile 

loads. 

The coefficients of variation of yield strength, tensile strength, modulus of 

elasticity. percent of elongation, and percent of reduction in area obtained fiom tensile 

tests on angle coupons ranged fiorn 2.38 percent to 7.89 percent indicating good 

consistency of the test results. 

For the steel angle coupons the rnean modulus of etasticity was 214.67 GPa, 

which compares favorably with the usual value for steel that is 200 GPa (CANKSA- 

S 16.1-94. 1995). 

All the results of yidd strength of the steel angle coupons satisfied the minimum 

requirement of 300 MPa specified in CANKSA-G40.2 1 -MW ( 1987). The observed 



mean value of 347.56 MPa, moreover, compared well with 369.6 MPa reported by Sakla 

et al, (1999)- 

All the results of tende strength of the steel angle coupons sa tSed  the 

requirement of 450 to 620 MPa specified in CAN/CSA-G40.2 1 -M87 (1987), while ail the 

results of percent of elongation satïsfïed the minimum requirement of 20.5 specified in 

CANKSA-G40.2 1 -M87 (1987) and CANICSA G40.20/G40.2 1-98 (1 998). 

Percent of reduction in a r a  of the steel angle coupons ranged fiom 52.96 to 59.67 

showing considerable ductility in the tested steel. It should be noted that percent of 

reduction in area is not a requirement for steel angles, while stress-strain diagrams (see 

Figure 4.70) showed a substantial plastic range and a substantial strain-hardening range 

indicating the tested steel was ver- ductile, 

In the tension test on  steel angle coupons, the galvanized d a c e  peeled off at the 

niiddle of the specimen at a strain of around 0.15 d m m ,  while the mean of the ratio of 

tende strength to yield strength of 1.46 was much greater than 1.05 suggested (Dhalla 

and Winter, 1974) to be the minimum requirernent for strain-hardenabiity of steels 

suitable for structural applications. 



CHAPTER 5 

MAIN CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER 

RESEARCH 

5.1 MAIN CONCLUSIONS 

The main conclusions made fiom this investigation are presented below. 

The Literature survey estabüshed that high strength fiction type bolted joints have 

attracted considerable research effort whiie bearing type bolted joints have attracted ody 

a considerably reduced research effort. Bolted joints connecting angle sections have 

attracted stili less researc h effort. Previous researc h studies have ident ified the fo Uo wing 

as the variables tbat influence joint slip or deformation of blted joints: (a) load applied; 

(b) workmanship; (c) bolt properties; (d) angle properties; (e)  extent of corrosion; (f) 

nature of faying surfaces; (g) bolt tightening method; (h) number of bolts; (i) pitch of 

bolts; Cj) joint length; (k) the ratio of the effective net area of steel angle or plate, A ,  and 

the shear area of the bolts. A,; (1) bolt diameter; (m) the ratio of the effective net area of 

steel angle or plate. &, and the g ros  area of the steel angle or plate, 4; (n) end distance 

and edge distance; (O) type of bolt; and (p) location of the shear planes within the bolt 

length. 

The influence of the gap between top and bottom angle of a splice connection of a 

tower Leg (Test Senes A) on joint behavior was considered. Narrowing the gap reduces 

the joint deformation and increases the stfiess fiom an early load, wfiich are both 

beneficial effects. This gap has no significant influence on tende load carrying capacity. 

Increasing the gap ensures the joint deformation to reach the maximum possible at the 



joint. Further, the gap cannot be eiimuiated as provision of a gap will simpli@ 

construction process and heIp tower erection within the stipulated tolerances. A gap of 

3/8 inches (9.5 mm) in place of 1 /4 inches (6.35 mm) is recommended for the following 

reasons: (i) It provides adequate space to simplifir the construction process; (ii) It wilI 

rnake behavior of spiice joint in tension and compression similar; and (iii) I t  helps 

develop maximum deformation possible at the joint, which wiU enable the tower to 

accornrnodate large foundation movements. 

Ultimate loads of the joints were independent of the condition of construction 

clearance at assembly, which shows that the inherent ductility of the materials at the joint 

ensures that any deviators in fitbrication are evened out by plastic deformation. 

Cornparison of uItimate loads of joints of Test Series A, Test Series B, and four-bolt 

joints of Test Series C indicates that splice leg connection (Test Series A) carries the 

highest load, whiie the other two joints carry lesser but similar values. 

Extent of slip was highest for joints with maximum construction clearance at 

assernbly, non-existent for joints set in bearing at assembly, and between those extremes 

for joints with normal construction clearance at assembly. No joint was able to slip to 

their respective maximum possible extent of 3.18 mm or 1.59 mm due to restrictions 

caused by fabrication deviations, but reached slips range Eom 13.8 percent to 69.5 

percent of the maximum possible values. In generai, slip was srnailest in Test Series B 

and highest in Test Series C.  

