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(ABSTRACT)

Structural tee hangers are a popular tension connection. vet current design
procedures are cumbersome, and excessively conservative. Also. no provisions are made
for the additional strength gain due to stiffeners. Past research has shown that the design
of these connections is controlled by either plate yielding. or bolt rupture.

This study presents a simplified method for determining the ultimate strength of
structural tee hanger connections. Yield line analysis is used for the determination of the
yield capacity of the connection based on plate strength. A simplified version of the
Kennedy method is used for calculating connection capacity based on bolt strength with
prying action. The simplified design procedure is verified with comparison to results of

15 connection tests. Design recommendations are made. and examples presented.
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CHAPTER

INTRODUCTION

1.1 BACKGROUND

Tee hangers are used to transfer tensile force to a support. Usually a plate, pair of
angles, or structural tee is used. Figure 1.1 shows an example of a structural tee hanger
connected to a beam flange.

Two limit states control the design of hanger connections: yielding of the flange
or plate, and bolt rupture. Extensive testing has been done on these and similar types of
connections. Tests were conducted to determine the load at which the plate yields, and

bolt forces, including prying action (Packer and Morris 1977; Kennedy et al. 1981.)

EF

Figure 1.1 Tee Hanger Connection
From these studies came many design procedures to determine required plate
thickness as well as bolt force predictions (Kennedy ef a/.1981; Thornton 1985; Astaneh
1985). There is a great deal of difference between these design procedures. The current

design procedure (Manual 1994) has an open solution space, that is, the equations can



give more than one plate thickness for a given applied load. The current procedure is also
overly conservative. Also, none of the above methods treat stiffened tee hanger
connections.

The purpose of this study is to introduce a simplified design method for tee
hangers, stiffened or unstiffened. Current literature on tee hangers is first reviewed,
followed by the development of yield line and simplified bolt force design procedures.
Comparisons between prediction and experimental results are given, followed by

conclusions and design recommendations.

1.2 Literature Review

In the study of bolted end plate design, the use of the “split tee” has been used
extensively. The assumption being that the tension flange connection of the end plate
design is the critical point. It is here that failure due to steel yielding or bolt rupture is to
occur.

Many studies of this “split tee” have been done, with a variety of design methods
developed. Some of these studies were intended for use in end plate design, and some for
designing tee hangers. The following review will briefly explore different methods of
structural tee hanger design, with a focus on work done by Kennedy ef al.(1981).

A comparison of results obtained from different design methods was compiled by
Kennedy et al. (1981) for the specimens in Figure 1.2. The two connections were studied
to find the load at first yielding in some portion of the connection. Douty and McGuire

(1965) used a plastic as well as a working stress design in which the prying force was

[NS]



calculated as a fraction of the flange force. Kato and McGuire (1973) also proposed
elastic and plastic methods for determining connection performance, but evaluation of
prying forces was not investigated. Agerskov (1977) used an elastic method which
included design charts to find prying forces which depend on plate dimensions, and bolt
placement. Grundy et al. (1977) accounted for prying forces by increasing the bolt load

by 20%.
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Plate Thickness = 0.875”

Plate Thickness = 0.625”

Figure 1.2 Kennedy Test Specimens
Packer and Morris (1977) used the yield line theory. The end plate thickness was
found by equating plastic moment capacity to applied moment. Bolt load was increased
by 33% to account for prying action. Mann and Morris (1978) also used yield line theory,
but did not remove the bolt holes from the calculation of capacity. They claimed that the
bolts contribute to the bending strength of the plates.

Kennedy et al.(1981) proposed a design method which predicted the bolt force

2



due to prying action in split tees. The model (Figure 1.3) consists of a tee section bolted
to a rigid support, where Q is the prying force, and 2F is the applied load. This method
describes three modes which the tee goes through before failure. Initially, when loading
on the connection is low, the system is assumed to have no deflection, and no yielding. At
this point there is no prying action in the connection and the plate is said to be “thick”

(Figure 1.4a).

As loading continues. a plastic hinge will form on both sides of the flange. This in
turn will cause deformation of the connection at the plate flange interface, thus
introducing initial prying forces. The prying force is now between zero and its maximum
value. Kennedy et al. (1981) describe the plate as being in an “intermediate” phase

(Figure 1.4b).

Another set of plastic hinges will form at the bolt lines if load is still added. Here
the connection will see its greatest separation, and its maximum and constant, prying

force. This was called “thin” plate behavior (Figure 1.4c).

Kennedy ef al. determine the state of the plate behavior by comparing the plate

thickness, t,, to the thick plate limit, t;. and the thin plate limit. t;;. The thick plate limit is

found by iteration using the following equation:

2p¢(2F)

(1.1)

2
2 F
be.|Foy — 3[ —J
py b it
The thin plate limit is also found by iteration using:
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Figure 1.3 Kennedy Split-Tee Analogy
(after Kennedy er al., 1981)
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(c) Third Stage - Thin Plate Behavior

Figure 1.4 Kennedy Split-Tee Behavior
(after Kennedy et al., 1981)
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o pr(2F)— nd"b Fyb;‘/g
1= > >
br F2y - 3[L] rw' [Fdy - 3[_F—j
2 brty] 2wty

where F = applied flange force per bolt, b; = plate flange width, Fpy = plate yield stress,

(1.2)

d, = bolt diameter, Fy;, = nominal strength of the bolts as defined in table J3.2 of the
AISC manual (AISC Load 1993), w* = width of plate per bolt at bolt line minus the hole
diameter, and p; = pitch distance from flange face to center of bolt line.

If't, > t,, the plate is considered to be thick, and no prying forces are present. The
forces in the bolts are assumed to be the applied load divided by the number of bolts. If
t; > t, > t;y, the plate is said to be in the intermediate state. The magnitude of the prying

force is given by:

3 2 2
_pe(® mpFyp bty P2 [ 2F }

-3 1.3
a 32a 8a py (1.3)

Q

byt

p
In this equation, a = distance from the centerline of the bolts to the edge of the
plate, and is suggested to be between two and three times the bolt diameter. The bolt
force at intermediate behavior is then:
B=F+Q; fort;>t,>1, (1.4)
If the plate thickness is considered “thin™, t;; > t, , then maximum prying forces have

developed and is estimated from:



2 2
w'ty F'
p 2 ~
Qmax = pr - 3('—} (15)
a P

where

2 < ) 3
- t5Fpy (085b¢ /2 +080w")+ ndp Fyp, /8
4p¢

(1.6)

The prying force is constant once the thin plate limit has been reached. so the bolt force

becomes:
B=F+Qmax (17)

Kennedy et al. (1981) note that the quantity under the radical in Equations (1.3)
and (1.5) may become negative. This would be an indication of local yielding in shear
prior to development of bolt prying forces, which would make the connection inadequate

for the load.

The use of the Kennedy method was modified by Srouji et al. (1983) to determine
the bolt forces in moment end plate. The study used the yield line method to determine
strength of various end plate bolt configurations. From this and other studies (Srouji et al.
1984; Borgsmiller 1995) it was concluded that the yield line, and the modified Kennedy

methods were accurate predictors of moment end-plate connection strength.

