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Abstract

A large amount of research has been performedyngpaction since the 1950’s
which lead to modern design procedures. Howevanynunknowns still exist. One of
the unknown considerations is the effect that §pétcing has on prying forces. This
study focused on the effects of bolt spacing ieeadonnection subjected to tensile force.

The variable in the experiment was the bolt spaangd the experiment
determined how the prying forces change as thespalting changed. A secondary
consideration was to determine and/or validatedba of the moment at the bolt line be
greater than that of the moment at the WT shapels face, which is a variable in the
current design procedure.

The American Institute of Steel Construction pr@gdode provisions for which
prying forces are determined. Based on those giang, the bolt spacing for testing was
determined.

In order to properly determine the effects of thgmm force with regards to the
bolt spacing, the bolt forces were determined ustrgn measurements from the bolts.
Through data analysis, the prying force was deteechand a comparison of five
specimens was performed.

Results showed that the prying forces dropped densbly as the bolt spacing
increased. The first test Specimen had a boltisgaxt 5.25 inches and experienced
prying forces larger than that of the AISC provisio The cause of the larger prying
forces was due to alpha, being larger than 1.0. A significant drop inipyforce
occurred from the first Specimen to the secondispatwhich had a bolt spacing of
7.00 inches. Specimen three had a bolt spaciBgréfinches and showed a slight
decrease in prying force from specimen two. Spensrfour and five which had bolt
spacing of 10.50 inches and 14.00 inches, resdygtigxperienced approximately the
same amount of prying force, which was less thahdhspecimen three.

It was concluded that the prying forces decreagbebolt spacing increases, and
the AISC provisions are conservative for specimeitis bolt spacing greater than 7.00
inches, but unconservative for specimen one whachahbolt spacing of 5.25 inches.
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Nomenclature

Symbols
A Effective cross sectional area of A490X bolt
a Distance from bolt centerline to edge of flarme, 1.25b, in.
a Distance from edge of flange to inside edgbaif hole, in.
B Tensile strength per bolt, kips
b Distance from bolt centerline to face of fittjrig.
b’ Distance from web edge to inside edge of bolehin.
dp Bolt diameter, in.
Fu Specified minimum tensile strength of connegetement, ksi
Fy Yield strength of connecting element, ksi
g Transverse center-to-center spacing (gage) leatbelts, in.
n Number of bolts in a row
P1 Tributary length based on AISC provisions (gee
P2 Actual tributary length (edge of specimen tddte of bolt spacing)
p Tributary length
Pe Equivalent length

Prmax Maximum calculated experimental value for tributbnygth
Q Multiplication factor for available tension f&c
q Additional tension bolt force due to prying actiforces, kips/bolt

Oexp Experimental prying action forces, kips/bolt
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Experimental tensile force per bolt, kips

Maximum calculated experimental bolt force
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Maximum calculated experimental value for the
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available tensile strength for a given thicknesmorimizes the

thickness required for a given bolt available tensirength
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Chapter 1: Introduction

1.1. Background

WT shapes are used in a variety of steel connexti@ammon applications for
WT shapes are beam-to-column connections, bearohima moment connections,
diagonal braces, and hanger connections [1]. Wneflanges of a WT shape are bolted
to a column, beam, or base plate, and the WT shaps are pulled in tension opposing
the bolted connection of the flange; a phenomemawk as prying action can occur [2,

3.

Figure 1.1-1: Deformed Shape with Prying Forces.
Studies such as Thornton [4], Swanson [5], SwaasohGao [6], Swanson and
Leon [7], Zoetemeijer [8], Naket al.[2], Nair et al.[9], Dowswell [10], Wheeleet al.
[11], and Willibaldet al[12] have been performed and refined since the '$9&0ich
theorized how to calculate and predict the resgltirying forces in a WT shape. Those

same studies have also shown that WT shape baltetections can be significantly
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affected by prying forces and the ultimate capaeitthe connection should be checked

with prying forces.

When there are large enough tensile loads on adpes three yielding
conditions can occur. The first yield conditiomststs of the bolts elongating while the
WT shape’s flange remains stiff (Figure 1.1-2).eBecond yield condition is when a
deformation (single curvature) among the WT shégrege occurs between the bolted
connections, which then create a prying force (fagul-2). With the second yield state,
the deformation location starts within the gagéastise of the two bolts parallel with the
WT shape cross-section. As the connected boltis beyield, the deformation distance
expands from the gage distance to the outer edgech bolt, towards the flange tips
(Figure 1.1-2). The third yield condition consiefsdeformation at the web edge in
addition to that of the bolt line (double curvafurén the third yield condition the prying
forces are maximized with the increased WT shajte’'ge deformation. As the flange
begins to yield, plastic hinges begin to devel8pvanson’s [5] research indicated that the
two developing plastic hinges occur at the locatioted as b’ (Figure 1.1-2) and a
distance of half the radius of the fillet from tlveb edge. The typical failure modes in
the third yield condition are bolt failure and/tarfge-to-web member failure. Since the
flange of the WT shape is experiencing a large arhofideformation due to yielding,

bolt failure will most likely occur first.
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2T

BOLT FAILURE, STIFF FLANGE ¢.= 0 FLANGE &BOLT FAILUREO< o< 1 BOLT/WEB FAILURE AFTER FLANGE YIELDING,
a>1

Figure 1.1-2: Yielding Limiting Conditions [12].

The connecting bolts experience axial and bendingek simultaneously when
prying action occurs. When the WT shape flangensetp yield, bending moments
develop throughout the flange of the WT shape, Wwhiegvelops bending in the
connecting bolts. The location of the bending motmare maximized at the location b’,
shown in Figure 1.1-3. A moment diagram for therenWWT shape flange can be seen in

Figure 1.1-3 [10].

27
i a i b /ﬁwk b ‘ a' i
i ; I
q T+q M m T+q q
asM

Figure 1.1-3: Prying Action Moment Diagram [10].
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By observing the moment diagram across the flahges in Figure 1.1-3, and
the deformed shape shown in Figure 1.1-1, it resemithe shape of a deformed fixed-
fixed connected beam element which contradicts Ypanotl McGuire’s [13] research
where it was assumed the WT shape acts like a gisyplported beam where the bolt

lines are the simple supports.

The flange thickness of the WT shape is perhapsibst critical piece of the
prying action analysis. If the flange is suffidigrstiff, the deformation of the flange will
have little effect and the bolt deformation willntool. If the flange lacks sufficient
stiffness, the bolt and WT shapes limitations Wwith have to be evaluated [1]. Some
limit states that could occur are the fracturinghaf bolts and/or web of the WT shape

and flange deformation failure [14].

1.2. AISC Provisions

There are two ways to design a WT shape’s conneutith regards to prying
action. The first way is to design the member aitbufficiently thick flange so that
prying action forces are negligible. Figures 1.2nt 1.2-2 show a WT shape with bolt
hole locations noted by variables. The same viasadre noted in the AISC [3]
provisions when determining prying forces. Thiswk for variability between

applications.
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Figure 1.2-1: Prying Action FBD [3]. Figure 1.2-2: B&pacing [3].

The minimum flange thickness of a WT shape wheygrforces are negligible

may be calculated as [3]

— (1)

where kinis the minimum flange thickness, T is the requsadngth per bolt in kips, b’
is the location of max bending moment and tensited within the connecting bolts, and
Fu is the maximum tensile strength of the conneetenhent, the tributary length, p, is
limited by using the maximum of 2b and the bolt@pg, s, where b is the distance from

web face to bolt cent¢B]. This is expressed as

(2)

unless tests indicate a larger length can be us¥d |
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The second way to design a WT shape connectionpmiing forces is to include
the prying forces and check the limit states ofMHE shape and bolt capacities. When

checking the connection with prying force, the tensn the bolt, T, can be expressed as
— 3)
and
$
y e 1 (4)

where is the LRFD reduction factor, t is the WT shagd&age thickness, is the ratio
of the net length at the bolt line to gross lergjtkthe face of the stem or leg of an angle,
and ' is the lesser of two values [3]. The values quBtion (4) are defined in the

following manner:

'=1.0if >1=the lesser of 1 ar§‘d&7+ if <1, (5)
- = (6)
§‘){§- + (7)
(8)

and

)1 2+ )341 2+ 9)
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In Equation (9), a’ is based on the minimum of twmat states where a is the distance
from the bolt centerline to the edge of the flatigeb is the distance from the bolt

centerline to the face of the web, andgithe bolt diameter.

If it is determined that, < t, the preliminary thickness of the flange is
satisfactory and prying forces are negligiblet 4fty, then a thicker flange is required to
prevent prying forces from occurring. To determiime maximum allowable bolt force,

the acting prying force, q, will need to be detered. The prying force, q, is calculated

as
5 67 )+, (10)
where
I a1)
and
B2y > (12)

is the ratio of the moment at the bolt line to thement at the face of the tee stem, and
shall be greater than zero but < 1.0. The flahggkmhess ¢is the minimum required to
develop the required design tensile strength obtiits [3]. When is equal to zero, no
moments are generated within the flange; thus,ryimg action exists on the connection.
When is equal to 1, the bolt capacities are governirggdonnection. Whenis

between zero and 1, the combination of flange dedtion and bolt capacity are acting
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together. Realistically, cannot be greater than 1, but some studies useng 1
theory have been presented [5]. If, for instameepuse > 1, then the prying forces in
the each bolt would be larger than that ef 1, where the bolt capacity governs. The

resulting total bolt forces are the applied loagsphe prying force [2, 9].

There are alternative ways to determine bolt stterighe WT shapes are known.
This follows a similar approach with slightly difemt provisions. Instead of using the
flange thickness limits and strength requiremensg, can take the selected size and
determine a value of Q, which is a reduction factdihe nominal bolt capacity. The

available tensile capacity o Liane Can be determined by

020"@0 @A6B (13)

which is taking the maximum tensile strength pdt &od multiplying it by a reduction
factor to determine an available tensile capaagylwlt. Instead of using 0 << 1, an
alternative ’ is used with the same limits of 0 €< 1. A similar set of three limit states
apply, only with respect to bolt available tensiteength [3]. One exception to the rule is

that ’ can be greater than 1 and is as follows,

&

—\ 8
%’ (_)_+ 7 (14)
B , CDEF GH, (15)
B)—+ %1 (CDEFH , | (16)
8

B ) —+ %1 (CDEF I, | (17)
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where ' is a value used to maximize the bolt tensilergjth for a given flange thickness
or minimize the required flange thickness requiggcany given available bolt tensile

strength. The reduction factor, Q, is based orithié states of .

1.3. Bolt Pre-Tensioning

Bolted connections are typically pre-tensionede Téquired pre-tensioning
forces are based on bolt diameters [3]. When din@ecting bolts are pre-tensioned
some initial elongation occurs. If the appliedsi&loads are larger than the pre-
tensioned loads additional elongation of the cotingdolts will occur. When the
effects of prying forces are included, the elormatf the pre-tensioned bolts exists prior

to the tensile load exceeding the pre-tensionetifoxe.

The approach taken with regards to combined pripnges, pre-tensioned bolts,
and applied tensile loads are as follows. As piied forces are generated,
approximately 5% to 10% of the applied forces aideal to the pre-tensioned bolt forces
[1]. The increasing applied load is changing tbetact pressures between the
connecting plates [1]. The ratio of the increasapglied load to the decreasing contact
pressures are directly related to the relativéngtffises of all members involved in the
connection [9]. When the plates begin to sepapteng forces will occur if the flange
is not sufficiently stiff. When the connected meardbbecome completely separated, the
bolt forces become equal to the applied load watlasulting prying forces [9]. The
results are similar to that of the three yieldiogditions mentioned earlier. The resulting
bolt force can then be taken as the pre-tensiooe fplus the prying action force. From

previous studies by Kuladt al.[1], Nair et al.[2], Nair et al.[9], and Willibaldet al.
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[12], the ultimate load capacity of the bolts anaffected by the value of the pre-

tensioning force, with or without prying forces.

1.4. Objective

Studies by Thornton [4], Swanson [5], Swanson aad [6] Swanson and Leon
[7], Zoetemeijer [8], Naiet al.[2], Nair et al.[9], Dowswell [10], Wheeleet al.[11],
Willibald et al.[12], and Kulaket al.[15] have been done throughout the years regarding
prying action and what limit states are to be cbesd. Those studies have lead to the
current AISC [3] design provisions. Although prgiaction has been studied since the
1950’s, most of the past studies conducted withnadgyto the bolt spacing perpendicular
to the applied load have resulted in a varietyestiits and in some cases changes in bolt
spacing has not been considered. Studies by Swgbs@oetemeijer [8], Dowswell
[10], Thornton and Kane [16], have indicated sofffieces that bolt spacing has on the

prying action force.

The current research initiative will consider tHieets of prying action forces
with regards bolt spacing as well as investigatirggcase where> 1. Using the
provisions from AISC [3], the prying forces genexhbased on the selected specimens

will be calculated and compared to experimentalltes
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Chapter 2: Literature Review

2.1. Bolt Spacing Limitations

A variety of theories have been developed regardoigspacing and associated
limitations. Whether the bolt spacing is negleded is assumed that each bolt acts
independently, or if the bolt spacing is used touwate an equivalent length to be used
for the prying force calculations, there has narbany conclusions regarding the effects
on prying action. AISC [3] has provisions develdfxy Dowswell [10] that limit the bolt

spacing distance to determine an equivalent leqgtim, the prying force provisions.