Elastic s t f i ess  before slip is greater than the elastic stiflness at any other stage of 

the loading process, because former is caused by the fictional ioad transfer and the 

mobilization of a greater effective cross sectional area to resist the load. Elastic stif3kess 



before slip was highest in Test Series A and lowest in Test Series C, and this is attniuted 

to increased contact area providhg better composite action of the connected members in 

the vicinity of the joint. 

In ail joints except Test Series A (tower leg splice connection), slip occurred at 

approximately constant load. A very smaii eIastic st&ess was observed in Test Senes 

A. caused by inadvertent misaIignment of holes due to fabrication deviations as reported 

by many previous researchers (Vasarhelyi et al., 1959; Vasarhelyi and Chang, 1965: 

Fisher and Struik, 1974). 

Obsenred values of slip coefficient were higher in Test Series A and C in 

comparison to those reported in the literature survey. but those values of Test Series £3 

compared weU with those of other researchers. The bigher values are attniuted to bigger 

washers of B33.4 grade 5 bolts. 

Values of the ratio of slip to deforrnation reached at maximum load ranged fiom 

0.03 to 0.44 for all the three test series. The above ratios in the work reported by Fisher 

et al, (1974) and Shoukry et al. (1970) for fiction type bolted joints are 0.09 and 0.06 

respectively. This comparison demonstrates that slip when considered in relation to 

deformation at maximum load is considerable in bearing type joints. Hence joint slip of 

bearing type joints should be separately accounted for in analytical work. 

Analysis carried out on distriiution of bolt loads in joints of Test Series C 

established that: - 

(i) Proportions of load carried by each bolt fàli into a general pattern in which 

outer bolts cany highest loads while middle bolts carry lower loads, and this 



( ii) 

(iii) 

pattern is in agreement with the findings of previous researchers (Fisher and 

Rumpf, 1 965; Fisher and Stniik, 1 974); 

Proportions of load carried by each bolt become more divergent near uitimate 

Ioad and this effect is also in agreement with the fhdings of previous 

researchers (Fisher and Rurnpf, 1 965 ; Fisher and Struik, 1 974); and 

Percentage loads carried by intermediate and end b l t s  become more uniform 

for joints with maxixnum construction clearance and rnost divergent for joints 

set in bearing for three-bolt and four-bolt joints. 

Bo lt s were tested using the Skidmore- Wielrn Hydraulic Bo lt Calibrator to 

determine the bolt force developed by the clamping toque of 84 A-lbs (1 14.1 7 kN-mm), 

which was the value used by Manitoba Hydro on their transmission line towers. The tests 

gave a mean value of force developed in the bolt as 35.67 kN with a coefficient of 

variation of 1 2.34 percent showing good consistency of results. 

The current practice of providing a nomial consmiction clearance at assembly of 

1/16 inches (1.59 mm) was considered satisfactory because: (i) it rnakes construction 

process easier; (ii) inadvertent misalignrnents due to fabrication deviations occur, which 

result in irnproved slip resistance, a stfler joint, and no decrease in joint strength due to 

considerable ductility of the material; and (üii further increase of construction clearance 

will increase slip and reduce the beneficial effects of (ii) almve. 

Mathematical expressions developed during this study for the prediction of load- 

deformation behavior of three types of joints are given in section 4.9. Above expressions 

of Test Series C c m  be extended to cover more bolts using the given regression equations 



(see Figure 4.59). Further study, simila. to Test Series C, is necessary to extend the 

expressions of Test Series A and B to bolt arrangements different in nurnber of bolts. 

Further simplification of the a b v e  mathematical expressions to cover ail joints by 

one c o m o n  expression was considered. This was found to require mformation on the 

influence of load-deformation expressions on overali behavior of transmission line 

towers. 

Tests on bolt calibration by turn-of-nut method revealed that flattening of lock 

washers is not an event of significance because it happens at a very low load ranging 

f?om 300 to 1,530 lbs (1.34 to 6.82 kN) and weU before the snug position at a number of 

tums varying fkom 1 1/2 to 2 116 fiom the "fïnger-tight" position. 

Nurnber of turns required to attain the snug position of the nut was variable and 

ranged fiom 1 1 1/12 to 2 7/12 turns fiom the ''hger-tight" position or 114 to 5/12 t iuns 

fiom the position at which lock washer was flattened. However, the force induced in the 

bolt at the snug position was consistent and ranged fiom 7.436 to 9,295 1bs (33.16 to 

4 1 -45 kN), and dEered kom the value of I 0,000 Ibs (44.59 kN) usudy associated with 

fiction type bolts. 

The B33.4 grade 5 bolts are not suitable for fiction type bohed connections as 

thread yielding occurs at 116 to 5/12 turns f?om the snug position. Note that CANKSA- 

S16.1-94 (1995) recommends tightening the nut by 1/3 of a tum beyond the snug a 

position for fiction type bolt of the size tested. 