Hendrick et al. (1984) continued the work by Srouji. One of the modifications
Hendrick did was the distance “a” from the bolt centerline to the line of action of the

prying force. For each moment end-plate test Hendrick er al. back calculated the length

[IPL)

a” needed to give the bolt forces that were obtained in testing. The equation that best fit
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the experimental values, using plate thickness and bolt diameter as the variables is:
(3
a= 3.682(;53—] ~0.085 (1.8)

Borgsmiller (1995) introduced a simplified method for design of moment end
plate connections. The method involved designing the end plate for one of two failure
modes. The yield line method was used to determine connection strength through plate
yielding, and the modified Kennedy method was used to determine connection strength
through bolt failure. The bolt calculations were reduced greatly from that of the original
Kennedy method. Only the computation for the maximum prying force Q,,,, is involved.
The assumption for this method is: substantial yielding in the connection plate, causing
maximum prying forces in the bolts. If the plate is thick enough, there will be no yielding
and therefore no prying forces.

It can bee seen from the variety of the above design methods for structural tee
hanger and moment end-plate designs, that there is a need for an accurate simplified
design method. None of the above methods can accurately predict both bolt forces and
plate strength in a straight forward manner.

1.3 SCOPE OF RESEARCH

The purpose of this study was to develop a simplified method for design of
stiffened and unstiffened tee hangers. The objectives of this study were reached by
developing yield line equations that could accurately predict failure load for a wide
variety of geometry. Experiments were done to confirm these equations, as well as

predict bolt forces. The resulting design procedure provides:



Required tee plate thickness for a given geometry, bolt configuration, and material
strength, as determined by yield line theory.
Bolt forces, including those forces added due to prying action. Forces are

determined using the modified Kennedy method.

10



CHAPTER 11

CONNECTION STRENGTH USING YIELD LINE THEORY
2.1 GENERAL
A yield line is the formation of a continuous plastic hinge, along a straight or
curved line, in a plate or slab. Failure mechanisms exist when yield lines form kinetically
valid collapse mechanisms. The mechanism can then be separated into rigid plates
connected by, and rotating about, the defined yield lines. Originally the yield line theory
was developed for concrete slabs, but it is equally applicable to steel plates.

Common guidelines in the determination of yield lines in a steel plate are set forth

as follows:
. Axes of rotation generally lie along lines of support
. Yield lines pass through the intersection of the axes of rotation of adjacent
plate segments
. Along a yield line, the bending moment is assumed to be constant and

equal to the plastic moment of the plate.

Yield line mechanisms may be analyzed using two methods: equilibrium, or
virtual work. In this study, virtual work was used due to its simplicity and suitability in
tee stub analysis. In this method, the work done by the applied load, from a unit virtual
displacement on the tee hanger, is set equal to the internal work done by the tee stub.
Yield line theory assumes that elastic deformations are negligible in comparison to plastic

deformations, so the infinitesimally small added unit deflection (virtual work) can be
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used. The resistance to deformation is the plastic moment capacity in the yield lines as it
rotates to accommodate the yield line pattern. The yield line method is an upper bound
one, therefore many yield lines must be drawn to find the mechanism which gives the
lowest failure load, or the highest required plastic moment capacity.

The location of yield lines in this study were found experimentally, rather than
theoretically. Specimens were tested, failure loads measured, and yield lines were
observed from deformations and mill scale chipping off plates.

The internal energy stored in a vield line mechanism is the sum of the internal
energy stored within each yield line. Internal energy per unit length of yield line is the
multiplication of the normal moment on the yield line, with the normal rotation of the

yield line. So, the energy stored in the n" yield line of length L, is:

wy = | mpends:mpE)nLn (2.1)

Ly

where m,, is the plastic moment capacity per linear inch of the steel plate, 6, is the relative
normal rotation the yield line n. and ds is the elemental length of line Ln. The internal

energy stored by a yield line mechanism can be written as :
W. = ¥ mpGnLn (2.2)

where N is the number of yield lines in a mechanism.
For more complicated yield lines it is more convenient to express the internal
work in terms of x- and y- components. The result is given as:

Wi =Zmp 0 Lo +Xmp 0oLy (2.3)

12



where m,, and m,,, is the moment capacity per unit length in the x- and y- direction, 0,
and 0, are the x- and y- components of the relative normal rotation of the plate segments,
and L,, and L,, are the x- and y- components of the n" yield line length. For steel
plates, the moment capacity per unit length is assumed to be the same in both the x- and

y- directions, therefore:

m,, =m_,=m, =— (2.4)

where F,, is the yield stress of the steel plate and t, is the plate thickness.
A point load on a plate or slab will give a “fan” circular yield line pattern, which

1s not dependent upon its radius. The equation for the point load is (See Appendix A):

P =2m(my + m'p) 2.5)

where P is the applied point load, mp is the positive moment capacity of the plate or slab,
and mp’ is the negative moment capacity of the slab (See Appendix A). In steel it is
assumed that these capacities are the same, so the equation becomes:

P= 47tmp (2.6)

Since the equation does not depend on the radius of the yield line circle, it is
assumed that if only a portion of the circular yield line is formed, then only that portion
of the total load given by the equation of the circular yield line will be realized. The

equation then becomes:

» 02
e, e

—_
(V8]



where /360 is the fraction of the total yield line of the circular point load equation.
Derivation of the point load equation can be found in Appendix A.

The expression for the external work done on the tee hanger by the applied load
was the same for all configurations and is given by:

W, =P(1) (2.8)
where P is the applied load to the connection, and 1 is the unit displacement the
connection undergoes due to the applied load.

The work done by the tee hanger to resist the applied load is dependent upon the
geometry of the tee and the presence or absence of stiffeners.
2.2  UNSTIFFENED TEE HANGERS

The unstiffened tee hanger was determined to have a yield line pattern such as
those shown in Figures 2.1 and 2.2. The pattern depends on the distance between bolts. If
the bolts are relatively far apart, a parabolic yield line will form from the web to the edges
of the tee flange (Figure 2.1). If the bolts are spaced closer together, then the parabolic
yield lines from adjacent bolts will intersect prior to reaching the edges of the flange

(Figure 2.2). The internal energy in the unstiffened tee yield line mechanism is given by:

Wi = mp[m{%j + (b{éﬂ (2.9)

Where my, is given by equation 2.4.
Figure 2.3 shows the dimension which define the parabolic yield line. The focal
point of the parabola is directly above the bolt, and the vertex is at the edge of the web

fillet, directly below the bolt. The length p is the distance from the focal point to the

14
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Figure 2.1 Unstiffened Tee Yield Line Pattern
Wide Spacing
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Figure 2.2 Unstiffened Tee Yield Line Pattern
Narrow Spacing

16



vertex of the parabola, which was found experimentally to be:
p=2.17d (2.10)
where d is the distance from the bolt hole center to the edge of the web fillet. The

distance e is found through the parabolic equation as:

e:d-[z—;] @.11)

The angle o is subtended by the parabola from the center of the bolt hole (not the focal
point of the parabola). The angle o is the sum of 6, and 0, where 0, is the angle
subtended from the bolt hole center to the free edge of the tee perpendicular to the web,

and is given as:

0, = tan—l(g) (2.12)

and 6, is the angle subtended from the bolt hole center to either the free edge of the tee
hanger parallel to the web, or the intersection of the yield line with the yield line of the
adjacent bolt. The dimension, a, is defined as the minimum of the distance from the
center line of the bolt hole to the centerline of the tee hanger (perpendicular to the web),

or the intersection of the yield line to the edge of the flange (parallel to the web).