Dowswell [10] compared the various design methbéstized since the 1950's.
Different theories were indirectly mentioned on htmaandle bolt spacing. The theories
focus on the tributary width and equivalent lengincepts, which then determined the
bolt spacing limits. AISC [17] has provisions figtermining the limit states of tension
rupture and flange bending with regards to pryicigpa forces of bolted connections.
Dowswell [10] stated, “The AISC 13edition Steel Construction Manual was only valid
for fittings with limited bolt spacing and edge tdisces.” It was also mentioned that the
AISC [17] did not provide guidance on how to deterenequivalent length of fittings

with large bolt spacing [10]. Hence, the limitatiof p = max 2b but < s, resulted.

Using Equation (2) for the bolt spacing limit wasdsto be slightly conservative
for certain applications, and very conservativedetermining the WT shape’s flange
strength in bending [10]. The design method predidy Dowswell [10] states that his

methods could be applied to applications with ldygk spacing and edge distances [10].



26

Strain hardening was ignored in Dowswell’s [10]idagheory; therefore, the connection

capacity would likely be larger than that of thécodated values.

The equivalent length method was developed by Zoeifer [8]. Zoetemeijer’s

approach was a simplified approach and the equivéeagth provision is

I~

1=, (18)

~|8

where pis the equivalent length and s is the bolt spaciBg observation, Equation (18)
would be taking the same limit found in Equatiopf(@m AISC [3] provisionswith

some additional factors added to the distance fyolhcenterline to flange edge, and the
bolt spacing. Zoetemeijer’s [8] equivalent lentthory takes in to account the actual

bolt spacing with no limitation.

The equivalent length idea was revisited by Thorretnd Kane [16]. The average

equivalent length is

L%& (" '0
po L0 (19)

where n is the number of bolts along the membeagtlenEquation (19) also takes into
account the actual bolt spacing like Equation @s8yvell as the number of bolts within

that row.

Both equivalent length provisions could be therdusehe prying action
provisions in AISC [3]. Dowswell’s publication, “Xield Line Component Method for
Bolted Flange Connections,” shows that the pryorgds on the outermost bolts take

significantly more force than that of the innertsptherefore, the inner bolts can be
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neglected [10]. Because both Equations (18) a8l{ave actual bolt spacing included,
they do not take into account the fact that theontost bolts experience the highest
prying force. The limitations for Equations (18)da(19) would be to use the outer most

bolt spacing while ignoring the inner bolts if mahan two bolts exist in a given length.

AISC [3] utilizes its bolt spacing limit, for tributary letigp, because the design
guidelines are based on each bolt independentyetbre, the limit of p = 2b max but <
s, would be accurate. Dowswell [10] states thagwie bolt spacing is larger than that
of the equivalent lengthpthe equivalent lengths act independently of edhbr,
resulting in the limit of p = 2b max but < s. Téguivalent length limitations Dowswell

[10] used were
M%1( G AGNVM% 1 ( . (20)

Dowswell [10] mainly focused on the design methadddl on yield line theory,
but mentioned and showed sample calculations ontb@alculate the equivalent lengths
for various bolt spacing conditions. All the ecalent length calculations Dowswell [10]

showed were limited by Equation (20).
2.2. Alpha ( ) Considerations

One of the key components of determining the mageiof prying force is
related to alpha and the moment generated in theshepe’s flange. The moment

provision derived from statics is [1]

%l (O . (21)
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Prying forces are zero at< 0, are maximum when> 1, and when 0 < < 1 the
prying forces are limited by the WT shape’s flafty@]. Another way to understand>
1, Swanson [5] indicated that if the connectingdate stiff enough the flange can act
like a fixed-fixed beam in double curvature. Whbkea value of < 0 the flange
physically lifts off the connected base and thadkis in single curvature [5]. In the
case where < 0, the prying forces are zero which makes tme sfithe bolt tension

forces equal to the applied load.

Thornton [4, 18], Kulalet al.[1], Swanson and Gao [6], and Natral.[2], Nair
et al.[9], have stated that>1 can physically not exist, becauserépresents the ratio
between the moment per unit width at the centedirtbe bolt line and the flange
moment at the web face [4].” However, Swansorirjjcated that > 1 may exist,
potentially up to a value of = 2. Even though having a value o1 is outside the
physical range of 0 < < 1, Swanson [5] shows specimens that experienake@s of >
1. Swanson’s [5] results show that many WT shapeerienced bolt failure along the
line segment EB shown in Figure 2.2-1, which hadlae of 1 < <2 [5]. Itwas
believed that it was possible due to flange dugtdind strain hardening within the flange
[5]. When the flange begins to yield and the jptasinges develop, the prying forces are
still increasing and being transferred in to thédoWith the developed plastic hinge at
the location b’, the increased forces are credigrgding moment within the flange but

are unable to transfer to the web. Thus, the momign continues to increase.
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Bolt Force vs. Flange Thickness
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Figure 2.2-1: Bolt Force versus Flange Thickness thi Regards to [5].

The fact that Swanson'’s [5] research showedlues greater than one were

developed in experiments, the max limitation fer 1 may not be appropriate. Since

using a value for > 1 results in higher prying forces, the actudligashould be

considered for design purposes.
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Chapter 3: Hypothesis

The hypothesis for this research initiative is tnaincreasing the bolt spacing
parallel to the stem in WT shapes the prying fomisdecrease. The WT shape’s
flange will experience deformation along its cresstion and orthogonal length as

illustrated in Figure 2.2-2.

Figure 3-1: Cross-Section and Orthogonal Prying Fazes.

3.1. Bolt Spacing Considerations

When considering the limitations for the five bgtacing dimensions selected for
analysis, the prying forces were computed for glieg force of 100 kips. Table 3.1-1
shows the results for the selected bolt spacingjjeploads, and resulting prying forces.

Complete calculations are shown in Appendix B.
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AISC 14th Edition Provisions
Bolt Spacing Max 2b 0< <1 Prying Force| Bolt Force| Applied Forge
(in) p<s(in) (kips) T (kips) (kips)
1.5b 5.25 5.25 1.000 9.848 34.848 25
2.0b 7.00 7.00 0.991 13.616 38.616 25
2.5b 8.75 7.00 0.991 13.616 38.616 25
3.0b 10.50 7.00 0.991 13.616 38.616 25
4.0b 14.00 7.00 0.991 13.616 38.616 25

The results indicate that when the bolt spacingeds 2b the prying force, g, had

no change in magnitude. Table 3.1-2 shows thengrigrce, q, beyond the limitation of

2b, where the actual tributary length was usede rBisulting prying forces diminish as

the bolt spacing increased beyond 2b due to theased tributary length.

Table 3.1-2: Prying Forces for Actual Tributary Length.

Tributary Length Used - AISC 14th Edition Provisions
Bolt Spacing p 0< <1 | PryingForce| BoltForce| Applied Forge
(in) (in) (kips) T (kips) (kips)
1.5b 5.25 6.13 1.000 11.79 36.79 25
2.0b 7.00 7.00 0.991 13.616 38.616 25
2.5b 8.75 7.88 0.745 11.674 36.674 25
3.0b 10.50 8.75 0.552 9.732 34.732 25
4.0b 14.00 10.50 0.272 5.848 30.848 25

Based on the values presented in Table 3.1-1 abl& Bal-2, it is reasonable to

expect the prying forces to diminish slightly as tholt spacing increases due to an

increase in tributary length.

Prying action forces are based on the WT shapa’my# deformation starting

between the gage distances and continuing towhedange tip, which results in flexure
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within the flange. As the bolt spacing increasles, WT shape’s flange may exhibit
deformation along its length between the boltsother words, the WT shape would
have deformation along its cross-section and leagtiultaneously. With the
deformation of the WT shape along its length, add&l prying forces may occur. Since
the b’ distance, with regards to the WT shape’gtlenwould be expanding with bolt
spacing, the additional prying force may be rek{ivow. From combined cross-
sectional and orthogonal flange deformation, tiselteng prying forces will fall between
the AISC [3] values when using the bolt spacingtitions and the AISC [3] values
when using the actual tributary length. Table 3dhows the range of prying forces as

tributary length varies.

Table 3.1-3: Prying Forces along Cross-Section ar@rthogonal Length.

WT Fange Deformation along Cross-Section and Orthgonal Length
Bolt Spacing| Max2b p Prying Force  Prying Force  Prying Force Range
(in) p<s (in) (in) (kips) (kips) (kips)
Limit No-Limit

1.5b 5.25 6.13 9.848 11.79 9.848<q<11.79
2.0b 7.00 7.00 13.616 13.616 13.616 <q <13.616
2.5b 7.00 7.88 13.616 11.674 11.674 <q<13.616
3.0b 7.00 8.75 13.616 9.732 9.732<q<13.616
4.0b 7.00 10.50 13.616 5.848 5.848.<0<13.616
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3.2. Alpha, , Considerations

If the calculated value of is greater than 1.0, and that value is used in the
solution for the prying force in Equation (8), ttesulting magnitude of the prying force
would exceed the limit of 0 << 1. When using those same provisions to caleulat
values for this research, it was found that whenbblt spacing equals 1.5bresults in a

value of 1.777 as shown in Table 3.2-1.

Table 3.2-1: Prying Forces for 0 < < 2.

Limit 0 < <2 Used - AISC 14th Edition Provisions
Bolt Spacing Max 2b 0< Prying Force| Bolt Force| Applied Forcp
(in) p<s(in) (kips) T (kips) (kips)
1.5b 5.25 5.25 1777 17.499 42.499 25
2.0b 7.00 7.00 0.991 13.616 38.616 25
2.5b 8.75 7.00 0.991 13.616 38.616 25
3.0b 10.50 7.00 0.991 13.616 38.616 25
4.0b 14.00 7.00 0.991 13.616 38.616 25

The prying force magnitudes when the bolt spacmgaés 1.5b were then
compared between Table 3.1-1 and 3.2-1. The cosgpashowed prying forces of
11.79 kips and 17.499 kips, respectively. Basethertalculated values ofand
corresponding prying forces, as well as the tegédges from Swanson [5] which showed
failure modes resulting with values greater than 1.0, it would be reasonabéxpect
experimental prying forces to fall within the cdlted ranges, 11.79 Kips sxgI< 17.499
kips, where 1.0 <eyp < 1.777 because of the varying values of boltdawith respect to

flange thickness for different values af
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3.3. Combined Tributary Length and Alpha, , Considerations

Even though the main focus of the research is hoceatrate on the effects of
prying action forces with regards to bolt spacimggecondary consideration will be to see
how the bolt spacing values relate tolt was discussed previously that the bolt sgacin
has an effect on the amount of prying action fgeeerated within the bolt. It was also
shown how the prying force varies when using AlS{provisions for bolt spacing
limits and using > 1. To continue with the comparison, it wouldvadid to consider
the prying forces generated with regards to boghbibit spacing limit and limits being
neglected for analysis purposes. The only chaakgntwith regards to the AISC [3]
provisions are using the actual tributary lengtti an Table 3.3-1 shows the varying

prying forces generated within the bolt based @ tineory.

Table 3.3-1: Prying Forces for Actual Tributary Length and 0 < < 2.

Tributary Length and 0 < <2 Used - AISC 14th Edition Provisions
Bolt Spacing p 0< Prying Force| Bolt Force| Applied Force
(in) (in) (kips) T (kips) (kips)
1.5b 5.25 6.13 1.3195 15.557 40.557 25
2.0b 7.00 7.00 0.991 13.616 38.616 25
2.5b 8.75 7.88 0.745 11.674 36.674 25
3.0b 10.50 8.75 0.552 9.732 34.732 25
4.0b 14.00 10.50 0.272 5.848 30.848 25

The only value for greater than 1.0 in Table 3.3-1was the first bpécing,
1.5b, which had a tributary length of 6.13in andchlue for =1.3195. The remaining
bolt spacing had values forwithin the AISC [3] limits. In order to betterusty the
effects of > 1 the applied load would have to be increaseble 3.3-2 shows the

effects of the increased applied load.
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Table 3.3-2: Prying Forces for Actual Tributary Length and 0 < < 2.

Tributary Lengthand Limit 0 < <2 - AISC 14th Edition Provisions
Bolt Spacing p 0< Prying Force| BoltForce| Applied Forcg
(in) (in) (kips) T (kips) (kips)
1.5b 5.25 6.13 1.715 20.222 49.222 29
2.0b 7.00 7.00 1.374 18.280 48.363 29.5
2.5b 8.75 7.88 1.15 18.087 48.587 30.5
3.0b 10.50 8.75 0.983 17.311 48.811 315
4.0b 14.00 10.50 0.733 15.759 49.259 33.5

With increasing the applied load up to the boltitgnthe first two bolt spacing,
1.5b and 2.0b, had values for 1.715 and = 1.374, respectively. The bolt spacing
beyond 2.0b had values forfall within the AISC [3] limits. What is interasg about
the analysis is that the two bolt spacing valueewhad > 1 were within the bolt
spacing limits. By that observation, using thauatvalue for would be more

conservative than using the limit afax= 1, which resulted in a less conservative value.