Behavior of A325 bolts under torqued tension was very difEerent fkom that of 

B33 -4 grade 5 bolts, since A325 bolt has a wider bolt head, a wider nut, and a thicker nut. 



while more threads in the nut engage the bolt. Ail these factors contriiute to produce a 

better stress distrihtion in the A325 bolt. 

Material properties of the bolts and the steel angles used in this study complied 

with the relevant standards for the material properties of boits and steel angles used in 

transmission Line towers- 

5.2 RECOMMENDATIONS FOR FURTHER RESEARCH 

The foilowing recornrnendations are made for fiuther research on this field of 

study: - 

1 ) Results of Test Series C established that the load-deformation diagrarns of joints can 

be interpolated or extrapolated for joints similar in configuration but different in 

nurnber of bolts. To enable greater uset'ulness for the load-deformation diagrams 

developed for joints in Test Series A (spiice connection of a tower leg) md Test 

Series B (connection of a web bracing rnember of a tower), fbrther research is 

necessary to consider similar joints with less bolts as weU as more bolts. This 

research wiil help to determine the required regression equations for the governhg 

parameters so that interpolation and extrapolation can be carried out to produce more 

realistic load-deformation diagrams corresponding to a wide variety of joint 

arrangements; 

2) Useîùlness of the mathematical expression developed in this study for the prediction 

of load-deformation behavior of joints needs verification. ActuaI deformations 

observed in fuli s a l e  tests of transmission line towers can be used for such an 



evaluation. Further research is needed on anaiysis of transmission line towers 

incorporating joint de formation into the analytical process; 

3 ) Further simpii6cation of the mathemat ical expressions for load-deformation 

relationships requires information on iniluence of various load-deformation 

relationships on overall behavior of transmission line towers. Further research on 

this aspect was considered to be usefùl; and 

4) Benefit5 and shortcomings of joint slip need c toser examination. Some benefits are 

the abilii  to accommodate large ground movements caused by fiost heave and 

permafrost settlement, and ability to absorb iarge impact forces with reduced 

damage. Some shortcomings are fatigue and wind vibration. Further research on 

analysis of transmission line towers incorpoiating joint deformation can provide the 

required insights. 
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APPENDIX A - TABLES 



Table 3.1 Specimen nurnbers of Test Series A, B, and C 

Single bolted joint 

hm-bolt joint 

ïhree-bolt joint 

=ouf-bolt joint 





Table 4.2 Important parameters that define the load versus joint deformation response of specimens of Test Series A 

Bolt 
Arrangement 

- 

Mean 
C.O.V. (%) 

' The result is omitted due to inaccuracies in the shop production of bolt holes at specified spacings and locations. 

( ) Mean value 

Note: Symbols in the code (Pl QI R, etc.) are illustrateâ in Figure 4.1. - 



Table 4.3 Slip coefficient during frictional load tramfer of specimens of Test Series A 

Mean 
C.O.V. (96) 

Slip 
Coenici~t 



Table 4.4 Important stages of load in specimens of Test Series 6 

Mean 
C.O.V. ( O h )  

Bolt 
Anangement 

1 

BM1 
BM2 

Slip L o d  at 

Joint Load 
(W 

64.31" 
22.06 

Joint Load 
(kW 

Maximum Load 
- -  - 

Joint Load 
(kW 

" Equivalent single shear ioad per bolt at slip. 

" As this was the first specimen to be tested, it was repeatedly mounted and dismounted from the end 
attachments of the testing machine to get it correctiy in position and in the process either it has got jammed 
increasing the clamping force or the alignment of individual angles may have changed to give a higher than 
normal load at slip. Hence this value was not corisidered to be reliable. 



'-8 Q, .-.- in m'o O O 
'=!P?qr:=?q=? 

g o o o o o o o o  



Table 4.6 Slip coefficient during friction lord trcinsfer of specintens of Test Series 6 

Bon 
Arrangement 

BM1 
BM2 
BM3 
BNI 
BN2 
BN3 
681 
682 
BB3 

Slip 
Coefficient 

As this was the first specimen to be tested, it ws repeatedly mounted and dismounted from the end 
attachrnents of the testing machine to get it conectly in position and in the ptocess either it has got jammed 
increasing the clam ping force or the alignment of individual angles may have changed to give a higher than 
normal slip coefficient . Hence this value was not considered to be reliable. 