The angle 6, is given by:

_]( a \ ~
0, = (2.13)
2 = tan kd - g/

o

or,ifg>d
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0+ :tan_l(g_dJ+90 (2.14)
a

where d is the distance from the bolt hole center to the fillet of the tee web, and a is

defined as:
L/2-b
4 =min \/‘ (2.15)
4pf
a2
and g=— (2.16)
4p

where L is the total length of the tee. To assure that the length of the parabolic yield line

does not extend out further than the tee flange. the following conditions must be satisfied:

g<f and a<,4pf

If g > f then:

0, :tan—l(f_dj +90 2.17)
a

Equating the internal and external work expressions gives the load capacity for the four

bolt tee hanger:

2 S )(lj
Py —thy{lln(%O] +(b - } (2.18)

A complete mechanism may not form at failure in plates that are relatively thick. A plate
may fail at loads lower than those predicted by yielding due to shear effects. A term to

reduce the effective capacity due to this effect must be added to determine load

19



capacity. From Kennedy e al. (1981), the modified moment capacity per linear inch for

steel becomes:

2 ' 2
m, =P F2—3[ V] (2.19)

where V is the factored shear force per bolt, or Puw/4 for a four bolt configuration, and w is
the flange width per bolt. Solving Equation 2.18 for the required tee design thickness in

terms of the ultimate load Pu:

P
= u (2.20)

ol ()

The solution requires some iteration due to the term for the plate thickness being on both

sides of the equation.
2.3  STIFFENED TEE HANGER
The yield lines for the stiffened tee hanger are shown in Figures 2.4 and 2.5. As
with the unstiffened tee hanger, the yield lines are dependent on the position of the bolts.
If the bolts are too far from the stiffener, then the parabolic yield line will form
uninterrupted, and the tee will perform as an unstiffened tee hanger (Figure 2.4). If the
following relation is true: g > f, where g is defined by Equation 2.16, then the tee hanger
acts as an unstiffened tee, and the equation for the internal work of the unstiffened tee
holds.

If the bolts are close to the stiffener. (Figure 2.5) then the parabolic yield line will
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form until it reaches the stiffener fillet, then a straight yield line will follow the stiffener
fillet until it reaches the free edge.
For g < f, where g is defined by Equation 2.16. the internal energy for the stiffened tee

yield line mechanism is given by:

Wi=mp[4n[ }L(H(f g:)i )+(b)( j} (2.21)

Equating the internal and external work expressions gives the yielding load capacity for

the stiffened tee hanger:

P, —th [ [ }(H(f-g)i )+(b)( j] (2.22)

and solving for the required tee design thickness in terms of the ultimate load Pu with

the shear effect incorporated:

" [4{;;0}(“(1‘"-”( ] (b{ ]]\/ [4‘}:;]0]2 h

Again, thickness is found through iteration.

The process for finding 6, and 6,. which are needed to determine the parabolic
yield line, are the same as those for the unstiffened tee case, and ‘a’ is the minimum of
the distance from the centerline of the bolt hole to: the distance from the edge of the
stiffener fillet, or the intersection of the yield line to the flange (parallel to the web) as

given by the parabolic yield line equation. The distance ‘a’ is given by the following

39}
8]



equation:

L
Z-b-i-t,

a:min = e (2.24)
4pf



CHAPTER II1

CONNECTION STRENGTH USING BOLT ANALYSIS
3.1 GENERAL

The yield line analysis described in Chapter II predicts the failure of the structural
tee hanger due to the yielding of the tee flange. The connection can also fail in bolt
rupture, therefore calculation of the bolt forces that arise during ultimate loading
conditions are of importance. As the flange of the tee deforms in loading, contact points
at the free edges (Figure 1.3) bring rise to prying actions. This prying action increases the
load in the bolt, thus decreasing the ultimate allowable applied load. Kennedy et al.
(1981) developed a method to calculate this added prying force, which was discussed in
Chapter I. This prying force has been proven experimentally for moment end plate
connections(Srouji er al., 1984; Hendrick er al., 1984; SEI. 1984; Bond and Murray,
1989; Abel and Murray, 1992; Borgsmiller et al. 1995) and has been dealt with in a
variety of ways. Borgsmiller simplified the method developed by Kennedy et al. which is
used in this study to predict the limit state for bolt rupture.

The Kennedy method assumes that a plate goes through three stages of behavior
during loading: described as thick, intermediate. and thin. The stage is determined by the
amount of deformation of the plate and the magnitude of the loading.. Each stage has a
corresponding equation for calculating prying forces. and thus the total bolt force. The
Kennedy method assumes no pretensioning of the bolts. When bolts are pretensioned, the
initial two stages of the Kennedy method are bypassed. Bolt failure is said to occur when

the applied load causes one of the bolts to  reach its proof load. The proof load, P, is
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determined from:

P, = ApFyp G.1)

where A, is the nominal cross sectional area of the bolt, and F,, is the tensile strength of
the bolt as defined by Table J3.2, of the AISC LRFD specification(Load 1993).

The Kennedy method requires an iterative solution to determine the design
thickness of the plate due to shear effects at the ultimate load. But assumptions can be
made to greatly reduce the calculations involved in determining the ultimate applied load
a connection can resist. Because of the ductile nature of steel, one bolt may reach its
proof load, continue to yield, but carry load without rupture until the rest of the bolts have
reached their proof loads. This has been proven by Abel and Murray (1992). The second
assumption states that at this proof load, the plate acts as a thin plate as defined by
Kennedy. This means that there is maximum additional bolt force due to prying action.
This assumption only applies when calculating the ultimate load capacity.

3.2 APPLICATION TO STIFFENED AND UNSTIFFENED TEES

To calculate the connection capacity using the simplified approach, the sum of the
bolt forces, P,, is calculated. First, the maximum prying force from plate deformation,
Q..o is calculated. From the free body diagram in Figure 1.3, the prying force is
subtracted from the proof load. Giving the following equation for a four bolt tee hanger

connection:

Py = 4P, —4Q .\ (3.2)



where Pt was defined in Equation 3.1. This equation 1s independent of whether a stiffener
is added to the connection.