With the comparison done with regards to usingatteal tributary length and
the calculated results have shown some interestiiegts. To see how the experimental
data relate to that of Tables 3.3-1 and 3.3-2 naasgela direct or indirect impact on how

the limits for bolt spacing, tributary length, andould be modified.
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Chapter 4: Experimental Process

4.1. Introduction

Specimen testing was performed at the Constru&mence and Engineering
Center (CSEC) at the Milwaukee School of Engingp(MSOE) to determine the effects
of prying forces on the connecting bolts of a Wastis flange-to-base plate with
regards to bolt spacing. The tested bolts werteumsented with strain gages. Three
Linear Variable Displacement Transducer’'s (LVDT)revesed to measure deformations
at different locations. A tensile force was apghlie the specimen and the bolt strains,
member flange deformation, member bending defoomatind total axial deformation
was recorded. One WT size was used with varyingdpacing to provide a common

comparison of tensile bolt forces.
4.2. Specimen Selection

The first step in the development of the experirakemrogram was to select an

appropriate shape for testing.

First, the connection limitations and calculatitve$ween the WT shape’s web
and actuator had to be checked so failure wouldoodar during testing. A total applied
load of 100 kips was assumed. The following list#ttes apply to the connection from
the WT shape’s stem to the actuator: stem yielditegn fracture, connecting bolt double
shear failure, block shear within the stem, beaohlgolts within the stem. Yielding of
the WT shape’s stem at the connection governecianoshimum stem thickness qf £
0.333in. resulted. The final check was the terfgillure of the connecting bolts of the

WT shape flange-to-base plate. Complete calculatc@n be found in Appendix A.
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With the minimum web thickness of the WT shapedeined the next step was
to select the shape. The WT shape was selected bashe AISC [3] provisions for
prying action, with a minimum web thickness p£t0.333 in. A WT6x32.5 was

selected. The calculations for prying force caridamd in Appendix B.

With the WT shape selected, the next step wasterméee the bolt spacing to
use for evaluation. The AISC [3] provision for pry force bolt spacing shown as
Equation (2) was used in conjunction with pryingccalculations to determine a
reasonable spacing. Since the AISC [3] bolt sgapnovision limits the spacing to a
maximum of 2.0b, it was determined that the bo#tcépg should be based on the 2.0b
limitation. With that consideration, five bolt spags were considered: 1.5b, 2.0b, 2.5b,
3.0b, and 4.0b. Appendix C shows the shop dranafgsch specimen. It is expected
that the bolt spacing being based on a factor@j ®ill bring about a favorable
comparison to calculated capacities, since the A @rovision is limited to 2.0b. The
prying action analysis was re-calculated with ttigetent bolt spacing to validate
applicability. The calculations of the various tgpacing can be found in Appendix B.
With the WT shape specimen and bolt spacing deterahithe next step is to describe the

experimental setup.

4.3. Experimental Setup

The test setup used is illustrated in Figure 4.3te column frame is capable of
resisting axial forces in excess of 100 kips. frhene consists of two wide flange

columns with holes drilled in the flanges to accomalaie various testing setups. The
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horizontal components of the test frame consistéd@ sets of channels, also shown in

Figure 4.3-1.

COLUMN FRAME

|
0o UPPER CHANNELS
LOWER CHANNELS

Figure 4.3-1: Column Test Frame System.
An actuator capable of producing an applied loaekicess of 100 kips was
placed between the upper two back-to-back chaneisupper and lower plate was
connected to hold the actuator between the tworadiarand was connected using four

threaded rods as illustrated in Figure 4.3-2. @dlaell capable of recording up to 100
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kips was located on the top of the actuator abbgeipper channels. A large steel plate
was placed on the top side of the load cell and/aii threaded rod ran through the
center of the actuator and load cell which was twmected on the very top of the upper
steel plate as seen in Figure 4.3-3. Figure &Bedvs the lower portion of the actuator

connecting plate.

LOAD CELL

— UPPER ACTUATOR
CONNECTING PLATE

~ ,— ACTUATOR

.:7 5%
g

L esn P /
Hd’u-o-cvl'"" bt
%' ¥

)

(4) 3/4" THREAED ROD
-CONNECTING UPPER-
TO-LOWER ACTUATOR

R ——— . =
bl m —
g —— =

.....

Figure 4.3-2: Actuator Location.
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UPPER ACTUATOR
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Figure 4.3-3: Upper Connection of Load Cell and Aatator.

LOWER ACTUATOR
CONNECTING PLATE

11/4" THREADED ROD

UPPER CHANNELS

P

(4) 3/4" THREAD RODS M
-CONNECTING UPPER - |
TO -LOWER ACTUATOR
PLATES

Figure 4.3-4: Lower Connection of Load Cell and Aatator.

40
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k N0,
- UPPER ACTUATOR
CONNECTING PLATE

ACTUATOR BETWEEN £ UPPER CHANNELS
CHANNELS

LOWER ACTUATOR 11/4" THREADED ROD
CONNECTING PLATE

Figure 4.3-5: Full Assembly of Actuator and Load C#.
The lower portion of the threaded rod was connetdexlsteel connection

assembly, is capable of transferring forces in sxcé# 100 kips.

The base plate was designed to withstand loadiegéess of 100 kips and was
intentionally designed to be very stiff in ordembinimize deformation. The base plate
was located on the lower channels. The base gédditen the top portion of the lower

channels and a bottom steel plate was locatedeohdtiom side of the lower channels.
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The two plates were connected by four threaded rétisure 4.3-6 shows the base plate

assembly and the steel connection assembly traimgféorce from the actuator.

11/4" THREADED ROD

CONNECTION

ASSEMBLY \

CONNECTING BASE
PLATE

BASE PLATE AND LOWER
CONNECTING PLATE
BOLTED WITH (4) 3/4"
THREADED ROD

LOWER CHANNELS

Figure 4.3-6: Base Plate Assembly and Connection gembly.

The WT6x32.5 was placed on the base plate andreehtd@he web of the
WT6x32.5 was connected to the connection assemiighwvas located on the lower
portion of the 1 ¥ in threaded rod. Three A490Xatholts were used to make that

connection. Figure 4.3-7 shows how that connectiag prepared.
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When the WT6x32.5 was centered on the base ptaie A490X bolts were used
to connect the WT shape to the base plate. Twieofour bolts were instrumented with
strain gages to measure the strain in the bolisgltesting. The fully bolted assembly

of the WT shape to the base plate and actuatocande seen in Figure 4.3-7.

Figure 4.3-7: Fully Bolted Assembly of WT6x32.5.
The purpose of measuring the strains in the comebblts was to determine the
experimental stresses which could then be convartedolt forces. When comparing
the bolt forces to the applied load, the pryingéocould then be determined and a

comparison of the five specimens could be performed

In order to instrument the bolts, the A490X bolerg/placed into a lathe and a
5/64 in drill bit was used to drill a hole 1 % d@eep into the center of the bolt. The

bottom of the strain gage was placed at a depihtéfin. A high strength adhesive was
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used to secure the strain gage in the A490X bdlfspendix D shows the installation
procedure which was provided with the strain gagégure 4.3-8 illustrates an

instrumented bolt.

Figure 4.3-8: Instrumented Bolt.
In addition to the instrumented bolts, the othdaadd which to consider
measuring during the experiment was the deformatforarious points of the specimen

during loading.

Utilizing LVDT's, three locations of consideratiovere chosen to measure. The
first location measured the total deflection of #utuator during testing and was noted as
“Top LVDT.” The second was to measure the deftectf the WT6x32.5 stem, which

gave the deformation of the WT6x32.5 flange duprtong action effects during the
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experiment and was noted as “Stem LVDT.” The thochtion was centered between
the bolt spacing, which gave the WT6x32.5 flangiedton in the WT6x32.5 center and
was noted as “Flange LVDT.” Figure 4.3-9 showsdbmplete experimental setup prior
to testing. Plaster of Paris was applied on adpecimens to show stress patterns in the

flange. Schematic drawings of the experimentalgsean be found in Appendix E.

Figure 4.3-9: WT6x32.5 Complete Setup.

4.4. Experimental Procedure

After the experimental setup was complete, a chistlwas used to confirm
consistency between specimens and helped elimenaies within each experimental
test. Appendix F shows the checklist that was lsfdre each experiment was
performed. Before the experiment began, the expaial setup portion of the testing
protocol checklist was verified. Once everythingsvwehecked, the procedure went as

follows.
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LabVIEW software was used to collect the data dutive experiment. The two
strain gages, three LVDT’s, and load cell werecatinected to the computer which was
running LabVIEW. The strain gages had gage faattish were entered into LabVIEW
prior to testing. The three LVDT's used for thggperment were also calibrated prior to
testing. Once LabVIEW was running appropriately éxperiment was set to move

forward.

The first step of the procedure was to maintairueaay among each test. In
order to achieve that, the instrumented bolts weeetensioned. With LabVIEW
running, the two instrumented bolts were tighteastil their corresponding strains were
approximately 300 to 350 microstrain, which wasragpmately 3.8 kips to 4.4 kips.
Since two of the four bolts were not instrumentéd, non-instrumented bolts were
tightened approximately the same as the instrurddmiéts, which was judged by the
turn of the nut by the student tightening each.b®hose data were collected and will be

discussed in Chapter 5.

In order to run consistent tests between each secithree lab personnel were
used for each experiment, Richard DeSimone, Aldéarer, and Dr. Christopher Raebel.
The operator of the hydraulic pump pressed the tugton which initiated the actuator
and began increasing the load on the system. ddtewas applied slowly per the
judgment of the operator. The amount of load beinglied was observed and
instrumentation readings were verified. Connediaere verified and photographs were
taken during testing. When the applied load reda@pproximately 10 kips, the applied

load was held for about ten seconds to confirmyghigrg was going to protocol and all
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instruments were reading properly. For the rargéeoul5 kips, what was noted as a

system engagement period was occurring.

The system engagement period was when the uppdoaed back-to-back
channels were engaging themselves at their botirdexctions to the column frame.
Since the column frame bolt holes were slightlgéarthan that of the actual bolts, there
was some initial movement in the connection. Tystesn quickly engaged itself with
the applied load. The effects of the system engagé period are mentioned in Chapter

5 and further consideration of the system engageeftacts is addressed.

From that point, the applied load was slowly insezhuntil an applied load of
100 kips was reached. The load cell's capacilyrged to 100 kips; therefore the tests
were limited to 100 kips of force. If at any tidaring the experiment a failure would
occur, the actuator would be disengaged as quakiyossible, to prevent any personnel
injury or equipment damage. As the actuator reddi®® kips, pictures were taken to
capture the maximum deformed shape. Once thetactwas disengaged, the deformed
shape rebounded and lost a majority of its defaonanagnitude. At that point the
actuator was disengaged and was fully retractatestest specimen could be removed

and observed.

To finish up the experimental procedure, the spenimas removed from the
testing frame and stress patterns were observeglastdgraphed. The data collected
using LabVIEW were exported into a Microsoft Extild for further data analysis. The
process was repeated for all five specimens amaragepdata files for each were collected

and analyzed.
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Chapter 5: DataResults and Discussion

5.1. Introduction

From each performed experiment, two sets of data e@lected, the pre-
tensioning and testing data, which could then l@yaed. With the collected data, a
variety of graphs, graph comparisons, and photdgrapuld be used to discuss the
results, accuracy of the data, possible errorshamdthe hypothesis compared to the
resulting conclusion. In addition, all the plofgle experimental data are compared with
AISC [3] provisions, AISC [3] provisions but sulisting tributary length provision for

the actual tributary length, and AISC [3] provisiomt using the actual value of

The microstrain for the instrumented bolts willlsed to determine the stress in

each bolt during the experiment and is calculasdgu
%PQ(R S (22)

where is the measured strain during the experiment,tBeadvodulus of Elasticity of

the bolt, and is the resulting bolt stress.
From the bolt stress the bolt force can then berdebed by equation (23),
TS U (23)

where A is the gross cross-sectional area of thtentiaus the drilled hole for the strain
gage, and T is the bolt force in kips. With th&eakated bolt force and recorded applied

load, the prying force, g, can be determined as

W X YZNZ

vV U- 3 (24)
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The applied load is divided by four assuming eglistribution to all bolts.

Since the goal of this thesis is to determine ffexts of prying force with
regards to bolt spacing, the next logical setupld/ibe to determine the experimental
tributary length, since the tributary length is tiesis for the bolt spacing limitations
found in the AISC [3] provisions. Equation (25uised to calculate the experimental

tributary length as

7% 9
~ @

From the tributary length equation, a secondarsicmnation discussed in
previous chapters with regards to the ratio of muina¢ the bolt line to the moment at the

stem edge, also known ascan be calculated as

. (26)

=0 *Z L f; >.

The derivations of Equations (25) and (26) candumnd in Appendix G.

The data collected from the LVDT’s are in inched &me resulting values are

shown in plots of each specimen shown in Secti@n 5.
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5.2. Results

5.2.1. WT6x32.5 at Bolt Spacing 1.5b

As the experiment for specimen 1.5b was perforrtrenoticeable flange
deformation was observed and photographed. Fig@ré-1 shows the deformed shape

at the point of 100 kip applied load.