Table 4.7 Important stages of load in Test Series C (1 of 2 pages) 

Load at commencement 
of Slip 

Load at onset of 
Plasticity I 

- - 

Maximum Load 

Bol t 
hangement Rematks 

Joint Load LoadlBolt 
(kN) 

Joint Load 
(kN) 

LoadlBolt 
ot N) 

Joint Load 
(kN) 

ClM1 
C1M2 
CIM3 
C1N1 
C l  N2 
C I  N3 
ClBl 
Cl82 
Cl83 

107.69 -Stop* the test prematurely due to mistake 
104.73 in identifying onset of yielding as onset of 
1 12.36 failure. Re-tested with fixed end support 
100.49 conditions later, and specimen failed by bolt 
1 13.60 shearing apart. 
111.70 
104.85 
108.39 
106.20 -Testeci to an intermediate load till testing 

I machine got locked. Re-tested after adjusting 
107.78 the testing machine. 
3.94 

Mean 
C.O.V. (%) 



Table 4.7 (Continued) Important stages of load in Test Series C (2 of 2 pages) 

Load at commencement 
of Slip 

Load at onset of 
Plasticity 

Maximum Load 

Bolt 
hangement Joint Load 

(kN) 
LoadlBolt 

(kW 
Joint Load 

(kN) 
Joint Load 

(kW 
LoadlBolt 

(kW 

Angle buckled due to considerable movement 
lue to pinned supports. Therefore, in later 
ests, fixed end support conditions with the 
imited rotation to take up any unevenness 
it angle ends w r e  used. 

Mern 
C.O.V. (%) 

,Test abandoned due to accidental loading of 
he specirnen instantaneously up to failure. 

Mean 
C.O.V. (#) 



Table 4.8 Important stages of deformation in Test Series C (1 of 2 pages) 

Bolt 
Arrangement 

. -- 

Mern 
C.O.V. (%) 

C2M1 
CZMZ 
C2M3 
C2N1 
C2N2 
CZN3 
C2B1 
C2B2 
C2B3 

Extent of 
Slip in mm 

(mean) 

Deformation 
between end of 
Slip and onset 
of Plasticity 

(mm) 

Deformation 
between onset 

of Plasticity and 
Maximum load 

(mm) 

Deformation 
from MaxLoad 
to 10% below 

Max.Load in mm 
(mean) 

Stopped the test prernaturely due to rnistake 
n identifying onset of yielding as onset of 
'ailure. Re-tested with fixed end support 
:onditions later, and specimen faileâ by bolt 

1 71 (1 44) shearing apart. 
l 1 

-Tested to an intermediate load till testing 
machine got locked. Re-tested after adjusting 
the testing machine. 



Table 4.8 (Continued) Important stages of deformation in Test Series C (2 of 2 pages) 

Deformatlon 
between end of 
Slip and onset 
of Plasticity 

(mm) 

Deformation 
between onset 
)f Plasticity and 
Maximum load 

(mm) 

Deformatlon 
from Max.Load 
to 10% below 

Max.Load in mm 
(mean) 

Bolt 
Arrangement 

Extent of 
Slip in mm 

(mean) 

Remarks 

Angle buckled due to considerable movement 
lue to pinned supports. Therefore, in later 
ests, fixed end support conditions Ath the 
lmited rotation to take up any unevenness 
it angle ends were used. 

Mean 
C.O.V. (%) 

,Test abandoned due to accidental loading of 
he specimen instantaneously up to failure. 

I 
Omitteâ from mean and C.O.V. calculations, as this deformation is more sensitive to changed support conditions. 



Table 4.9 Important elastic stiffness values in Test Series C (1 of 2 pages) 

Bolt 
Arrangement 

ClMl 
C1M2 
C1M3 
ClNl  
C l  N2 
C1N3 
Cl81 
C l  B2 
C l  B3 

Mean 
C.O.V. (76) 

- -  

Mean 
C.O.V. (76) 

(1) 
Elastic Stiffness 

before 
commencement 
of Slip (kNlmm) 

(2) 
Elastic Stiffness 

after slip 
(kNlmm) 

Elastic Stiffness 
luring unloading 

(kNlmm) 

Stopped the test prernaturely due to mistake 
n identifying onset of yielding as onset of 
ailure. Re-tested with fixed end support 
:onditions later, and specimen failed by bolt 
ihearing apart. 

Tested to an intermediate load tiil testing 
nachlne got locked. Re-tested after adjusting 
he testing machine. 



rable 4.9 (Continued) Important elastic stiffness values in Test Series C (2 of 2 pages) 

(1) 
Elartic Stiffness 

before 
commencement 
of Slip (kNlmm) 

(2) 
Elartic Stiffness 

after slip 
(kNlmm) 

Bolt 
Arrangement 

Elaatic Stiff new 
iuring unloading 

(kNlmm) 

-Angle buckled due to considerable movement 
due to pinneâ supports. Therefore, in later 
tests, fixed end support conditions with the 
limited rotation to take up any unevenness 
at angle ends w r e  used. 

Mean 
C.O.V. (94) 

-Test abandon4 due to accidental loading of 
specimen instantaneousl y failure. 

Mean 
C.O.V. (%) 



Table 4.10 Slip coefficient values in Test Series C (1 of 2 pages) 

Bolt 
Arrangement 

- 

Mean 
C.O.V. (%) 

Mean 
C.O.V. ( O h )  

Mean 
C.O.V. (%) 

Slip 
coe?ncient 

Stopped the test prematurely due to mistake 
n identifying omet of yielding as onset of 
ailure. Re-tested with fixed end support 
mnditions later, and specimen failed by boit 
iheaBng apart 

Tested to an intemediate load till testing 
nachine got locked. Re-tested after adjusting 
he testing machine. 