In the determination of the capacity of the connection. one must make sure that the
quantity in the equation above is not less than the pretension of the bolt, T,. The

determination of the ultimate load then becomes:

4(Pt - Qmax) 2
b: (3"))
4Ty,
max
The maximum prying force is calculated using :
2 / 2
wt 1
_p |2 4 F
Qmax B 4a Vpr )[ w't ] (15)
p
with F’ as:
2 " , 3
o t5Fpy (08505 /2 + 080w )+ ndj Fyy, /8 w6

4pf
The value of ‘a’ in the above equation was found experimentally, and should not be
confused with the variable ‘a’ defined in Chapter II. After completing tests described in
Chapter IV, the applied load at which the bolt force became equal to its proof load was
noted. An equation for a was developed by using the variables of plate thickness, yield
stress of steel, and the diameter of the bolt. The equation was found by plotting all the
variables together and finding the best curve to fit the experimental data. The resulting

equation is:



t J
a =002317F, (—p] (3.4)
dp

Kennedy et al. (1981) warned that if the quantity under the radical for the maximum
prying force equation (Equation 1.5) above was negative, then the plate would fail locally
in shear before prying forces have developed, thus making the connection inadequate for
the applied load.

The above equatiohs were developed for unstiffened tees. Adding a stiffener to a
tee hanger may increase its capacity, in effect. adding plate thickness to an unstiffened
tee. To modify the thickness of the stiffened tee, the capacity of the stiffened tee is

compared with that of an unstiffened tee of the same geometry.

tmod = | ——P—— (3.5)
Fy (Pus / mp)

Where P is the desired capacity of the stiffened tee, and P is the yield line

capacity of the same tee, but unstiffened. It is assumed that shearing reduction is not
needed in this case. Shear reduction effects the value of the yield stress of the material. In
this equation there are two Fyterms, one is obvious, the other is nested inside the mp term.
Since there is an Fy term inside the mp term. and if both Fy terms are reduced by the

approximately the same amount, the reduction will cancel itself out.



CHAPTER 1V

EXPERIMENTAL RESULTS AND COMPARISON WITH PREDICTIONS
4.1 EXPERIMENTAL PROCEDURE

The testing program consisted of twelve tests designed to have the plate yielding
limit state and three to have the bolt rupture limit state. These specimens were fabricated
from plates, as well as, cut from H-sections.

Eleven of the specimens designed for the plate yielding limit state were cut into
tees from a W8x18 beam. All specimens were cut, with a steel saw, out of the same
beam. The average yield stress for this beam, as found by coupons cut from both the
flange and web, is 45.5 ksi.

The tee sections were cut to two different lengths, 10-1/2 in. and 6-1/2 in. Bolt
holes of 13/16 in. diameter were then drilled. The bolts on all specimens were drilled at
approximately the same distance from their respective free edges. Since the width of the
flange was held constant, the only difference in bolt placement between the two different
length specimens was the pitch between bolts on the same side of the web.

Each of the different length tees had three different stiffener placements: no
stiffener, a 1/4 in. stiffener centered between the two bolt rows with a 5/16 in. E70xx
weld all the way around the stiffener/flange interface, and the stiffener/web interface, and
a 5/8 in. stiffener centered between the two bolt rows with a 5/16 in. E70xx weld all the
way around the stiffener/flange interface and the stiffener/web interface. The yield stress
of the stiffeners used is unknown, but is not considered to be of importance to the results.

The remaining tee section that was designed for the plate yielding limit state
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was built up from plates. The flange plate was cut 6-1/2 in. x7 in. x1/2 in. and had 1-1/16
in. diameter bolt holes drilled approximately 1-3/4 in. from the free edges. The specimen
had no stiffener. The average yield stress of the flange plate was 68.4 ksi, as found from
standard coupon tests. Specimens designed for the plate yielding limit state are shown in
Figures 4.1 and 4.2, with dimensions in Table 4.1.

Two of the tees for the bolt rupture tests were cut from a single W21x101. The
lengths were again 10-1/2 in. and 6-1/2 in.. The width of the flanges was 6 in., and the
bolt hole diameters were 13/16 in.. The bolts were placed in the same configuration as in
the plate yielding limit state tests. As mentioned before, there were three tests performed,
two unstiffened and one stiffened. One of the unstiffened tees was built up. A 7/8 in. plate
with yield stress of 43.85 ksi was used for the flange. The two unstiffened test specimens
were 10-1/2 in. long and 6-1/2 in. long, and the stiffened specimen was 6-1/2 in. long and
used a 1/2 in. thick stiffener welded as the stiffeners for the plate yielding limit state tests
were. The yield stress for the W21x101 beam is 42.2 ksi. and was found by standard
coupon tests. Specimens designed for bolt rupture limit state are shown in Figure 4.1,
with dimensions listed in Table 4.2.

A SATEC universal testing machine with a 300 kip capacity was used for the
tests. The tees were gripped in the SATEC in one of two ways: plates that were bolted to
the web of the tee or plates that were welded to the web of the tee. The tee to be tested
was then bolted to a larger tee which had a flange thickness of 1-1/2 in., ensuring it would

not yield prior to specimen yielding.
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Figure 4.1 Stiffened Tee Hanger Test Specimens
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Figure 4.2 Unstiffened Tee Test Specimens
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Both configurations are shown in Figure 4.3. Deflections between plates were measured
by dial gages. These gages were attached to the web and stiffener (when applicable) of
the tee and measured the plate separation of the specimen with respect to the top of the
flange of the heavy tee. Again, the heavy tee. which the specimen was attached to, did not
yield.

Bolt forces were found using bolt strain gauges. One or two strain gauged bolts
were used on every test. The gauges were type BTM-6C manufactured by Tokyo Sokki
Kenyujo Co. and are intended to determine bolt strain in the elastic region. Bolts are
prepared as follows: A 2mm hole is drilled from the head of the bolt into the unthreaded
portion of the shank. The hole is then cleaned out with acetone and allowed to dry. An
epoxy provided by the manufacturer is then mixed and placed in the hole, followed by
inserting the strain gauge. The bolt, with strain gauge, is then baked in an oven at 325 F
for twelve hours for the epoxy to harden.

The strain gauged bolts were then calibrated. They were wired to a strain indicator
and the SATEC testing machine was used to apply load in increments. The corresponding
strain at each load increment is noted. The values of load and strain are then linearized
using a regression analysis, and a slope of the load/ strain relationship is determined.
During testing this slope is then used to calculate the force in the bolt.

The specimens were placed in the SATEC. and the bolts were tightened to either
the minimum bolt tension load designated by AISC Table J3.1 (AISC, Load 1993), or as

much as possible. In some instances, two people turning a ratchet with an extra long



handle, were unable to tighten the bolt up to the minimum pre-tension. Tests in which the
minimum bolt tension was not attained can be identified in the Bolt Force versus Applied
Load plots in Appendices B, C, and D. Applicable plots indicate an initial pretension less
than that required by AISC.

The pretensioning force was determined directly when bolts were strain gauged.
Bolts that were not strain gauged were tightened to “feel” the same as those that were.

Load was then applied at 5 kips increments for the plate yielding limit state
specimens, and 10 kips increments for the bolt rupture limit state specimens. Plate
deflection, applied load, and bolt force quantities were all recorded. Tests were stopped
when either plate yielding was excessive as determined from the measured separation or
bolt forces became excessive.
4.2 DETERMINATION OF EXPERIMENTAL CONNECTION STRENGTH

Determination of the experimental strength of the tee hanger specimens is
essential in showing the validity of the predicted strength. Failure load was determined
for both plate yielding and bolt rupture for each test.