Figure 5.2.1-1: Deformed Shape for Specimen 1.5b 200 kips Applied Load.
Figure 5.2.1-2 shows the Specimen’s deformed shtipebeing removed from
the experimental testing frame. The noticeabkesstpatterns are illustrated in Figure

5.2.1-3.



Figure 5.2.1-2: Deformed Shape for Specimen 1.5b §eresting.

Figure 5.2.1-3: Stress Patterns for Specimen 1.5b.
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The stress patterns indicated in Figure 5.2.1u3titate how relatively small bolt spacing

interact with each other when prying forces areegated in the system.

There is a noticeable increase in bolt force dyaryong action and Figure 5.2.1-4
shows a plot of applied load versus bolt force.difidnal plots show the applied load
versus prying force as well as the bolt force verstying force. These plots can be

found in Figures 5.2.1-4 and 5.2.1-5, respectively.

Figure 5.2.1-4: Applied Load versus Bolt Force.



Figure 5.2.1-5: Applied Load versus Prying Force.
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Figure 5.2.1-6: Bolt Force versus Prying Force.

The plots are isolating the engagement zone dfetsteng frame, as mentioned in
the experimental procedure portion of the thesid,tae noticeable transition zone from
linear to non-linear portion of the plot. The &N zone is also indicating when flange
yielding begins to occur. Since the engagemeng z®the portion of the experiment
where the connecting elements of the test framergaging on each other, such as the
connecting frame bolts engaging against the bdédy@ slight deviation is noticeable in
many of the experimental plots. After further ddesation, the engagement zone could
also be representing the effects of pre-tensionedecting bolts. Even though the bolts

were pre-tensioned prior to each experimental fiallowed by zeroing the strain gages,
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the pretension forces are still in the system whmhld have also resulted in the plot
deviation. Since the prying forces were calculatsithg simple statics, a negative prying
force has resulted within the engagement zone. aif@unt of force in the engagement

zone is approximately the same value as that gbtedensioned force.

The effects of the deforming flange are occurrintha noted transition zones in
Figures 5.2.1-4, 5.2.1-5, and 5.2.1-6. To comptldrtiee previous Figures, Figures 5.2.1-
7 and 5.2.1-8 show the results of the effectivgtlewersus bolt force and the bolt force
versus alpha, respectively. The effective lengtingases linearly with the increasing bolt
force until the flange begins to yield. When tlange has fully yielded, the effective
length begins to decrease. The effective lengthedength of which the moment in the
flange is being distributed; therefore, a largéeaive length results in a smaller

moment.



Figure 5.2.1-7: Effective Length versus Bolt Force.
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Figure 5.2.1-8: Bolt Force versus Alpha.

When comparing Figures 5.2.1-7 and 5.2.1-8, a eabile transition zone occurs
at approximately 20 kips of bolt force. The effeetlength appears to peak around 25
kips of bolt force and a tributary length of approately 8.5 in. However, the maximum
tributary length does not occur at the maximum botl prying forces. Appendix G-8
shows a plot of effective length versus prying &rd he value of alpha, seems to be
dramatically changing from beyond 25 kips of boltce. This indicates that a fully
yielded and/or hinge formation of the WT flange basurred. The experimental value
for alpha, , peaks when the experiment is concluded at 100 ddijapplied load. The
resulting maximum bolt force average was measurdd.883 kips and an average peak

value for alpha of 1.398 was calculated.
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When taking into account the engagement zone daé\tbeem, a varying value for
the total prying force can be extracted. If thexmmum measured and calculated value
for prying force is not assumed to be the actupkemental maximum value for prying
force, but consideration for the engagement zonsesl, the correct approach would be
to evaluate the total change from the lowest measand calculated prying force to that
of the highest measured and calculated prying foByeconsidering this, 3 kips would
be added to the total prying force. This valual$® indicated in Table 5.2.1-1 and is

shown as grset

In addition to the applied force, bolt force, amglipg forces, deflection of various
points of the specimens are also be considered oDtihe key components that affect
the amount of prying force generated during theseirpent is the deformation of the
specimen flange. The deformation of the specinargé was captured by an LVDT
which was placed on the top of the stem. See Eig18-10 for the LVDT stem location.
Prying forces increase with increased flange de#ébion. Figure 5.2.1-9 is a plot of the

applied load versus deformation of the three LVDT’s
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Figure 5.2.1-9: Applied Load versus Displacement.

With the AISC [3] provisions determined prior tetieég, which were then
compared to that of the experimental data, somsoredle assumptions and conclusions
have resulted. The resulting measured bolt forag gveater than that of the AISC [3]
provisions. To follow the increased bolt forces tlesulting prying force was also greater
than that of the AISC [3] provisions. When deterimg the experimental tributary
length, it was found that the effective tributaepgth was much larger than that of the
AISC [3] provisions. The increased tributary lémgt not a cause for higher prying
forces since they do not occur at the same poiitigure 5.2.1-7. The secondary

consideration is that of alpha, Based on the calculations, the value for alphajas
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larger than that of the AISC [3] provisions. Basadthe experiment, the resulting bolt
force was similar to that of the AISC [3] provissoif the actual value for alpha, was
used. Even though the experimental bolt forcegwanilar to the AISC [3] provisions
with the exact value for alpha, the experimental values for alpha were lower tifen
initial calculations. This result is because tkperimental value for tributary length was
much higher than that of the AISC [3] provisioriable 5.2.1-1 shows a result summary
of the measured and calculated values for whidleisg analyzed and Appendix G

shows additional figures and plots for specime 1.5

Table 5.2.1-1: Experimental Results Summary Specimel.5b.

BExperimental Results Summary WT6x32.5 1.5b

Bolt 1 Bolt 2 Displacemernts
max 3144 Strain max 3301 Strain ActualOknax 0.860 in
max 91.174 ksi max 95.731 ksi Stenhax 0.239 in
Tnax 39.360 kips thax 41.328 kips Hangahax 0.067 in

Ohnax 14.373 kips B 16.340 kips

Chfset 17.373 kips [ 18.340 kips

Prax 8.174 in [Phax 8.578 in
max 1.121 Ratio max 1.506 Ratio

PreTension PreTension Applied Load
max  350.464  Strain max  347.206 Strain| Applied Loaghx 9995 kips
max 10.163 ksi max 10.069 ksi

Trnex 4.388 kips Thax 4.347 kips

NOTE: GisetiS the total change from the engagement zone to the
max recorded value. Taken from the Bolt Fordengng Force

Graph.
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5.2.2. WT6x32.5 at Bolt Spacing 2.0b

As the experiment for Specimen 2.0b was perforrttednoticeable flange
deformation was observed and photographed. Fig@r@-1 shows the deformed shape

at the point of 100 kip applied load.

Figure 5.2.2-1: Deformed Shape for Specimen 2.0b 200 kips Applied Load.
Figure 5.2.2-2 shows the specimen’s deformed shfipebeing removed from
the experimental testing frame. The noticeabkesstpatterns are illustrated in Figure

5.2.2-3.



Figure 5.2.2-2: Deformed Shape for Specimen 2.0b §eresting.

Figure 5.2.2-3: Stress Patterns for Specimen 2.0b.
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The stress patterns indicated in Figure 5.2.243tithte how the stress patterns have
become independent of each other, unlike thateispgen 1.5b. As mentioned in the
earlier portions of the paper, 2.0b is the maxinallmwable tributary length when

calculating prying forces according to AISC [3].

There is a slight increase in bolt force due tammyaction and Figure 5.2.2-4
shows a plot of the applied load versus bolt for&dditional plots show the applied load
versus prying force as well as the bolt force verstying force. These plots can be

found in Figures 5.2.2-4 and 5.2.2-5, respectively.



Figure 5.2.2-4: Applied Load versus Bolt Force.
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Figure 5.2.2-5: Applied Load versus Prying Force.
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Figure 5.2.2-6: Bolt Force versus Prying Force.
When comparing the experimental results to thabh@fAISC [3] provisions, the
experiment plots are indicating a lower value ofipy force. This indicates that the

AISC [3] provisions are relatively conservative.
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Figure 5.2.2-7: Effective Length versus Bolt Force.
Unlike specimen 1.5b, the maximum effective lengitrelates with the
maximum bolt and prying force. The experimentalits indicate a larger value of
tributary length than that of the AISC [3] provisg) but the resulting prying force is

lower than that of the AISC [3] provisions.
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Figure 5.2.2-8: Bolt Force versus Alpha.

Similar to that of specimen 1.5b, the AISC [3] getens indicate a value for
alpha at approximately 1.0, therefore comparingetiigerimental value for greater than
one should be considered. After reviewing the a@rpental results, the maximum value
for was much lower than that of the AISC [3] provisiaiue. Based on the amount of
prying force when compared to the AISC [3] prowspthe results are consistent with
one another. Since the remaining specimen showedles much less than one,
according to the AISC [3] provisions and the expemtal results, a discussion
comparing to the AISC [3] provisions for specimens 2.5b53.8nd 4.0b will not be

included but their respective plots can be foundppendix G.
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Figure 5.2.2-9 shows a plot of the applied loadusrdeformation of the three

LVDT's. The plot illustrates the point of whichafige yielding is beginning to occur.

Figure 5.2.2-9: Applied Load versus Deformation.
The results summary of the measured and calcwatlees for which is being

analyzed can be found in Table 5.2.2-1.



Table 5.2.2-1: Experimental Results Summary Specime2.0b.
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BExperimental Results Summary WT6x32.5 2.0b

Bolt 1 Bolt 2 Displacements
max 2543 Strain max 2447 Strain ActuatOfnax 0.694 in
max 73.741 ksi max 70.976 ksi SteMtex 0.176 in
Trmax 31.835 kips hax 30.641 kips Hang@ax 0.202 in
Chrax 6.847 kips Blax 5.656 kips
Opffset 8.847 kips 6lfset 8.156 kips
Prax 9.593 in Prax 9.883 in
max 0.337 Ratio max 0.264 Ratio
PreTension PreTension Applied Load
max  385.210  Strain max  365.350 Strain| Applied Loaghax 99.95 kips
max 11171 ksi max 10.595 ksi
Trmax 4.823 kips Thax 4574 kips

Note: Grsetis the total change from the engagement zone to the

max recorded value. Taken from the Bolt Forderyiing Force

Graph.

See Appendix G for additional plots for specimedib2.
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5.2.3. WT6x32.5 at Bolt Spacing 2.5b

Similar to specimens 1.5b and 2.0b, a photographtalen at the conclusion of
the experiment where the applied load is at 106.kkigure 5.2.3-1 shows the maximum

deformed shape and Figure 5.2.4-1 shows the detbsim&@pe post-experiment.

Figure 5.2.3-1: Deformed Shape for Specimen 2.5b 200 kips Applied Load.



Figure 5.2.3-2: Deformed Shape for Specimen 2.5b §eresting.

Figure 5.2.3-3: Stress Patterns for Specimen 2.5b.

12
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The stress patterns for specimen 2.5b are sinoiltivat of specimen 2.0b. The stress is

concentrated between each bolt.

There was a slight increase in bolt force due yangraction and Figure 5.2.3-4
shows a plot of applied load versus bolt force.difidnal plots show the applied load
versus prying force as well as the bolt force verstying force. These plots can be

found in Figures 5.2.3-4 and 5.2.3-5, respectively.

Figure 5.2.3-4: Applied Load versus Bolt Force.



Figure 5.2.3-5: Applied Load versus Prying Force.
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Figure 5.2.3-6: Bolt Force versus Prying Force.
When comparing the experimental results to thahefAISC [3] provisions,
results similar to that of specimen 2.0b have tedul The experimental values of bolt
and prying force are relatively lower than thathle AISC [3] provisions. Figure 5.2.3-6

shows some discrepancy between forces in boltaonddwo.
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Figure 5.2.3-7: Effective Length versus Bolt Force.
The experimental results indicate a larger valugibfitary length than that of the
AISC [3] provisions, but the resulting prying foriselower than that of the AISC [3]
provisions. The maximum bolt force occurs at agpnately the same point as the

maximum tributary length.

When observing Figure 5.2.3-9, the point of traasitor flange yielding, can be
seen, but indicates a relatively minor transitidiat would be consistent with the

amount of prying force generated.
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Figure 5.2.3-8: Applied Load versus Deformation.
The results summary of the measured and calcwatlees for which was being

analyzed for specimen 2.5b can be found in Talde35L.



Table 5.2.3-1: Experimental Results Summary Specime2.5b.
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BExperimental Results Summary WT6x32.5 2.5b

Bolt 1 Bolt 2 Displacements
max  2551.01  Strain max  2270.75  Strain ActuatOrax 0.721 in
max 73.177 ksi max 65.136 ksi Sternhax 0.122 in
Trnax 31.978 kips ax 28.464 kips Hangeax 0.136 in
Onax 6.990 kips Blax 3.477 kips
Chfiset 7.990 kips Gt 5.977 kips
Prax 9.250 in Prax 10.707 in
max 0.346 Ratio max 0.147 Ratio
PreTension PreTension Applied Load
max  350.464  Strain max  347.206 Strain Applied Loaghax 99.95 kips
max 10.1635 ksi max 10.069 ksi
Trax  4.44136 kips dex  4.40007 kips

Note: Grrsetis the total change fromthe engagement zone to the
max recorded value. Taken from the Bolt Forceryinng Force

Graph.