-- 

Angle buckled due to considerable movement 
lue to pinned supports. Therefore, in later 
ests, fixed end support conditions with the 
irnited rotation to take up any unevenness 
it angle ends were used. 



Table 4.10 (Continued) Slip coefficient values in Test Series C 
(2 of 2 pages) 

- 

Boft 
Arrangement 

Mean 
C.O.V. ( O h )  

Slip 
Coefficient 

-Test abandoned due to accidental loading of 
the specimen instantaneously up to failure. 



of slip (kN) 

Load at the end of slip 
(kW 

Load at the end of load 
transfer through splice 

angle only (kN) 

Load at onset of 
plasticity (kN) 

2 - 

- - - - 

- Not applicable 

Table 4.1 1 Means of load values at various important stages of the loading proces8 

Maximum Clearance: 
1 17.77 

Nonnal Clearance: 
79.49 

216.40 

285.15 

T u t  Wu C 

1 -bdt joint: 
2-bolt joint: 

Description 

Load at commencement 

23.95 

- 

132.17 

Maximum load (kN) 

To8t S«iu A 

43.28 

. 

. 

I I I 3-boit joint: 
4-bolt joint: 

3-bolt joint: 
rlbolt joint: 

1 -boit joint: 
2-boit joint: 
3-bolt joint: 
4-bolt joint: 

1 -boit joint: 
2-bol t joint: 
3-bolt joint: 
4-bolt joint: 

1 -boit joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

205.08 299.68 

T u t  Sede8 8 

23.95 

. 

m m  

I 

œ 

1 -boit joint: 
2-boit joint: 



Table 4.12 Means of slip or deformation values at various important stages of the 
loading process (1 of 2 pages) 

Description Test Seri- A 

Defomation under 
frictional load 

transfer 

1-bolt joint: 
2-bolt joint: 

4-bolt joint: 

1 -boit joint: 
2-bolt joint: 

t d t  joint Y 

Maximum 
Clearance 

Normal 
Clearnace 

1 -boit joint: 
2-boit joint: 
3-bolt joint: 

0.8 

1 -boit joint 
2-bolt joint: 
34101 t joint: 
4-bolt joint l 
1 -boit joint: 

* 2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

Defomation during 
load tmasfer by splice 

angle only 
(mm) 

Deformation during 
load transfer by direct 

:ontact of angles and the 
splice angle (mm) 

1 -boit joint: 
2-boit joint: 
3-bolt joint 
4-bolt joint: 

1 -boit joint: 
2-boit joint: 
3-bolt joint: 
4-bolt joint: 1.8 

Deformation during i 
load transfer by 

bolt bearing 
(mm) 

Defomation between- 1 
onset of plastic and 

maximum load 
(mm) 

1 -boit joint: 
2-bolt joint: 

- Not applicable 

( ) Mean value 

Sfip equivalent to slip of two separate joints 



Table 4.1 2 (Continued) Means of slip or defornation values at various important 
stages of th. loading process (2 of 2 pages) 

1 Description 1 TestSedesA 

Clearance 

Normal 6.23 
Ciearnace 

In Bearing 4.40 

1 -boit joint 
2-ôolt joint: 
3-boit joint: 
4-bolt joint: 

1 -bdt joint: 
2-bol t joint: 
3-boit joint: 
4-bolt joint 

1 -boit joint 
2-boit joint: 
3-bolt joint 
4-boit joint: 

- Not applicable 

( ) Mean value 



Table 4.13 Means of elastic stiffmss values at various important stages of the loading 

1 Description 

Elastic stiffness 
before slip (kNlmm) 

Elastic stiffness 
during slip (kNlmm) 

Elastic stiffness 
during load transfer 
by splice angle only 

(kNtmm) 

Elastic stiffness during 
load transfer by direct 

contact of angles and by 
splice ang!e (kNlrnm) 

Elastic Stiffness 
du ring load transfer 

by boit bearing 
(kNlrnm) 

1 -boit joint: 
2-boit joint: 
3-bolt joint: 
4-bolt joint 

1 -bdt joint: 
2-bolt joint: 
3-bolt joint 
4-bdt joint: 

1 -boit joint: 
2-Mt joint 
3-bdt joint 
4-bol t joint 

1 -bolt joint: 
2-bolt joint 
3-bolt joint 
4-bolt joint: 

1 -boit joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

- Not applicable 



Table 4.14 Load at commencewtent of slip as a ratio of load at other important loading 
stages of the loading process 

1 Description 

(Load at slip)/ 
(Load at end of slip) 

(Load at slip)/ 
(Load at end of load 

transfer throug h spfice 
angle onty) 