Each test has a graph of applied load versus plate separation associated with it.
Each graph contains two data series, one for each dial gauge that was used. Figure 4.4
shows a typical load versus plate separation plot. Initially the data points make a straight
line where the plates are deforming elastically. As load continues to be applied, the

connection softens. and the flange of the tee hanger is now yielding. A straight line is
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drawn connecting the elastic and plastic regions, this intersection is assumed to be the
load at which a mechanism has just formed, and thus the failure load.

Bolt force versus applied load plots, such as the one in Figure 4.5, were also made
for each test. The bolt force is initially the pre-tension force in the bolt. The force in the
bolt remains constant until it reaches an applied load sufficient to cause plate separation.
At this load, the force in the bolt increases. and prying action (which was discussed in
Chapter I) is developed. The strain gauges in the bolts are unable to accurately read
strains once the bolt has yielded, therefore readings are taken only to the proof load of the
bolt.

The plots contain one or three sets of data series. If only one data series is shown,
then either only one bolt was strain gauged, or the second strain gauged bolt was giving
faulty readings. If three data series are shown, two are bolt force readings, and one is their
average. Failure of the bolt is assumed to occur at the applied load which causes the bolt
force to reach the bolt yield load. Yield stress of the bolt is taken as 90 ksi (from AISC
Load (1994), Table J3.2) and the yield load is the cross-sectional area of the unthreaded
portion of the bolt, multiplied by the yield stress. Plots for all tests can be found in
Appendices B, C, and D.

The bolt force remains constant until the applied load causes the plate to deform
enough to allow prying action to occur. It is assumed that when the bolt force first
deviates from the initial pre-tension load, it is increasing at the same rate as the applied

load, shortly thereafter, the maximum prying force is realized. The applied load at which



prying action begins was determined to be the intersection of lines drawn along the
portion of the plot of initial deviation from pre-tensioning and the bolt force increase due
to prying action. An example of the bolt force versus applied' load chart is shown in
Figure 4.5.

4.3 DETERMINATION OF PREDICTED CONNECTION STRENGTH

Equations to predict the strength of tee hanger connections were given for the
limit states of plate yielding and bolt rupture. Plate yielding. Py, is determined by using
the yield line method as discussed in Chapter II. where Py is the yield load for either the
stiffened or unstiffened case. Bolt rupture, Py, using the modified Kennedy method was
discussed in Chapter III. Calculations for P, and P, for all tests are presented in
Appendices B through J.

Once the connection strengths for the two limit states have been calculated, a
controlling connection strength, P4, is chosen. Here an assumption must be made. If
prying action is to occur, the plate must sufficiently deform. If the plate has not
sufficiently deformed, or begun to form plastic hinges, there can be no points of
application for the prying forces to act (see Figure 1.3). This concept was introduced by
Kennedy er al. (1981) as different stages of plate behavior in tee stubs. With this
assumption in mind, a “prying action threshold” can be determined. This threshold is the
applied load at which the maximum prying force, Q.. has just begun. Prior to this
applied load, the plate acts as a thick plate. or one that is un-deformed. After this load, the

plate has begun forming plastic hinges to cause maximum prying force.
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If the ratio of the applied load which causes yielding in the plate to the applied
load which first causes prying forces to be realized is less than one, then prying forces are
present prior to the formation of a @echanism in the plate. In Table 4.3 one can see that
the applied load at which Qmax begins, is after the formation of a full mechanism in tees
with thin flanges (tp = 0.355 in.), and prior to the formation of full mechanism in tees with
thicker flanges (tp > 0.5 in.). Test 13a saw Qmax begin at an applied load slightly larger
than the load producing a full mechanism. The ratio of applied yield load to applied load
at which Qmax begins, in the case of test 13a. is close enough to unity (as compared to
tests having a plate thickness of 0.355 in.) that the above relationship holds. Following
previous research on the modified Kennedy method (Borgsmiller 1995) and to be
conservative, it will be assumed that the applied load at which Qmax begins is 90% of the
yield strength of the tee, or 0.9Py.

Table 4.3 Prying Action Threshold of Test Specimens

Plate Applied Load
Flange |y iclding | Quas Begins
Test Thlclkness Load (PY) (AL) AL/PY
(in) (kips) (kips)

4a&10a 0.355 44 64 1.45
la&lla 0.355 42 64 1.52
2a 0.355 50 74 1.48
8a&3a 0.355 54 80 1.48
9a&5a 0.355 47 66 1.40
13a 0.899 140 156 1.11
12a 0.785 128 120 0.94
1 0.520 100 80 0.80

The predicted strength of the connection can be determined by the following guidelines:



If applied load < 0.9Py Thick plate behavior
If applied load > 0.9Py Thin Plate Behavior
If the plate behaves as a thick plate, then no prying action takes place. To
calculate connection strength with no prying action, Pup, one follows the guidelines set
forth in Chapter III, except Qmax is set equal to zero.
Once the predicted forces Py, Pr, and Pnp are known, the prediction of the

connection strength, Ppred, can be determined as follows:

Ppred = Pnp if Pnp < 0.9Py (4 1)
Ppred = Pr 1f 0.9Py < Pnp and Pr< Py 4.2)
Ppred = Py if Py < Py (4.3)

If the strength for the limit state of bolt rupture with no prying action, Pnp, is less
than the prying action threshold, 0.9Py, then yielding will not occur in the plate and the
connection will fail in bolt rupture with no prying action in the bolts. If the limit state for
bolt rupture with no prying forces is greater than the prying action threshold, 0.9Py,
prying action is taking place due to plate yielding prior to bolt rupture. If the strength of
the limit state for bolt rupture with prying forces, Pr, is less than the yield line strength of
the tee stub flange plate, Py, the connection will fail in bolt rupture, with prying action
prior to complete plate yielding. If Pr is greater than Py. then the connection will fail in

plate yielding.
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Table 4.4 Test Results-Unstiffened Tee Hangers
Flange Yield-Line Failure Design

Test Pb Ph,pred py P| Pnp Ppred Pe,\'p Ppred/Pexp Pb,pred/Pb
(kips) (kips) (kips) (kips) (kips) (kips) (kips)
4a/10a 74.00 72.00 38.90 112.00 | 160.00 38.90 44.00
la/lla 68.00 72.00 34.04 112.00 | 160.00 34.04 42.00
1 110.00 | 106.00 | 105.80 | 208.00 | 280.00 [ 105.80 | 100.00
Table 4.5 Test Results-Stiffened Tee Hangers
Flange Yield-Line Failure Design
Test Pb Pb.prcd P\' Pr Pnp Ppwd Pl.-\p
(kips) | (kips) | (kips) | (kips) | (kips) | (kips) | (kips)
9a/5a 77.00 75.00 40.56 112.00 160.00 40.56 47.00
Ta/6a N/A 76.00 40.53 112.00 160.00 40.53 47.25
2a 77.00 82.00 40.40 112.00 160.00 40.40 50.50
8a/3a 85.00 84.00 41.27 112.00 160.00 41.27 54.00
Table 4.6 Test Results - Bolt Rupture Design
Test Ph Ph,prud P_\' I)r pnp Pprcd Pcw
(kips) (kips) (kips) (kips) (kips) (kips) (kips)
12a 134.00 | 120.00 133.00 119.60 160.00 119.60 128.00
13a 166.00 | 126.00 | 153.00 127.00 160.00 | 127.00 | 140.00 |
14a N/A N/A 123.00 127.00 | 280.00 105.80 160.00 L