See Appendix G for additional plots for speciméesib2.
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5.2.4. WT6x32.5 at Bolt Spacing 3.0b, 4.0b

Specimens 3.0b and 4.0b had experimental resulyssirilar to one another.
Therefore, all plots will consist of specimens 3ablal 4.0b. The photograph taken at the
conclusion of the experiment where the applied isat 100 kips shows very little
flange deformation. Figure 5.2.4-1 shows the maxmueformed shape and Figure

5.2.4-2 shows the deformed shape post experiment.

Figure 5.2.4-1: Deformed Shape for Specimen 3.0b 200 kips Applied Load.



Figure 5.2.4-2: Deformed Shape for Specimen 3.0b §eresting.

Figure 5.2.4-3: Stress Patterns for Specimen 3.0b.
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The post-testing flange deformation and stresepattwere almost identical when
comparing specimens 3.0b and 4.0b. Only one ofwtbespecimens were shown due to

their similarities.

There was very little increase in bolt force du@itging action and Figure 5.2.4-4
illustrates this. Additional plots show the apgdliead versus prying force as well as the
bolt force versus prying force. These plots cafo@d in Figures 5.2.4-5 and 5.2.4-6,

respectively.

Figure 5.2.4-4: Applied Load versus Bolt Force 3.0b4.0b.



Figure 5.2.4-5: Applied Load versus Prying Force 8b, 4.0b.
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Figure 5.2.4-6: Bolt Force versus Prying Force 3.0.0b.

When comparing the experimental results to thah@fAISC [3] provisions, the
experimental values for bolt and prying force wenach lower. The very little prying
force is consistent with that of the noticeablesdrpatterns and minimal flange
deformation. The same type of bolt inconsistergtyvieen bolts one and two is observed

for specimens 3.0b and 4.0b, similar to that otspen 2.5b.
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Figure 5.2.4-7: Effective Length versus Bolt Force.
As in all the specimens, the experimental tributangth was determined to be much

larger than that of the theoretical, and the resylbolt and prying force were relatively

lower.

The plots of load versus displacement have resuitedattered data for the stem
and flange LVDT, the data seem to be rather irrguThis is likely due to the
displacement magnitudes being so small and appirgate limits of the LVDT

measurement capabilities.
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Figure 5.2.4-8: Applied Load versus Deformation.
Tables 5.2.4-1 and 5.2.4-2 show the experimensalliesummary for specimens
3.0b and 4.0b, respectively. In addition to theuhs summary, Appendix G shows

additional plots for specimen 3.0b and 4.0b indnaildly.



Table 5.2.4-1: Experimental Results Summary Specime3.0b.
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BEpermental Results Summary WT6x32.5 3.0b

Bolt 1 Bolt 2 Displacements
max 2147 Strain max 2124 Strain ActuatOhmax 0.655 in
max 62.273 ksi max 61.601 ksi Sterax 0.142 in
Tinax 26.884 kips Thax 26.594 kips Hang@uax 0.210 in
Onax 1.999 kips Blax 1.658 kips
Chfset 4.999 kips Glfset 5.658 kips
Prax 11.381 in Pax 11.504 in
max 0.080 Ratio max 0.065 Ratio
PreTension PreTension Applied Load
max | 389.519 Strain max  449.598 Strain Applied Loaghax 99.95 kips
max 11.296 ksi max 13.038 ksi
Trnax 4877 kips Thax 5.629 kips

Note: Grrsetis the total change from the engagement zone to the
max recorded value. Taken from the Bolt FordBrying Force

Graph.
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Table 5.2.4-2: Experimental Results Summary Specime4.0b.

BExperimental Results Summary WT6x32.5 4.0b

Bolt 1 Bolt 2 Displacements
max  1929.05 Strain max | 2268.09  Strain ActuatOfax 0.658 in
max 55.942 ksi max 65.775 ksi Stenfhax 0.126 in
Trnax 24.151 kips hax 28.395 kips Hangehax 0.258 in

Cpnax -0.002 kips Blax 3.408 kips

Chfiset 1.498 kips Gt 4.908 kips

Prmax 12.642 in Pax 10.827 in
max -0.030 Ratio max 0.143 Ratio

PreTension PreTension Applied Load
max  387.695 Strain max | 355.769 Strain| Applied Loaghax 99.95 kips
max 11.2432 ksi max  10.3173 ksi

Trax 485375  kips Fox 445405  kips

Note: GsetiS the total change fromthe engagement zone to the
max recorded value. Taken from the Bolt Forderying Force

Graph.

5.2.5. WT6x32.5 Specimen Comparison

With the experimental analysis and calculationggoered on each individual

specimen a comparison of the specimens to eachwilh@rovide a better illustration of

the behavior of prying forces with regards to lsplacing.

Table 5.2.5-1 shows the maximum experimental loottef and prying force. The
table also shows consideration for the offset giny force which can be seen on the bolt

force versus prying force graphs for each specimen.
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Table 5.2.5-1: Experimental Results Summary WT6x33.

Experimental Results Summary WT6x32.5
& ( &(

o
#$$% I "#8$%

Figures 5.2.5-1, 5.2.5-2, and 5.2.5-3 show theatians of applied load, bolt
force, and prying force of the five Specimens. Pphgng force offset values are values
taken from the plots of prying force, bolt forcedaapplied load. If these values are
considered, the resulting prying force would bgltly larger than that measured and

calculated experimentally.
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Figure 5.2.5-1: Applied Load versus Bolt Force of ASpecimens.
By observing Figure 5.2.5-1, specimen 1.5b expes&dra larger amount of prying force.
Specimens 2.0b and 2.5b experienced magnitudeyimigprand specimens 3.0b and 4.0b
experienced almost exactly the same amount of grgirce. Figure 5.2.5-2 reinforces

this observation.



Figure 5.2.5-2: Applied Load versus Prying Force ofAll Specimens.
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Figure 5.2.5-3: Bolt Force versus Prying Force of INSpecimens.
Figure 5.2.5-3 has the best illustration of compugthe five specimens. The
figure indicates a consistent drop in prying foasethe bolt spacing was increased. The

limit of each specimen is illustrated by the “lifiite” as shown Figure 5.2.5-3.

Each of the three previous figures shows the aeema@ximum point of prying
and bolt force of each specimen. This helps ilaistthe amount of force generated
within the experiment between each specimen. Ansomoccurrence between the three
figures is that specimen 1.5b has a significanijnér magnitude of prying force than

that of specimens 2.0b, 2.5b, 3.0b, and 4.0b. iB#s 3.0b and 4.0b have
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approximately the same magnitudes of prying foacel, specimens 2.0b and 2.5b have

nearly identical magnitudes of prying force.

Figures 5.2.5-4 and 5.2.5-5 show plots of specifinBh and 2.0b, respectively,
versus the AISC [3] provisions. The comparisotheke two specimens is ideal because
specimen 1.5b shows some additional interest Wettpbssibility of alpha greater than

one, and specimen 2.0b is the bolt spacing at wAISIC [3] limits the prying force

calculations.
Bolt Force vs Applied Load (1.5b, 2.0b)
\ I
—— AISC 14th Provision /
| ——AISC 14th Provision (Max 2) //
| = =-1.5b Experimental o /
-
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Figure 5.2.5-4: Bolt Force versus Applied Load (1,52.0b) with AISC [3].
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Prying Force vs Applied Load (1.5b, 2.0b)

[ [
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Figure 5.2.5-5: Prying Force versus Applied Load (Bb, 2.0b) with AISC [3].
There is a noticeable difference between the AIF(jovisions for specimens 1.5b and
2.0b. The experimental results for specimen 1tfslws some validity of alpha values
greater than one. As for specimen 2.0b, the AI§®@{ovisions showed a value of alpha

near 1.0 but experimentally the value of alpha eepeed was much lower than one.

Figures 5.2.5-6 and 5.2.5-7 show a similar comparibut with specimens 2.5b,
3.0b and 4.0b. Because the limit for the tributangth is reached, the three specimens

can be compared on the same plot.
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Bolt Force (kips)

Bolt Force vs Applied Load (2.5b, 3.0b, 4.0b)
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Figure 5.2.5-6: Bolt Force versus Applied Load (215 3.0b, 4.0b) with AISC [3].
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Prying Force vs Applied Load (2.5b, 3.0b, 4.0b)
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Figure 5.2.5-7: Prying Force versus Applied Load (&b, 3.0b, 4.0b) with AISC [3].

From Figure 5.2.5-6, it is apparent that speciméb 2xperienced slightly more
bolt force than specimens 3.0b and 4.0b. Fig#eb57 shows a slight decline in prying
force from specimen 2.5b to 3.0b to 4.0b, but theyrelatively close. Even though the
range of prying force is approximately 4 kips, fystem engagement zone has shown

greater effects than that of specimens 1.5b aral 2.0

5.3. Material Properties Test

A WT shape is formed from ASTM A992 hot rolled dteehich has a minimum

yield stress of 50 ksi and minimum ultimate stres65 ksi. To accurately determine the
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experimental prying forces, a uniaxial tension tgsterally conforming to ASTM E8-04

[19] was conducted to determine yield and ultinsitess.

One dogbone-shaped Specimen was cut out of a WTbx8b and flange. The
web and flange of the WT6x32.5 was first separfi@u each other using a band saw.
A computer model of the dogbone-shape specimensnpaged into a computerized
CNC machine which cut out the shape. The two dogkshaped specimens are shown

in Figure 5.3-1.

Figure 5.3-1: Dogbone-Shaped Specimens for WT6x32.5
These two dogbone-shaped specimens were then testeldnius-Olson tension
testing machine. A stress versus strain plot vemeated during testing and can be
found in Appendix H. Table 5.3-1 shows the resaottthe dogbone uniaxial tension tests

compared to the minimum A992 yield and ultimatessr
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Table 5.3-1: Results from Tension Testing ASTM E8©for WT6x32.5.

Tensile Test Results of WT6x32.5

P+ 0 1) "3%/ 2+ ) "3%/

Analysis of Tensile Test Results of WT6x32.5

)+ 0 1) Z o+ )

% .
% .-,/

The results indicated that the WT6x32.5 web halegaty higher ultimate
strength than that of the AISC [3], which uses 8bfér ultimate strength for A992
material. Compared to the WT6x32.5 flange, theaye ultimate strength was used for

the analysis, and the results were using 70.2Ihksace of AISC’s [3] 65 ksi.

To complement the tensile test, an instrumentetiviiad also tested. The goal
was to determine the validity of the strain gagert®asuring strain versus applied load.
From that, the modulus of elasticity was determinEgjure 5.3-2 shows the stress
versus strain curve and the modulus of elasticag walculated at approximately 28,800
ksi. Calculations used 29,000 ksi, so the expertaieralue validates the theoretical

value.



98

Stress (psi)

Stress vs Strain (Instrumented A490 Bolt)

=28801x-115.8

R

MicroStrain ()

Figure 5.3-2: Stress Strain Plot of Instrumented A80 Bolt.
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Chapter 6: Conclusion and Recommendations

The phenomenon of prying action has been studieohémy years. With every
new test performed, new information was learnethesof which was incorporated into
the AISC design provisions. The objective of tlasearch was to determine the effects
of prying forces on selected specimens while varyire bolt spacing along the length of
the member. The effects of bolt spacing on théngrforce provisions in AISC [3] is not
directly included into the prying force calculatgrut is used to determine a tributary
length. The tributary length is the amount of éngf which the flange moment is
distributed along and is used to determine pryorgds. By comparing the test results of
bolt and prying forces of each of the five specisjgecommendations on the effects bolt
spacing has on prying forces can be develope@ddiition to bolt spacing, a secondary

consideration of the variable alpha and its magieitwas considered.

If a large enough prying force is achieved in anamtion which than causes
flange yielding to occur, the ratio of moment a tolt line to that of the web face
should be analyzed. The ratio is limited betweeno and one and is noted as alpha (
Because using the actual value for alpha wouldtresa larger prying force than that of

limiting alpha to 1.0, determining the value fopla experimentally was also considered.
6.1. Prying Force Comparison

After all the experimental data were collected andlyzed for specimens 1.5b,
2.0b, 2.5b, 3.0b, and 4.0, the data were then coadpa that of the AISC [3] provisions.

The following conclusions were determined basetherfindings.
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Specimen 1.5b experienced bolt forces of 39.174 & 41.328 Kips,
respectively, and when compared to that of the Al§@rovision bolt force, which was
34.85 kips, the experimental forces were reasonabder. The complementary prying
forces for specimen 1.5b was 14.37 kips and 16if3léxperimentally and 9.85 kips
according to AISC [3]. As noted in Table 5.2.2when the prying force offset was
considered, the experimental prying forces wer87aFkips and 19.340 kips for bolts 1
and 2, respectively. By comparison, the experialerglues for prying force are larger
than that of AISC [3]. When the actual value fipgha was used to calculate the prying
forces per AISC [3], the values for bolt and pryfogeces are 42.50 kips and 17.5 kips
respectively. The average experimental valuebdttrand prying force offset was 43.34
kips and 18.36 kips, respectively, which was sintethat of AISC [3] when using the

actual calculated alpha value.