(Load at slip)/ 
(Load at onset 

of plasticity 

(Load at slip)/ 
(maximum load) 

Maximum Clearance: 
O. 37 

Nomial Clearance: 
0.54 

3-bolt joint: 
4-bolt joint 

1 -boit joint: 
2-boit joint: 
3-boit joint: 
4-bolt joint: 

Test Series B 

1.00 

1 -boit joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

1-bolt joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

Tert M e s  C 

- Not applicable 

( ) Mean value 

1 -boit joint: 
2-bolt joint: 

I 

- 

I 

I I  

I L  

- 



Table 4.15 Slip as a ratio of deformation at orner important stages of the 
loading process 

T,SeriesB 1 Test Secies C 
Description 

Maximum 
Cleamncc 

Maximum 
Clermncc Clearance 

(Slip)l(Deformation 
under frictional 
load transfer) 

I 1 -boit joint 
2-boit joint: 
3-bolt joint 
4-boit joint: 

2.00 

(Siip)/(Deformaüon 
during load 

transfer by splice 
angle only) 

1 -boit joint: 
2-bolt joint 
3-boit joint: 
dbolt joint: 

(SIip)/(Deformation 
during load transfer by 
direct contact of anglea 

and the splice angle) 

1 -boit joint: 
2-boit joint: 
%bol t joint 
4-boit joint: 

(Sii p)/(Defomiation 
during load transfer 

by bolt bearing) 

- -  

(Slip)l(Defonnation 
beniveen onset of 

plasticity and 
maximum load) 

0 1  
1 -boit joint 
2-boitjoint: 
3-bol t joint: 
4-boit joint: 

(Slip)/(Defonnation 
reaches at 
onset of 
plasticity) 

0.06 
1 -bol t joint: 
2-boit joint: 
3-boit joint: 
4-boit joint: 

. - -- .- . 

I 1 -boit joint: 
0.03 2-boit joint: 

3-bolt joint: 
4-boit joint: 

0.09 

(Sli p)l(Defomation 
reaches at 

maximum load) 

1 -boit joint: 
2-boit joint: 
3-boit joint: 
4-boit joint: 

- Not applicable 

( ) Mean value 



Table 4.16 Maximum load as a ratio of member load bearing capacity as weII as 
bolt load bearing capacity 

Description 

(Maximum load)/(Net 
yield load of angle) 

(Maximum load)l(Net 
ultimate load of angle) 

(Maximum 1oad)l 
(Ultimate shear load 

of bolts) 

Test Series 8 

1 -bolt joint: 
2-boit joint: 
3-bdt joint: 
4-bolt joint: 

0.60 
0.54 
0.63 
0.60 

1 -bolt joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

0.41 
0.37 
0.43 
0.41 

1 -boit joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

1 -49 
1.09 
0.94 
O. 72 



Table 4.1 7 A d &  and IVA, ratios of Test Series A. B. and C 

I Description 

Maximum load (kN) 

Average shear 
stress in a bolt 

at failure 
( M W  

1 -bol joint: 
2-bolt joint: 
3-bolt joint: 
4-bolt joint: 

1 -bolt joint: 
2-bolt joint: 
3-bolt joint: 
4-boit joint: 

1 -boit joint: 
2-bolt joint: 
3-bolt joint 
4-bolt joint: 

1 -bolt joint: 
2-bolt joint: 
3-bolt joint: 
4-boft joint: 

A,, = Net effective cross sectional area of the smallest angle 
A, = G r o s  cross sectional area of the smallest angle 
A, = Shear area of bolts 



ïable 4.1 8 Results of direct tension Wsîs on b o b  

Bolt type 

B33.4 
Grade 5 

A325 
Galvanized 

Specimen 
Number 

1 
2 
3 
4 
5 

Mean 
c.o.v.* (%) 

Maximum Maximum 
Boit Elongatio Strain 

in inch- in mWmm 

Coefficient of Variation = Standard DeviationiMean Value x 100 

Tensile Strength calculation based on stress area equal to 0.7854 (M.9743h)  
Where D = nominal bolt diameter in inches, n = number of threads per inch. 

Failure 
Mode 

Thread Failure 
Thread Failure 
Thread Failure 
Thread Failure 
Thread Failure 

Tensile Failure 
Tensile Failure 
Tensile Failure 

Tensile Failure 

*** Non-galvanized A325 bolt 



Table 4.19 Results of tension tests on steel angle sections 

L 3x3~114 

L 4x3~114 

L 4 x 4 ~  1 /4 

Specirnen 

A 
B 

C (3"leg) 
0 ( 4 " w  

E 
F 

Yidd 
8trength 
in MPa 

(1 

325.63 
342.84 

339.64 
341 -08 

370.4 
365.67 

Tonsile 
stmngth 
in MPa 

(2) 

496- 68 
512.18 

500.2 
493.95 

517.48 
523.43 



APPENDIX B - FIGURES 





(i) Maximum construction clearance 

(ii) Nonnal construction clearance 

4 4 
lBefore/ 

(iii) Set in bearing 

Note: a = 1/32 in. (0.79 mm) and bolt diameter = 518 in. (15.88 mm) 

Figure 3.2 Different settings of construction clearance at auembly ,*, 



4 in. 1 

I i 
1 ,  

I I  

1 114 in. 