Notes for above Tables: N/A for tests giving faulty readings

Pv- Experimental applied load at which the bolt force is equal to the bolt proof load.
Pb.pred-Predicted applied load at which bolt force is equal to the bolt proof load.
Py-Predicted applied load at which mechanism in flange plate commences.
Pr-Predicted applied load at which bolt rupture with prying action is the predicted mode
of failure. :
Pnp-Predicted applied load at which bolt rupture with no prying action is the predicted
mode of failure. '
Ppred-Predicted failure load for the connection.
Pexp-Experimental failure load.



44  UNSTIFFENED TEE HANGER COMPARISON-YIELD DESIGN

The results for the unstiffened tee hangers which were designed to fail by plate
yielding are found in Table 4.4. The value Ppred/Pexp is the ratio of the predicted failure
load to the experimental failure load. If this ratio is less than one (Ppred/Pexp < 1.0) then the
design is conservative, if the ratio is greater than one (Ppred/Pexp > 1.0) then the design was
unconservative. The tee hangers with thin flanges ( tp = 0.355 in., db = 3/4 in.) showed
conservative ratios at about 0.85. The thicker tee (tp = 0.52 in.. do = 1.0 in.) was slightly
unconservative with a ratio of 1.06.

In all tests, the specimens failed in yielding as predicted. In Table 4.4 it can be
seen that bolt forces, P, reach their proof loads at an applied load much larger than the
applied load that caused failure in yielding, Py. Comparison between experimental and
predicted applied load at which the bolt force reached its proof load showed very good
results. The average of the predicted to experimental applied loads that caused bolt force
to equal proof load, Pb,pred/Ps, was 1.0. Calculations for the predicted loads can be found
in Appendix B.

4.5 STIFFENED TEE HANGER COMPARISON-YIELD DESIGN

The results for the stiffened tee hangers, which were designed to fail by plate
yielding are found in Table 4.5. In all tests. the specimens failed in yielding as predicted.
The ratio of the predicted to experimental yield loads, Ppred/Pexp, averaged 0.82, which is

conservative.



In Table 4.5 it can be seen that bolt forces, Pb. reach their proof loads at an applied
load much larger than the applied load that caused failure in yielding, Py. The average for
the predicted to experimental bolt forces Popred/Pb, was 1.01, which is slightly
unconservative, but still very good.

The use of a stiffener increased the capacity of the connection as predicted. In the
tests using shorter tees (2a,8a/3a), where the distance between bolts on the same side of
the web was small, the use of thicker stiffeners increased the strength significantly. The
experimental strength rose from 42 kips for the unstiffened case, to 50 kips and 54 kips
for the stiffened samples. This is due to the fact that the parabolic yield line intersected
the stiffener yield line very close to the stiffener/web intersection (see Figure 2.4). In the
case of the tests which contained longer tees (9a/5a, 7a/6a) the increase in strength due to
increased stiffener thickness was negligible because the parabolic yield line intersected
the stiffener yield line very far from the stiffener/web intersection (see Figure 2.3).
Calculations for the predicted loads can be found in Appendix C.

4.6 BOLT RUPTURE DESIGN COMPARISON

The results for the tee hangers designed for bolt rupture can be found in Table 4.6.
All tests, with the exception of Test 14a, had the predicted failure load, Ppred, to be less
than the predicted yield failure load, Py, thus the predicted failure mode was bolt rupture.
Test 14a had a predicted bolt rupture failure load. Pr, slightly greater than the predicted
plate yielding load, Py, thus giving a predicted failure mode of plate yielding. The average

ratio of predicted to experimental bolt forces, Pb.pred/Po. was 0.83 which is conservative,



but a reasonable result. For maximum prying forces to be realized, plate yielding must
begin, but a full mechanism need not occur. In all the tests. plate yielding had begun, but
the formation of a complete mechanism did not form until after the bolts reached their
proof loads. The ratio of the predicted to experimental yield load, Ppred/Pexp, was 1.06
which is slightly unconservative. The predicted to experimental yield load ratio in test

14a was 0.76, this is considered to be an out liar, and is not considered.

4.7 COMPARISON WITH OTHER RESULTS

Table 4.7 shows a comparison between the results from the method developed in
this study, with results from design methods developed by others. The tee examined was
one with the dimensions found in Figure 1.2, with a plate thickness of 0.625 in. The
failure load is assumed to be the applied load that causes the first plastic hinge to form.
This plastic hinge is located at the web to flange interface (See Figure 1.3). This is not the
load at which the connection has formed a complete mechanism. The design method
developed in this study determines the applied load at which a full mechanism forms. For
comparison, the failure load will be assumed to be the load at which yielding begins or

0.9Pus, or 90% of the yield strength of the unstiffened connection.

44



Table 4.7 Comparison of Failure Loads for Different Design Methods

on Single Tee Section

Failure
Researcher Load per
bolt (kips)
Douty & McGuir 18.9

Grundy ef al. 12.9
Packer & Morris 22.8
Mann & Morris 25.8
Kennedy e al. 12.3

Murray & Otegul 24.3

45



CHAPTER V
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 SUMMARY

This study introduced a simplified yet accurate method for designing structural tee
hangers with or without stiffeners. The method covers two limit states: failure of the
connection through plate yielding, and failure of the connection through bolt rupture.

When a tee hanger is loaded in tension, it will deform elastically until it reaches
an applied load which will cause it to start deforming inelasically. At this load, plastic
hinges begin to form in the tee flanges, until a complete mechanism forms. The equations
controlling the limit state of plate yielding were derived using the yield line method. In
these equations, the maximum applied load is that which causes the connection to form a
complete mechanism. The equation controlling bolt rupture, with or without prying
action, was derived from the modified Kennedy method. This simplification of the
Kennedy method is based on the assumption that once the connection has begun to yield
substantially, but has not formed a complete mechanism, the prying forces are at their
maximum, and therefore only the maximum prying force, Qmax, is used in the calculation
of the bolt force. If the plate is strong enough, no yielding will occur, and the bolts will
have no added forces other than those applied by the load.

The two limit state equations were used to calculate the failure load, and mode,
for 15 tests of tee hangers with various lengths, plate thickness, bolt diameters, and

stiffener thickness. The proposed procedure for design of tee hangers is summarized in
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Section 5.3. The design strength, ¢Pn, is calculated for the limit states of flange yield, Py,
and bolt rupture with and without prying action, Pr, and Pnp, respectively. The resistance
factors ¢r, and ¢y, have been incorporated into the equations to make them applicable to
Load Factor and Resistance Design. The resistance factor for bolt rupture ¢r, is 0.75, and
the resistance factor for plate yielding ¢y, 1s 0.9 (Load 1993).