Based on the findings it was reasonable to staitesfiecimen 1.5b experienced a
value for alpha greater than one. Based on thergrpntal analysis, a value for alpha of
1.121 and 1.506 for bolts 1 and 2, respectivelyghasvn in Table 5.2.1-1, resulted.
When analyzing Figure 5.2.1-7, the transition zimicated the point of yielding but it
also indicated the point of plastic hinging begimgnto occur. The sudden drop in
effective length due to hinging correlated with tladue of alpha increasing above 1.0.
Thus, it is reasonable to say that limiting theueabf alpha to 1.0 is somewhat
conservative and due to the effects of flange yeldwhich could result in flange plastic
hinging, the actual value of alpha should be carsid for determining the actual bolt

and prying forces.
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Specimen 2.0b had a bolt spacing which matchedhthemum allowable
tributary length from AISC [3]. When comparing thelt and prying forces to that of
AISC [3] provisions, the average experimental feraere 31.24 kips and 6.25 kips,
respectively, with a prying force offset of 8.5@& When using AISC [3] provisions, a
bolt and prying force of 38.62 kips and 13.62 kigspectively, was determined, which
resulted in a difference in bolt force of approxieta 7.4 kips. The difference between
the experimental and AISC [3] values were approxéhya/.4 kips or 5.1 kips with
prying force offset. Specimen 2.0b still experieshdlange yielding but the amount of
yielding was not enough to create plastic hinginttpw the flange. Therefore, alpha was
not a factor in the experimental values for pryioge. When comparing alpha from
AISC [3], a value of 0.91 resulted; therefore, lingt of 1.0 did not play a role, which
correlated with the experimental data. Since #peamental effective length was much
larger than that of the AISC [3] provision, a lovpeying force had resulted. Based on
that comparison, it was reasonable to state th@CAB] provisions were somewhat

conservative to that of the experimental data.

Specimens 2.5b, 3.0b, and 4.0b were specimens whitholt spacing larger
than that of the AISC [3] provision limitations.s&entially, determining the prying force
using AISC [3] provisions for specimens 2.0b, 2.510b, and 4.0b all resulted in the
same values. Clearly the experimental data dicowelate with AISC [3]. From Figure
5.2.6-1, a noticeable drop in bolt force had oadifrom Specimen 1.5b to 4.0b.
Specimen 3.0b and 4.0b seemed to have experieppeaxamately the same amount of
bolt force. The same observation was seen in Eggbir2.6-2 and 5.2.6-3. There was a

large difference between specimens 1.5b and 29lvel as a smaller gap between
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specimens 2.5b and 3.0b with regards to bolt apithgpforces. Figure 5.2.6-3 showed a
limit line for illustration purposes only, but ibtrates a boundary which the bolt forces
never surpassed during the testing. A fourth opdéynomial was determined from a
trend line of Figure 5.2.6-3. As with the boltder Figure 5.2.6-2 showed a noticeable

drop in prying force between specimens 1.5b t0.4.0b

6.2. Conclusions

Based on the results presented, one can conclatpriing forces drop as the
bolt spacing increases. There was also a notiedknige deformation along each
specimen’s cross-section. From experimental olasierns and the flange LVDT, the
orthogonal deformation was rather small, virtuaihjnoticeable, which resulted in no
orthogonal prying forces. The plots of all speanselearly indicated a drop in prying
force as the bolt spacing was increased. The mefasahe drop in prying forces is from

the increased effective length of which the speosrexperienced.

Based on the results presented for specimens wittsjpacing less than that of
the AISC [3] limitations the actual value for alpstaould be considered since it compares
better with the experimental results. For specsriggyond the AISC [3] limitations, an
increase of tributary length should be considenedesthe experimental results show a

much larger tributary length than that of AISC [3].

6.3. Experimental and Data Accuracy

Even though the experimental data show promisiegltg like most
experiments, errors could exist within the expentaksetup, procedure, and/or analysis.

The first cause of error could be from the actnatrumented bolts. Even though a bolt
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was tested to confirm the Modulus of Elasticity28f000 ksi, there was no guarantee that
all the bolts had a Modulus of Elasticity of 29,d&9. In order to eliminate that possible
error, bolt testing of each instrumented bolt ccudde been done to determine the
Modulus of Elasticity for each individual bolt ande their corresponding Modulus of
Elasticity when determining the experimental bakesses. However, even with a
variance of the Modulus of Elasticity of the indlual bolts, the resulting bolt and prying
forces would have minimal change. This is not ekgeto be a significant source of

error.

When observing some of the plotted bolt and pryorges, such as in Figure
5.4.2-6, one bolt seemed to show a curve in thevghde the other had a fairly linear
plot. An explanation for that is as the applieddavas increased on the system there was
some eccentricity being generated on the boltsieguise slight variance in the bolt and
prying forces. The setup was centered as accyrasgbossible before initiating testing

in order to minimize the effect of any eccentricity

The system engagement zone indicated on the exgetahplots may not
necessarily be a source of error, but understangived was happening within the
engagement zone should be considered. Specifithéyprying force graphs showed a
negative trend as the applied load was increasatdat ten to fifteen kips. From that
point the plots showed a linear increase of pryorge. The reason for the negative
trend was from the testing frame engaging as veetha pre-tensioning in the bolts. To
better understand the effects of the engagememt thenexperimental data should have
been collected from pre-tensioning through thel fapgplied load, without zeroing the

strain gages.
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6.4. Future Research

The results presented show validity but additidesting should be considered.
To complement the experimental data, additionatispens should be tested. It would
be of good comparison to use the same WT shapex®2T®, and test a larger variety of
bolt spacing. Test specimens for recommendatioiddze of three or four specimens
between 1.5b and 2.0b, as well as adding somenetiiate bolt spacing between the
remaining specimens tested. In addition to thédmacing additions, the total applied
load should be increased. The recommendation theuéd be to determine an applied
load of which will bring the connecting bolts andW'T shape near their failure point.
One reason for doing so would be to ensure flamgdigg among all testing specimens.
The flange yielding would be complimented by insexzh prying forces which could
result in a better comparison of bolt and pryingés between the specimens. In
addition to the bolt spacing effects, ensuringdkagielding would help better understand
the effects of alpha between various specimensanlimited to one specimen. It would
be important to yield a specimen because the itiela@nge is the most difficult range to
test and understand, but given robustness and#asitic behavior in building connection
design, it would be the most beneficial. If théadeoncluded promising results, then the

experiment could be extended to multiple WT shapsisig the same bolt spacing.

Another consideration would be to use the samedpaiting and WT shapes, but
have the variable be the hole distance from flaadge, and repeat all other experimental
protocols. With a total comparison of data fopaafic WT shape with varying bolt

spacing and location, a complete understandingeoptying effects could result.
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Appendix A: Connection Calculations

The following information shows the connection lirsiates and how the
Specimen shape was determined. Figure A-1 shaavsahnection of which was being

checked.

Figure A—1: Schematic Design of Connection.

The following six limit states were checked usin& provisions and are as

follows:

1. WT shape web yielding (Conservative Using 67, Assums 1.0 for Experiment)

) . . mn
hi Tkl I Tj e
JHHrs”t 3
opPg ,3H 0 4Hrts uswa

1 AISC. 2011 Steel Construction Manual4™ ed. Chicago, IL: American Institute of Steel Constion.
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2. WT shape web fracture (Assume 1.0 for Experiment)

. mn

hi Twkn | Tw mpe
JHHrs 't | 3

opg ,3H 0 p4rts X u3yz{q

3. Connecting bolt double shear failure (Assume 1.0 for Experiment)

(3) A490x Bolt

hi %(  kilTj

hi %( ,}3~*€0H3NNsi o} ,4,3H}rs"t

4. Block shear within the WT shape web (Assursel.0 for Experiment)

hi H3pknTi| 1 tknTi  H3pkITj| 1 «tknTi

, H3,4si
Ti| fQq- ...0 }34

Ti %q- oH34si(o N34

T| N

hi H3pop4rtso}34 1,o0pdrtsoN34 H3po4HrtsoN 1,o0p4r tsoN34

,HHrst N,~34 N, 34

u3vtiq H3}}q
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5. Bearing of bolts within WT shape web (Assunwe1.0 for Experiment)
hi ,37°%kn 3NS kn
JHHrs™t }0%,3 0 qo opdrts 3NoH3,4sio0 o0 pdrts(

JHHrs™
} )4p 11

u3ytzq H3kq

6. Bolt WT shape flange-to-base plate Tensile Stre(ggbume = 1.0 for

Experiment)

hi kiTj | H3,403,rtso H3N},,q },3Nrs™t
hi ¢ }.3Nrs”'t N~3~rst
I %,( H3.4 rs

Minimum Web Thickness t = 0.33"



111
Appendix B: Prying Force Calculations

Prying force calculations were performed using AA$evisions and the
following shows the step-by-step process of whias wsed. The WT6x32.5 and A490x

bolt material properties, strengths, etc., were alstained from AIS&

WT6x32.5 Properties/Strengths/Bolt Locations:

tr=0.605in  § =0.390in

Fu = 65ksi Fy = 50ksi

b = 3.50in a = 2.31in b’ =3.13in a’' = 2.68in dioF5

d’ = 0.75in + 0.0625in = 0.8125in g = 7.5in

Testing Parameters

T = 25kips

A490x Bolt Properties/Strengths:

Fu=113ksi Ru = FuAg = Fu(Ag — Drilled Hole)

+73+Jq +737°K&q

E 6 ,}¢€) + N~3)ke€

Prying Force Checks AISC Y4d.

Prying Action Calculations for WT6x32.5 @ Bolt Spgoof 1.5b:

Tributary Length for Specimens 1.5b

2 AISC. 2011.
3 AISC. 2011.
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%8H 0 }34€F }34€F 43 4€F43 4€F

N N o 4€ 0 3)€F

i " BH o 434€F o paee 0 HEF

< ,3H 0 p4rts o %H3pH4si§ 43 4si

0 }34si n3N-€
“ H3<, 4si H3N4
' " 43 4si ¢
13,}EF
3p€F T
, 6 ,  N~3ke€ H3
f—-,.. 3. f s - <
'=1.0if >1=thelesserofl ar‘a&d&T+ if <1
"o €F—-3H - €F~,3H — ASN €F%,3H p3
_’ f,_ S ! H3<Nl{,-H3<N > P3 X
" 3H
. N No 4+€ 0}3,}EF H3.HNEF
v 7 043 4€F0pds €0 %, 1 H3«N4 o ,3H( ”
“ “ H3,4€F H3,4€F
f1 —.. f341 —... f3}€F1——... f,340}34HEF1——...

YBp<€F N3,4€F 3p<EF
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NG N o N~3}€ o0 }3,)EF

R 0 A34EF 0 par€ INAEF
~8f~..-,00 CDEEH |
o A€ 3IN4€EF ;

v - <

H3(N4’N~3}(. H3pH4€F ;w 199
4" $ 5
S & H3pH4€F
5 68 f—....0  N~3k*€ 0 SH3«N4o0,3H0,3,ppoO }N4€F"Oe ~3<NN€

Prying Force in Bolt, g = 13.02kips

Total Bolt Force Tcwa= 25kips + 9.844kips 34.844kipsG 49.38kips Bolt

OoK!
Alternatively, determine available bolt force.

o | _ 3IN4€F
%1 (o7 % RaNa ol app (CRapRaer ™

3,4N
B , CDEF GH,

B)—8+%,1 ( CDEFH v

23323'%

0
YA %1 H3«N4( H3},}

B)—+ %l (CDEF I, =>B)
8

0?0"@0@A6B N"‘3}<'€ 0H3},,} t13 |¢£Q
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Figure B-1 shows a screen shot of the spreadshaetvas developed to confirm

the AISC' provisions calculations.