1  I 

j 50 mm. 
1  
1  t- L 4x4~114 in. 

1  
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1  

1  
1  

1  
1 

1  
1  

1 
1  

t 
1  

4 in. I 

- 1 1 I l 6  in. dia. holtes 

11 114 in- 

L 4x4x1/4 in. 

3 in. 

1  I 1  I 
l I 

Y 
w 1  

4 in. 
$ 

A - A  

in. 

Note: Figures are not to scale 

Figure 3.3 Details of a test specimen of Test Series A 





(a) MTS 445 Servo Hydrauiic Testing Machine 

(b) National Instrument Data Acquisition 

Figure 3.5 MTS 445 Sewo Hydrauiic Testing Machine and National Instmment 
Data Acquisition 



I 
I f 6 in. I 

I + 
3 in. i 3 in. I 

I 

I I I 

A - A  

1 1/2 in. dia. pin 

5/16 in- thick plate 

11/16 in. dia holes 

2L 3x4~114 in. 

TESTED JOINT 

1 112 in. dia. pin 

in. 

Note: Figures are not to scale 

Figure 3.6 Details of a specimen of Test Series 6 







(a) Front View 

(b) Side View 

Figure 3.9 Single bolt specimen of Test Series C in position for testing 



(a) Front View 

(b) Rear View 

Figure 3.10 Two-bolt specimen of Test Series C in position for testing 



Figure 3.1 1 Three-bolt specimen of Test Series C in position for testing 



(a) Front View 

(b) Side View 

Figure 3.12 Four-bolt specimen of Test Series C in position for testing 



(a) Custom Designed Test Rig 

(b) Sicidmore-W'ielrn Hydraulic Bolt Cah'bration 

Figure 3.13 Two methods used for bolt crilibration by turn-of-nu? 



(a) Test Set up 

(b) Close up of test specirnen 

Figure 3.14 A bolt specimen of Test Series E in position for the direct tension test 



A - Length of reduced section 
B - Length of grip -on 
C - Width of grip section 
W - Width 
R - Radius of fillet 
L - Over-al1 length 

Dimendom 
(inch-) 

(a) Dimentional details of a test coupon 

(b) Location of test coupons from a steel angle section 

Note: Figures are not to scale 

Figure 3.15 Details and location of test coupons fmm a steel angle ~ection,~, 
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Figure 4.5 Deformation on one leg of the top angle at failure 



Figure 4.6 Deformation on the other leg of the top angle at failure 



Figure 4.7 Movement of top and bottom angle to make direct contact with each 
other at failure and prior to failure 





-2 -1 O 1 2 3 4 5 6 7 8 

Deformation (mm) 

Bolts at level 1 (L I )  
Bolts at level 2 (L2) 
Bolts at level 3 (L3) 
Bolts at level4 (L4) 

- Oeformation L i  
- Deformation L2 

Deformation L3 
- Deformation L4 
- Total joint deformation -- -- 

Figure 4.9 Typical variations of load vemus individual bolt row deformation and total joint deformation of specimens 
with nomial construction clearance (1.59 mm) at arrembly of Tert Serie8 A (Specimen AN3) 
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Figure 4.21 Close up view of the crack on the gusset near its vertex 





Figure 4.23 Faiiure with the gusset near vertex cnacking on one side foUowed by 
cracking of both angies at tbeir ends 



Figure 4.24 Failure with the gusset oear vertex cracking on both sides fokwed by 
cracking of two angles one after the other 









Angle 
Bolt 
Bolt 

h) 
N 

Oefonnation (mm) 

at level 1 (LI ) 
at level2 (L2) 

- Deformation L I  
- Deformation L2 

Total joint deformation 1 

Figure 4.28 Typical variations of load with individual bolt deformation and total joint deformation of specimans with 
maximum construction clearance (3.18 mm) at assembly of Tert Serira 6 (Specimen BM3) 



Angle 
Bolt at level 1 (LI) 
Bolt at level2 (L2) 

- Deformation t 1 
- Deformation L2 

Total joint deformation 

Deformation (mm) 

Figure 4.29 Typical variations of lord with individual bolt deformation and total joint deformation of specimens with 
normal consrtuction clearance (1.59 mm) al assembly of Test Series 8 (Specimen BNZ) 













Bending Moment 
Distribution 

P 
Defonned Shape 

near Failure 

/ Shear load on bolt 

(a) Pinned End Conditions 

Centroidal axis 
o f  the angle 

P 
--------, .----------- 

'Y 
M=Pe 

Point of 
contraflexure 

Bending Moment 
Distribution 

(b) Fixed End Conditions 

Note: As 0, > O,, therefore bolt shear load in case (a) < bolt shear load in case (b) 