5.2  CONCLUSIONS

The major conclusions drawn from this study are:

1) The yield-line mechanisms described in Chapter II adequately predict the
strength of stiffened and unstiffened tee hanger connections. Out of the 15 tests, 14 gave
usable predicted versus experimental values. One test had a ratio of 0.76, and was
considered an outlier and thrown out. The mean value of the predicted yield load to the
experimental yield load is 0.94. The standard deviation is 0.119, with a variance of 0.014.

2) The simplified Kennedy method described in Chapter 11l adequately predicted
the bolt forces in all tests. Out of the 15 tests, 11 gave usable data for bolt force
calculations. One test had a predicted - to - experimental ratio of 0.76 and was considered
an outlier and thrown out. The remainder of the bolt readings that were thrown out were
due to faulty bolt strain gage readings. The mean value of the predicted applied load at
bolt proof load was 0.99 with a standard deviation of 0.057 and a variance of 0.003.

3) The threshold at which prying action becomes a maximum is assumed to be
90% of the yield capacity of the plate or 0.9Py. If the applied load is less than this

threshold, then the end plate behaves as a thick plate. and prying action is negligible.
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Once the load has crossed this threshold, the plate is considered to be thin and the
maximum prying force is incorporated into the bolt analysis.
5.3  DESIGN RECOMMENDATIONS

Two LRFD design procedures have been devised depending on the limiting
provisions of the design. If it is necessary to limit bolt diameter, Design Procedure 1 is
recommended. If it is necessary to limit the thickness of the plate, Design Procedure 2 is
recommended. Design Procedure 1 is preferred. because it ensures that no prying action
takes place at the ultimate load, thus reducing the number of calculations needed. Plate
thicknesses for this procedure are only approximatley 10% thicker than for the design
procedure includung prying action.

Design Procedure 1: The following procedure results in a relatively thick plate
for the tee hanger and smaller diameter bolts. The design is governed by bolt rupture with
no prying action included. The design steps are:

1) Compute the ultimate factored load, Pu, using factors specified in Chapter A4-1 of the
1995 AISC specification (Load 1993). Set the connection design strength, ¢Pn, equal to
the desired ultimate load, which is set equal to the proot load of the bolts.

Pu= ¢:Pr = ¢:(4Pv) (5.1)

Solve for the required bolt proof load P

P, = Zﬁj (5.2)

Where ¢r is the reduction factor for bolt rupture and is equal to 0.75.

Solve for the required bolt diameter, db, from the expression:
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dy = |—P- (5.3)
nFyh

(where Fyb for an A325 bolt is 90ksi.) and select the appropriate bolt diameter. With the

selected bolt diameter, re-calculate the bolt proof load P

Ttdlzj
Pt = T Fby (54)

and check that it is sufficient to resist the applied load:

P, <¢,(4P)=¢.P; (5.1)
2) Choose a stiffened or unstiffened tee configuration and the geometry required as
shown in Figure 5.1. Also choose type of plate material.
3) To ensure that the flanges of the plate will be strong enough to resist yielding and
cause the connection to fail by bolt rupture with no prying action, divide Puby 0.9 and set
the quantity equal to the yield strength of the flanges of the tee hanger:

Pu/0.9 = ¢yPy (5.5)
Where ¢y is the reduction factor for plate yielding and is equal to 0.9.
4) Solve for the required flange thickness for either the stiffened or unstiffened case,
depending on which configuration is needed, using one of the following equations:

For the unstiffened tee

o P, /09 56

ol -{e)]
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For the stiffened tee:

9
t. = Py /0 (5.7)

il eeotlo e {5

Choose an appropriate plate thickness. then recalculate the yield strength of the tee

flange, ¢vPy, using the appropriate equation. e.g. Pus or Ps, in the equation summary table,
Table 5.1.

5)Check that ¢:Pr < 0.9¢yPy for the chosen values of tp and db. If the inequality is true, the
design is complete. Otherwise, increase plate thickness, or add stiffeners until the
inequality stands.

Design Procedure 2: The following procedure results in a design with a
relatively thin end plate and larger diameter bolts. The design is governed by either
yielding in the plate connection or bolt rupture when prying action is included.

1) Compute the ultimate factored load, Pu, using factors specified in Chapter A4-1 of the
1995 AISC specifications (Load 1993). Set the connection yield design strength, ¢yPus, or
¢yPs equal to the desired ultimate load.

Pu=¢yPusor Pu= ¢yPs (5.8)
2) Choose a stiffened or unstiffened tee configuration and required tee hanger geometry
as shown in Figure 5.1. Also choose type of plate material. Solve for the plate thickness
by iteration using equations in Table 5.1. A good first guess for plate thickness is lin. per

100 kips of applied load.

49



3) Choose a plate thickness, and recalculate the stiffened or unstiffened yield strength of
the connection using equations in Table 5.1. Check that it is greater than the factored
design load:

0yPus or ¢yPs> Pu 5.9
If using an unstiffened tee, and the yield strength is below the factored design load,
addition of a stiffener may increase the yield strength sufficiently to make the inequality
true.
4) Select a trial bolt diameter and calculate the connection resistance for the limit state of
bolt rupture with prying action, ¢rPr, using the equations in Table 5.1 for bolt rupture. If a
stiffener 1s being used, the modified plate thickness. tmod, must be calculated to find the
maximum prying force, Qmax. To calculate tmod, the yield strength of the same connection,
unstiffened, (¢pyPus) mustalso be calculated. The equations can be found in Table 5.1
5) Check that ¢rPr> Pu, this will ensure that the bolts will not yield prior to the factored
design load. If necessary, adjust the bolt diameter until ¢:Pr is slightly larger than Pu .
5.4  DESIGN EXAMPLES
Example 1
Determine the required thickness and bolt diameter for a Structural Tee Hanger, with the
geometry shown in Figure 5.1, that ensures the mode of failure to be bolt rupture. The
plate material is A572 Gr 50 and the bolts are A325. The factored applied load 1s 65
kips.

1) Pu was given as 65 kips, therefore:



Table 5.1 Tee Hanger Equation Summary

Variables Defining Yield Line Mechanism for Stiffened and Unstiffened Tees

br tyw b?
d=—"F-Y_t_ =2.17d =d-| —
> > weld p € (41)}

b -1 )

61:tan_1 gj 0, = tan ( wgJ

ifg>dthen 6, :tan_l[g—dj+90 ifg>f then 6, :tan_l(f—dj+90
a a
measured )

a=pi IL/2-b gzz—

Japf P

Equations for Determining Tee Flange Thickness

Unstiffened Tee

(g o)A

Stiffened Tee




Table 5.1 Tee Hanger Equation Summary (cont.)