Checks SYM.  Explanation = Units
AISC Beam Properties First Anaylsis were prying action does not apply ba  sed on thickness
Fu 65.00 ksi  Tensile Strength
WT Shapes Fy 50.00 ksi Yield Strength
T 25.00 kips  Required strength, rut or rat per bolt
75in, B 49.38 kips  Availible Tension per Bolt ( % %' )4 %'+ "% 6/
OK b 3.50 in  Distance Edge Web to Center Bolt
b 3.13 in  Fig9-4
3 a 2.31 in Distance Center Bolt to edge of flange
a 2.680 in  Fig9-4
db 0.75 in  Bolt Diameter
d=6.06 0.0625 in  Bolt Hole Tolarence 1/16 or 1/8
pe 11.07 in  Zoetemeijer (1974) Equivalent Length
pe 10.43 in  Thornton and Kane
) p 5.25 in  2b(max)<s
bf=12 s 5.25 in  Bolt Spacing
g 7.50 in Gauge Distance
tmin 0.957 in Minimum Flange thickness to Neglect prying action forces AISC 9-20b
WT6X32.5 OK w 0.390 in  Web Thickness
A= 9.54 in."2
d= 6.060 in. Second Anaylsis of Prying Action with Prying force applied
tw= 0.390 in. f 0.605 in  Thickness of the Flange
bf =| 12.000 in. T 17.84 kips  Tensile Force with preliminary thickness chosen (T max) AISC 9-22b
tf= 0.605 in. Flange Thickness Not Adegt  tmin 0.704 in  Acceptable Fitting Strength and Stiffness and Bolt Strength AISC 9-23b
k={ 12000 Yin
k1 =] 1.5000 in. 0.845 AISC 9-24
OK
Ix= 20.60 in.A ' 1.000
Sx = 4.06 in3 1.000000 actual Check0< < 1; Possibly OK if States Connection not Adequate AISC 9-29
X= 1.470 in. a 2.68 AISC 9-27
ly= 87.20 in. 7 0.84 AISC 9-25
Sy= 14.50 in."3 8 1.166 AISC 9-26
y= 3.020 in. d 0.813 in  Hole Width along length of fitting (Bolt Hole in Flange)
x= 7.50 in3
Zy=| 22.00 in3 OK q 9.848 kips  Prying force per bolt AISC 9-28
J= 1.09 in."4 tc 1.345 in  Minimum Thickiness to prevent prying action AISC 9-30b
Cw =| 297 in."6
a= 266 i
Wno = 0.00 in."2 Avaiable Tensile Strength per Bolt with Prying Acti ~ on
Sw= 0.00 in. ! 2.153 AISC 9-35
Qf= 0.00 in."3 Q 0.373 AISC 9-32,33,34
Qw= 0.00 in."3
OK Tactual 34.848 kips  Actual Bolt Tensile Load AISC 9-31
Prying Action Occurs ~ Tavail 18.44 kips QB

Figure B-1: Prying Calculation Spreadsheet 1.5b.

Prying Action Calculations for WT6x32.5 @ Bolt Spgoof 2.0b, 2.5b, 3.0b, 4.0b:

Tributary Length for Specimens 2.0b, 2.5b, 3.06b4.

%8H o }34€F }34€F ,3HEFR3HEF

%8H o }34€F }34€F <3,4€F ,3HEF

4 AISC. 2011.
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%8H o }34€F }34€F H34HER3HEF

%8H o0 }34€F }34€F ,N3HKEE3HEF

Note: Based on AIST14" ed. two calculations for prying action need to be

considered, 1.5b and 2.0b, since 2.0b, 2.5b, 3.0l all have the same tributary length,

which will result in the same amount of prying ferc

N  No € ojjer
i " 3R 0 3HHEF o ple € ¢

. ,3H 0 p4rts 0 %H3pH4sig ,,3HHSI
0 }34si

13,~€

“ H3<, 4si H3eN
N

13.JEF
3p<€F

,  N~3ke€
3 f -,... H3¢

. 6
fmn e

'=1.0if >1=thelesserofl ar§‘d87+ if <1

, H3<N
H3<N£{, -H3«NN

™

" €F-3H -f—.— €F"3H

" 3H

5 AISC. 2011.

€F%,3H p3 X
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. N No 4+€ 0}3,}€F L3 HNEE
v %, 1 ( 043 4€F0p4s €0 %, 1 H3«N4 o ,3H( ~
“ “ H3,4€F H3,4€F
f1 —.. f341 —... f3}€F1——... f340}34HEF1——...

YBp<€F N3,4€F 3p<«EF

NG N o N~3}€ o0 }3,)€F

T 0 BHHEF o pas € P4EF
’—§€f—>...-,oe CDE<E H ,
. A€ ,3,p4€F
S f -,6 H3~~N

H3«N N~3ke€ 'H3pH4EF
H H3~~N , DEsE¥sE” H3~~N

5 68 N~3}ke€ 0 SH3«NoH3~~No0,3 H3pHAEF
S f)...oe k€ 0 SH3«NoO o, ,ppo' DAEF

. }3p€
Prying Force in Bolt, g = 13.6kips
Total Bolt Force Tcwa= 25kips + 13.6kips 38.6kipsG 49.38kips Bolt OK!

Alternatively, determine available bolt force.

T ,3,p4€F
SFm® s o 3pp (lH3pHaer @

,3N,N

B , CDEF GH,



B ) —+%1 (CDEFH , |

H3pH4€F
B f—.%l (CDEF I, IB f .%1 H3«N ( H34H«

, ,3,p4€F"

020'@0 @68 N~3}+€ 0H34H< yz3u§itEn
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Figure B-2 shows a screen shot of the prying fepreadsheet which confirms

the hand calculations are correct.

Checks SYM.  Explanation = Units
AISC Beam Properties First Anaylsis were prying action does not apply ba  sed on thickness
Fu 65.00 ksi  Tensile Strength
WT Shapes Fy 50.00 ksi Yield Strength
T 25.00 kips  Required strength, rut or rat per bolt
75in, B 49.38 kips  Availible Tension per Bolt ( % %' )4 %'+ '% 6/
OK b 3.50 in  Distance Edge Web to Center Bolt
b 3.13 in  Fig9-4
7 a 231 in  Distance Center Bolt to edge of flange
a 2.680 in  Fig9-4
db 0.75 in  Bolt Diameter
d=6.06 0.0625 in  Bolt Hole Tolarence 1/16 or 1/8
pe 11.94 in  Zoetemeijer (1974) Equivalent Length
pe 11.30 in  Thornton and Kane
- p 7.00 in  2b(max)<s
bf=12 s 7.00 in  Bolt Spacing
q 7.50 in  Gauge Distance
tmin 0.829 in Minimum Flange thickness to Neglect prying action forces
WT6X32.5 OK w 0.390 in  Web Thickness
A= 954 in"2
d= 6.060 in. Second Anaylsis of Prying Action with Prying force applied
tw =] 0.390 in. f 0.605 in  Thickness of the Flange
bf =| 12.000 in. T 23.79 kips  Tensile Force with preliminary thickness chosen (T max)
tf= 0.605 in. OK tmin 0.604 in  Acceptable Fitting Strength and Stiffness and Bolt Strength
k={ 12000 i
ki=[ 15000 [in. 0.884
OK
= 20.60 i ' 1.000
Sx= 4,06 in.3 0.991495 actual Check 0< < 1; Possibly OK if States Connection not Adequate
X =| 1.470 in. a 2.68
ly=| 87.20 i 7 0.84
Sy= 14.50 in 3 8 1.166
1y =] 3.020 in. d 0.813 in  Hole Width along length of fitting (Bolt Hole in Flange)
x= 7.50 in."3
Zy =| 22.00 in.\3 OK q 13.616 kips  Prying force per bolt
J3 1.09 in.M tc 1.165 in  Minimum Thickiness to prevent prying action
Cw =| 297 in."6
a= 266 |in.
Wno = 0.00 in2 Avaiable Tensile Strength per Bolt with Prying Acti ~ on
Sw= 0.00 in. ' 1.413
Qf5| 0.00 in"3 Q 0.508
Qw =| 0.00 in."3
OK Tactual 38.616 kips  Actual Bolt Tensile Load
oK Tavail 25.10 kips QB

Figure B-2: Prying Calculation Spreadsheet 2.0b, 8b, 3.0b, 4.0b.

AISC 9-20b

AISC 9-22b
AISC 9-23b

AISC 9-24
AISC 9-29
AISC 9-27

AISC 9-25
AISC 9-26

AISC 9-28
AISC 9-30b

AISC 9-35
AISC 9-32,33,34

AISC 9-31
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Appendix C: Shop Drawings

The following Figures show the shop drawings ofekhivas submitted to
German Town Iron and Steel, which was the comphatydonated the steel for the

project.

Figure C-1: Base Plate.
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Figure C-2: WT6x32.5 with 1.5b Bolt Spacing.
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Figure C-3: WT6x32.5 with 2.0b Bolt Spacing.
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Figure C-4: WT6x32.5 with 2.5b Bolt Spacing.
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Figure C-5: WT6x32.5 with 3.0b Bolt Spacing.
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Figure C-6: WT6x32.5 with 4.0b Bolt Spacing.
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Figure C-6: WT6x32.5 ASTM8 Test Specimens.
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Appendix D: Instrumented Bolt Procedure

The follow two Figures show the instruction manomlhow to properly install

the strain gages in the bolts, courtesy of TokykkEKenkyujo Company.

Figure D-1: Installation Manual BTM Strain Gages page 1-2.

® Tokyo Sokki Kenkyujo Co., Ltd. Installation Manual
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Figure D-1: Installation Manual BTM Strain Gages page 3-4.

" Tokyo Sokki Kenkyujo Co.
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Appendix E: Experiment Assembly Schematic Drawings

The following Figures show a schematic design af liwe test Specimen’s will
be connecting into the testing frame. The Figuaése indicate the location of the strain

gage within the instrumented bolts.

Figure E-1: Fully Bolted WT6x32.5 Specimen.
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Figure E-2: Instrumented Bolt.
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Appendix F: Testing Protocol Checklist

The testing protocol was the checklist used indbeo confirm consistency

between experiments and was as follows:

Testing Protocol

Test Assembly
» Confirm Load Cell is Fully Lowered (All the way doywFrom Previous Test
» Correct Specimen size and spacing selected.
» Specimen properly labeled and visible
» Specimen placed on Base Plate
» Center Specimen on BP by measuring four sides
* Install loaded Bolts on right side through BP
* Top: Head of Bolt — 1 Normal Washer
* Underside: 2"x2"x1/2” PL, Regular Nut
» Hand Tighten (Pre-Tensioned Later)
* Install non-loaded bolts on left side through BP
* Head of Bolt: 1 Normal Washer
* Thread Side: 2"x2"x1/2” PL, Regular Nut
* Hand Tighten (Pre-Tensioned Later)
* Confirm Specimen is Centered on BP
* Install 3 A490X Bolts Connecting Upper Connectard Specimen Web
* Head of Bolt: 2 Normal Washer

* Thread side: 3 Regular Washers, Regular Nut
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* Snug Tighten (1/4 to 1/2 Turn of wrench after h&igttened)
LVDTs correctly placed and secured (TBD)

Take Pictures

Software (Labview) Setup

Instrumented bolt #1 strain gage (Front Right) propsecured to channel 0.
Instrumented bolt #2 strain gage (Front Left) propsecured to channel 1.
Open Labview

Re-name Testing File (ESpecimen Size_Specimen Spacing _Pretensioning
Strain gage factors correct

LVDTs properly attached to receiver (Channels TBD)

Run Pretension Test

Pretension Loaded Bolts (Strain ~300 = 3.8k, ~4001k)5

Pretension non-loaded bolts to approximately timesamount of turn as loaded
bolts)

Confirm LVDT’s are Reading

Stop Pretension Tes{Confirmed Saved Data)

Plaster Paris applied

Take Pictures

Final Testing Checks
Protective shield in place
Specimen Labeled index card on Protective Shield

Camera/Video properly placed and recording
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Experiment Test

Re-name Testing File (ESpecimen Size_Specimen Spacing

Run Test

Slowly Apply Load through Load cell (TBD Frequeneyc.)

Load until ~100k is applied or Failure occurs (WT8xX&/ WT6x32.5 will vary)
Take pictures at Max loading

Stop Test(Confirm Saved Data)

Unload Load cell so Specimen can be removed

Disconnect all Strain Gages/LVDT’s

Unbolt Specimen.

After Specimen Removed, Place bolts through sartienbtes of Specimen for
keeping

Record any observations as deem necessary

Fully Lower Load Cell (All the way Down) for nexkperiment
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Appendix G: Experimental Graphs and Spreadsheets

Figure G-1 shows the required values for which wereded to determine the

experimental prying forces, tributary/effective ¢ggim, and alpha, .

WT6x32.5 Specimen Properties

Material Properties

Modulus Of Elasticity

WT Tensile Strength
(From ASTM E8-04 Test)

Fu 70.214 ksi

Flange Thicknes:!

(A490x Bolt)
E 29000 ksi
Bolt Area
Dia 0.7455 in
A 0.4317 in®

t 0.6050 in

Prying Action Variables

Dist. Web Edge to Bolt Line

Ratio b'/a’

1.1660

Bolt Hole Width

d 0.8125

b' 3.1250 in
LRFD Safety Factor
(Take as 1.0 for Experiment)
0.9000

Experimental Variables

Experimental Applied Load

Load Varies kips

Total Bolt Force

Prying Force per Bolt

T Varies kips

Measured Bolt Strain

Varies strain

q Varies kips
Bolt Stress
Varies ksi

Figure G—1: General and Material Properties per eale Specimen.
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Each Specimen below shows the same Figures perSgedimen. The first three
Figures for each Specimen show the first threelastdour lines from the spreadsheet
data file of which was used to determine the expenital values for which was
considered for analysis. Finally, some additigaiats of which were not included in the

main body are shown.