Defornid Shape 
near Fdlure 

Figure 4.35 Effect of specimen end conditions on bolt shear 







(b) 

Figure 4.38 Typical failure mode of specimens with 2 bolts (Test Senes C )  



Figure 4.39 Typical failure mode of specimens with 3 bolts (Test Series C) 



Figure 4.40 Typical faiïure mode of specimens with 4 bolts (Test Series C) 



Figure 4.41 Failure by bolt completeiy shearing apart in the re-tested specimen 
Cl M l (Test Series C) 





Deformation (mm) 

- 

- 

- Deformation of top bolt 
- Deformation of bottom bolt 

Total joint deformation 

Top Bolt 
Bottom Bolt 

Figure 4.43 Typical load venus bolt deformation dkgramr for joints with two bolâ and normal con8truction clearance 
(1.58 mm) at assembly of Test Selier C (Specimen CZNI) 







Note: C l  63 was tested under pinned 
support conditions to an intermediate 
load till the testing machine got locked 
and then re-tested after adjusting the 
testing machine 

Deformation (mm) 

Figure 4.46 Load versur total joint deformation diagnms for single bolted joints set in bearing at asrembly of Test 
Series C 





Top Bolt 
Bottom Bolt 

Deformotion (mm) 

- Deformation of top bolt 

- Deformation of bottom bolt 
Total joint deformation 

Figure 4.48 Typical load vemur bolt deformation diagnms for joints with two bolb set in beanng at assembly of Test 
Serie8 C (Specimen CZB3) 





Defonnatlon (mm) 

Top Bolt 
Middle Bolt 
Bottom Bolt 

- 

- Oeformation of top bolt 
- Oeformation of middle bolt 

Deformation of bottom bolt 
- Total joint deformation 

Figure 4.50 Typical lord venus bolt deformation diagrams for joints with thne bol9 set in bearing at assmbly of 
Test Series C (Specimen C381) 





Top Bolt 
Middle Top Bolt 
Middle Bottom Bolt 
Bottom Bolt 

1 - Deformation of top bolt 1 / - Deformation of middle top bolt 1 
1 Deformation of middle bottom bolt 1 
/ - Deformation of bottom bolt I 1 -Total joint deformation 

Detonnation (mm) 

Figure 4.52 f ypical load vemus bolt deformation diagram for joinb with four bolta art in bearing at aasembly of T e t  
Series C (Specimrn C462) 









Oefonnation (mm) 

Figure 4.56 ldealized load venus deformation diagnm for jointa with maximum con8truction clearance at arrembly of 
Test Seri= C 





Monnation (mm) 

- -- --- 

Figure 4.58 ldealized lord venus deformation diagnm for joints set in bearing at assembly of Test Serier C 





l 
I Number of b o b  
I 

1 600 

.-. - - - -  - - - - -  - -- 

3 4 5 6 

Joint length (incham) 

Figure 4.60 Variations of shear stfength with nurnber of boits and joint kng9, 



Total l o d  in joit, with maximum con8trucüon cleamnce at 
-bly (kN) 

Total Ioad in joits with normal construction clearance at assembly 
(W 

mTop bolt 
1 Middle M t  

1 Top bol t 

Total load in joint. 8et in bearing at aswmbly (W) 

Figure 4.61 Percentage load on each bolt of three-bolt joints at ultimate load, at onset 
of plasticity, 50 percent of unimate load, and 30 percent of ultimate load zs9 



=Middle top bolt 

0 - r O ,  + ' e u ! t  

Total load in joints with maximum conrtrucüon cieamnce at 
-bly (W 

Total load in joint8 with normal construction clearance at 
amembly (kN) 

I Top bol t 
W Middle top bolt 
O Middle bottom bolt 
O Bottom bolt 

Ë T O ~  bolt 
Middle top bolt 

0 Middle bottom bolt 
O Bottom boit 

1 otal load in joints set in bearing at m b l y  (M) 

Figure 4.62 Percentage load on each bolt of four-bolt joinb at ultimate load, at onset 
of plasticity, 5û percent of ultimate load, and 30 percent of ul9mate load 260 







Figure 4.65 Failure modes of bolts tensioned by turn-of-out mcthod using the 
special rig 



Figure 4.66 Bolts close to failure when tensioned by tum-of-out method using 
Skidmore-Wiihelm Hydraulic Bolt Calibrator 





O, 1 0.15 0.2 0.25 O. 3 

Bolt elongation (in) 

Figure 4.68 Load vernu8 elongation diagrams of A325 bolta tested in direct tension 



Figure 4.69 Two failure modes of direct tension tests on bolts 





Figure 4.71 Tension test coupons fmm steel angles after failure and a close up of a 
typical specimen with galvanizing iayer peeied off 