WT6x32.5 at Bolt Spacing 1.5b:

WT6x32.5 Specimen 1.5b

Experimental Values (Strain Gage 1, Front Right)

Stress | Bolt Forcg Prying Force Tributary Length  Ratio (Muoit Lind Mweb)
oA =T

(ksi) (Kips) (Kips) (in) (Ratio)

Max Max Max Max Max
91.174 39.360 14.373 8.174 [ 1.121

Data Data Data Data Data
-0.118 -0.051 -0.075 0.043 0.0407262
0.011 0.005 -0.019 0.020 0.0101160
0.119 0.051 0.027 0.000 -0.0140447
90.489 39.065 14112 6.251 1.0824183
90.826 39.210 14.223 6.221 1.0969441
90.685 39.149 14.196 6.215 1.0959863
91.174 39.360 14.373 6.158 1.1214929

Figure G-2: Data Results Specimen 1.5b Bolt 1.
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WT6x32.5 Specimen 1.5b

Experimental Values (Strain Gage 2, Front Left)

Stress | Bolt Forcp Prying Force Tributary Lengt Ratio (Mot Lind Mweb)
oA =T

(ksi) (Kips) (Kips) (in) (Ratio)

Max Max Max Max Max
95.731 41.328 16.340 8.578 1.506

Data Data Data Data Data
-0.090 -0.039 -0.063 0.038 0.0339335
0.093 0.040 0.016 0.005 -0.0083509
-0.068 -0.030 -0.054 0.034 0.0287727
94.927 40.981 16.028 5.451 14411613
95.275 41.131 16.143 5.420 1.4615749
95.199 41.098 16.145 5.402 1.4671685
95.731 41.328 16.340 5.337 1.5062692

Figure G-3: Data Results Specimen 1.5b Bolt 2.
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WT6x32.5 Specimen 1.5b

Experimental Values (Strain Gage Average)

Stress

Bolt Forcg

Prying Force

Tributary Length

Ratio (Moott Line/Mweb)

(ksi) (Kips) (Kips) (in) (Ratio)

Max Max Max Max Max
93.452 40.344 15.357 8.367 1.298
Data Data Data Data Data
-0.104 -0.045 -0.069 0.041 0.0373188
0.052 0.023 -0.002 0.012 0.0007974
0.025 0.011 -0.013 0.017 0.0069090
92.708 40.023 15.070 5.851 1.2475647
93.051 40.171 15.183 5.820 1.2646763
92.942 40.124 15.170 5.809 1.2664808
93.452 40.344 15.357 5.748 1.2978849

Figure G-4: Data Results Specimen 1.5b Bolt Average
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Figure G-5: Applied Load versus Bolt Strain Specima 1.5b.

Figure G-6: Prying Force versus Alpha Specimen 1.5b
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Figure G-7: Effective Length versus Alpha Specimei.5b.

Figure G-8: Effective Length versus Alpha Specimei.5b.



WT6x32.5 at Bolt Spacing 2.0b
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WT6x32.5 Specimen 2.0b

Experimental Values (Strain Gage 1, Front Right)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
F
73.741 31.835 6.847 9.593 0.337
Data Data Data Data Data
0.052 0.023 -0.014 0.023 0.0072644
-0.002 -0.001 -0.037 0.033 0.0198175
0.074 0.032 -0.139 0.141 0.0861389
73.427 31.699 6.821 9.255 0.3370267
73.416 31.694 6.780 9.290 0.3336022
73.351 31.666 6.762 9.293 0.3325859
73.741 31.835 6.847 9.297 0.3366090

Figure G-9: Data Results Specimen 2.0b Bolt 1.
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WT6x32.5 Specimen 2.0b

Experimental Values (Strain Gage 2, Front Left)

Stress | Bolt Forcp Prying Force Tributary Length  Ratio (Muyott Lind/Mueb)
f
g =
El
F]
v 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
70.976 30.641 5.656 9.883 0.264
Data Data Data Data Data
0.064 0.027 -0.009 0.021 0.0046648
0.010 0.004 -0.032 0.031 0.0171527
0.085 0.037 -0.134 0.139 0.0828470
70.727 30.533 5.656 9.741 0.2642221
70.683 30.515 5.600 9.782 0.2604431
70.629 30.491 5.587 9.783 0.2597820
70.976 30.641 5.653 9.795 0.2625221

Figure G-10: Data Results Specimen 2.0b Bolt 2.
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WT6x32.5 Specimen 2.0b

Experimental Values (Strain Gage Average)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
72.359 31.238 6.250 9.704 0.300
Data Data Data Data Data
0.058 0.025 -0.011 0.022 0.0059629
0.004 0.002 -0.035 0.032 0.0184833
0.080 0.034 -0.136 0.140 0.0844904
72.077 31.116 6.238 9.498 0.2996056
72.050 31.104 6.190 9.536 0.2959910
71.990 31.079 6.174 9.538 0.2951616
72.359 31.238 6.250 9.546 0.2985097

Figure G-11: Data Results Specimen 2.0b Bolt Averag
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Figure G-12: Applied Load versus Bolt Strain Speciren 2.0b.

Figure G-13: Prying Force versus Alpha Specimen 20
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Figure G-14: Effective Length versus Alpha Specimeg.0b.



WT6x32.5 at Bolt Spacing 2.5b:
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WT6x32.5 Specimen 2.5b

Experimental Values (Strain Gage 1, Front Right)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
F
73.177 31.978 6.990 9.250 0.346
Data Data Data Data Data
-0.207 -0.091 -0.188 0.126 0.1141130
0.117 0.051 -0.022 0.045 0.0119676
-0.142 -0.062 -0.257 0.202 0.1758122
72.916 31.864 6.933 9.234 0.3433581
73.068 31.930 6.965 9.238 0.3448205
73.057 31.926 6.972 9.228 0.3455615
73.177 31.978 6.990 9.238 0.3460750

Figure G-15:; Data Results Specimen 2.5b Bolt 1.
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WT6x32.5 Specimen 2.5b

Experimental Values (Strain Gage 2, Front Left)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
65.136 28.464 3.477 10.707 0.147
Data Data Data Data Data
0.121 0.053 -0.044 0.066 0.0247635
-0.062 -0.027 -0.100 0.077 0.0567606
0.165 0.072 -0.123 0.146 0.0770810
64.963 28.388 3.457 10.684 0.1460702
65.006 28.407 3.442 10.707 0.1450888
65.028 28.417 3.463 10.692 0.1462244
65.136 28.464 3.477 10.703 0.1466157

Figure G-16: Data Results Specimen 2.5b Bolt 2.
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WT6x32.5 Specimen 2.5b
Experimental Values (Strain Gage Average)
Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
69.156 30.221 5.233 9.977 0.238
Data Data Data Data Data
-0.043 -0.019 -0.116 0.096 0.0675720
0.027 0.012 -0.061 0.061 0.0338791
0.011 0.005 -0.190 0.174 0.1242832
68.940 30.126 5.195 9.959 0.2368966
69.037 30.169 5.203 9.972 0.2369438
69.043 30.171 5.218 9.960 0.2379197
69.156 30.221 5.233 9.970 0.2383652

Figure G-17: Data Results Specimen 2.5b Bolt Averag
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Figure G-18: Applied Load versus Bolt Strain Speciren 2.5b.

Figure G-19: Effective Length versus Applied Load $ecimen 2.5b.
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Figure G-20: Effective Length versus Alpha Specimef.5b.



WT6x32.5 at Bolt Spacing 3.0b
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WT6x32.5 Specimen 3.0b

Experimental Values (Strain Gage 1, Front Right)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
5A — i :[Tp—q]4b
ppFut? . '
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
F
62.273 26.884 1.999 11.381 0.080
Data Data Data Data Data
0.152 0.066 0.042 -0.006 -0.0211879
-0.096 -0.041 -0.066 0.039 0.0353647
0.087 0.038 0.014 0.006 -0.0070345
62.176 26.842 1.947 11.296 0.0774655
62.143 26.828 1.850 11.377 0.0730411
62.013 26.772 1.816 11.381 0.0716675
62.273 26.884 1.896 11.362 0.0749756

Figure G-21: Data Results Specimen 3.0b Bolt 1.
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WT6x32.5 Specimen 3.0b

Experimental Values (Strain Gage 2, Front Left)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
£l
5A — i :[Tp—q]4b
ppFut? . '
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
61.601 26.594 1.658 11.504 0.065
Data Data Data Data Data
0.044 0.019 -0.005 0.014 0.0026263
0.055 0.024 0.000 0.012 0.0001935
0.109 0.047 0.023 0.002 -0.0118018
61.428 26.519 1.624 11.431 0.0638020
61.439 26.524 1.546 11.504 0.0603102
61.385 26.500 1.544 11.494 0.0603120
61.601 26.594 1.606 11.483 0.0627870

Figure G—22: Data Results Specimen 3.0b Bolt 2.
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WT6x32.5 Specimen 3.0b

Experimental Values (Strain Gage Average)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
£l
5A — i :[Tp—q]4b
ppFut? . '
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
61.937 26.739 1.829 11.441 0.073
Data Data Data Data Data
0.098 0.042 0.018 0.004 -0.0094239
-0.021 -0.009 -0.033 0.025 0.0174753
0.098 0.042 0.018 0.004 -0.0094239
61.802 26.680 1.786 11.363 0.0705901
61.791 26.676 1.698 11.440 0.0666377
61.699 26.636 1.680 11.437 0.0659595
61.937 26.739 1.751 11.423 0.0688465

Figure G-23: Data Results Specimen 3.0b Bolt Averag
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Figure G-24: Applied Load versus Bolt Strain Speciren 3.0b.

Figure G-25: Effective Length versus Applied Load $ecimen 3.0b.



WT6x32.5 at Bolt Spacing 4.0b
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WT6x32.5 Specimen 4.0b

Experimental Values (Strain Gage 1, Front Right)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
F
55.942 24.151 -0.002 12.642 -0.030
Data Data Data Data Data
0.030 0.013 -0.011 0.016 0.0058027
0.019 0.008 -0.016 0.018 0.0082629
-0.078 -0.034 -0.058 0.036 0.0309653
55.552 23.982 -0.993 12.562 -0.0352503
55.812 24.095 -0.883 12.517 -0.0314718
55.141 23.805 -1.178 12.642 -0.0415333
55.206 23.833 -1.155 12.635 -0.0407413

Figure G-26: Data Results Specimen 4.0b Bolt 1.
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WT6x32.5 Specimen 4.0b

Experimental Values (Strain Gage 2, Front Left)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
65.775 28.395 3.408 10.827 0.143
Data Data Data Data Data
-0.009 -0.004 -0.028 0.023 0.0148423
0.002 0.001 -0.023 0.022 0.0123500
0.002 0.001 -0.023 0.022 0.0123500
65.525 28.288 3.312 10.766 0.1388191
65.601 28.321 3.343 10.754 0.1402513
65.233 28.161 3.179 10.825 0.1324280
65.254 28.171 3.183 10.826 0.1326074

Figure G-27: Data Results Specimen 4.0b Bolt 2.
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WT6x32.5 Specimen 4.0b

Experimental Values (Strain Gage Average)

Stress | Bolt Force  Prying Force Tributary Length  Ratio (Mot Line/Mueb)
(]
A —
E}
4
y 3 ¥
(ksi) (Kips) (Kips) (in) (Ratio)
Max Max Max Max Max
60.859 26.273 1.286 11.734 0.050
Data Data Data Data Data
0.011 0.005 -0.020 0.020 0.0103023
0.011 0.005 -0.020 0.020 0.0103023
-0.038 -0.016 -0.041 0.029 0.0215728
60.539 26.135 1.160 11.664 0.0445823
60.707 26.208 1.230 11.636 0.0473978
60.187 25.983 1.000 11.734 0.0382106
60.230 26.002 1.014 11.730 0.0387505

Figure G-28: Data Results Specimen 4.0b Bolt Averag
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Figure G-29: Applied Load versus Bolt Strain Speciren 4.0b.

Figure G-30: Effective Length versus Applied Load $ecimen 4.0b.
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The following shows the steps of which Equation)@&d (26) where derived.

The derivation was important because the experiah@atues for tributary length and
alpha, , were extracted from them.
Derivation of Equations (25) and (26)

Prying Force Provision and solve for Alpha:

V "=oct) g+ >

(G-1)
V " -Oca- f;’z + (G-2)
d
VARECh Kjbzoe (G-3)
vV 202 22 (G-4)
V ©ocd 2 (G-5)
c . (G-6)
c ™ &1{% . (G-7)
C s ’l—.._.df; X (G-8)
¢ Sz (e

(G-9)



Equation (G-9) is Equation (26) in the text.

Alternate Alpha Provision with p as variable:

Try Setting (G-6) = (G-14):

& b
—_=)—4+ -
c " 3)ID >

U)

U)

VN, 2U) +- Bkn

ab !

VN, 2U) —asb +-ankn

VN, 7N, ?2-3%kn 9
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(G-10)

(G-11)

(G-12)

(G-13)

(G-14)

(G-15)

(G-16)

(G-17)

(G-18)

(G-19)

(G-20)
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ankn 7UN,2-VN, 9 (G-21)
A T (G-22)
A L0 (G-23)

Equation (G-23) is Equation (25) in the text.

NOTE: Equation Verified by comparing to that of {wying Force Calculations.
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Appendix H: Uniaxial Tension Test Stress versus Sain Plots

The following tables are from the uniaxial tenstesting and show the stress

versus strain plots for the web and flange testispen.

Figure H-1: Stress versus Strain Plot for the Sterbogbone Specimen.
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Figure H-2: Stress versus Strain Plot for the Flang Dogbone Specimen.
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Appendix I: Copyright Permissions

The following is an email stating that inserting ihstallation manual found in

Appendix D is acceptable.
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