Equations for Determining Tee Yield Load Strength

Unstiffened Tee

2
Py = (4{&}%[1}] R
360 eV lawt,

Stiffened Tee Hanger

[ 2
P, = (ngﬂ +cH(f- g))G) + (b)&jj\/ R - 3{4\%}}

Equations to Calculate Bolt Forces with Prving Action

/tp 3 bf P,
a:0.02317Fyt— W':—_dbh tmod = ———
dy 2 F, (Pus /mp)
t2F (085b /2+080w')+nd3F /8
po PPy ' b yb
4pf
2 2
o -2z g F
max 4a py VV“[
4Py —Qpax)
r 4Ty,
max




65 k = ¢prPr=¢(4P1) with ¢r=0.75
The required bolt capacity is

P, 65

"4, 407)

= 21.67 kips

The required bolt diameter is:

dp = —4&— = 4@167) =0551n.
TEyh n(90)

Try a 5/8” diameter bolt

>
5/8)
P, = “(_4)_(90) =2759

0 (4P, )= 0.75(4X27.59) = 82k > 65k — ok

2) To ensure that the plate does not yield before bolt yielding, divide Pu by 0.9

Py = & =722k
09 09

3) Solve for the required thickness that ensures no yielding at bolt proof load. The

following variables must now be defined to find the capacity of the plate:

byt 8§ _ 05 5

d=—r—c-—F—tyeg =5 =2- >~ =143750n.
p=2.17d =2.17(1.4375)=3.119 in.
2 2
e=d- 2 —14375- 2 _—1.1168n
4p 4(3.119)

wn
(V8]



2 42
g=——=——"—=12822in,
4p  4(3.119)

oI
0, = tan_l[hj = tan_l( - J = 60.82°
e 1.1168

0, = tan—l[ J = tan~ (_;j =87.78°
d-g \1.4375-1.282
a=0;+0, =60.82° +87.78° =148.6°
p=us
Mp

P= [41{ 60) * b@j - [4p{1§:66j +2(1,11168D =657

Where m'p is the moment resistance per linear inch, modified for shear. The required

plate thickness is deteremined by iteration. Assuming a plate thickness of 0.7 in.

P, /0.9
tp = ;
B(¢)f( R ) - [(4)( p)}
tp = 122 =0488 in

697(09)\/(50) (4)( 433><07)J

A second iteration using tp = 0.488 in. gives tp = 0.498 in.

Try 1/2 in. plate

4) Check that yield load of the plate is greater than proof load of bolts



(o T 6T

2
148.6 1 I P R 72.2 _g19
(4 22) {1 o9 \/(’0) ((4)(—4)(0—5)} =812k

check ¢Py=(0.9)x81.2 = 73.08k > 72.2k = Pu/0.9 ok

Summary: For the given loading, geometry. and materials. use 1/2 in. thick A572
GrS0plate, with 5/8 in. diameter A325 bolts.
Example 2
Determine the required thickness and bolt diameter for a Structural Tee Hanger with the
geometry listed in Figure 5.1, that ensures the mode of failure to be bolt rupture. The
plate material is A572 Gr 50 and the bolts are A325. The factored applied load is 250
kips. Also, the plate thickness is not to exceed lin.
1) Pu was given as 250 kips, therefore:

250 k = ¢Pn= ¢:Pr = ¢(4P1) with ¢r=0.75
The required bolt capacity is

P, 250

", T 3079)

=83.33 kips

The required bolt diameter is:

4(83 33 )
= 1.081n.
TCFVb 7'[(90

Try a 1-1/8 in. diameter bolt

wh
N



R - db

I i
C
Sl e
d
! ! AT T
Gl br

L
Example bs b c d f ts tw | dp | dph L tweld
(in.) | (in) | (in) | (in.) | (in.) | (in.) |[(in)| (in.) | (in.) | (in.) | (in.)
1 8.0 2.0 2.0 }1.435| 3.435 none | 0.5 [0.625| 0.6875 12.0 5/16
2 10.0 2.0 1.5 2.0 3.5 0.5 1.0 1.0 1.0625 10.0 1/2
3 10.0 2.0 1.5 2.0 3.5 0.5 1.0 | 1.0 | 1.0625 10.0 5/16
4 8.0 2.0 2.0 1435 | 3.435 none | 0.5 | 0.75 | 0.8125 12.0 172

Figure 5.1 Dimensions for Example Problems
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2
1125
P, - #(90) 8941
¢ (4P, )= 0.75(4X89.41) = 268.2k > 250 ok
2) To ensure that the plate does not yield before bolts do. divide Pu by 0.9

Pu _20_ 5977k
09 09

3) Solve for the required thickness that ensures no yielding at the bolt proof load.

The following variables must now be calculated to find the strength of the plate

10 1 1

— f_‘ S i B B
d—bz— c -12— tweld_2 2-3 2—_m.
p=217d=217(2)=439 in.

b? 2? .
e=d-—=2- =1.761n
4p 4(4.39)

Japf
a= |1,  =3n
=-b
min |2
2 22
g=2 -2 0518 in
4p  4(439)



\
0 = tan_l[gj =tan” (LJ = 48.65°
e 1.76

¢, = tan ‘1[ ~g] "(ﬁ} =63.7°
o =0 +6, =4865° +637° =112.36°
p=lus

Mp

(o o) (128 ) s

the required plate thickness can then be solved by iteration, and assuming a plate

thickness of 1.0 in. by using:

P, /09
P 3

OV { 4)(th)}

= 2777 =1172 in.

5.057(0. 9)\/(5 0y’ - (4)Z )Zl)]

a second iteration using tp = 1.172 in. gives tp = 1.192 in.

The plate is thicker than the permissible thickness of 1 in. in the problem statement.

Try a 1 in. plate and add a 1/2 in. stiffener with a 5/16 in. weld.

4) Determine the plate capacity using the stiffened plate equations



L t 05 5 .
a=5—b~7s—tweld :5_2_7—1—6—:2'431&

_a® 2437
5T 4p  3(a39)

7 s}
0, —tan”| 2| = tan—](“'—%j =557°
d 2-03422

=0.3422in.

01 remains the same, all other quantities remain the same
o=07+0, =557 +48.65=104.35

5) Check that yield load of the plate is greater than the proof load of the bolts

(ol ol o7 ]

P, = [47:( 1;1:66) ' 2( - 168) +(15+(35- 0.3422){-2.%](1.0)2 \/(50)2 - 3[%} 2 =355k

check ¢Py= 0.9x 355 =320k > 277.7k = Pv/0.9 ok

Note: The value is somewhat conservative, but any standard thickness plate below 1 in.
for A572 Gr 50 steel, gives insufficiant strength.

Summary: For the given loading, geometry, and materials, use 1.0 in. thick A572 Gr50

plate, with 1.0 in. diameter A325 bolts, and 1/2 in. stiffeners with a 5/16 in. weld.

Example 3
Determine the required thickness and bolt diameter for a Structural Tee Hanger with the

geometry listed in Figure 5.1, that ensures the mode of failure to be plate yielding. The



plate material is A572 Gr 50, and the bolts are A325. The factored applied load is 100
kips. Also, plate thickness cannot exceed 5/8 in.
1) Pu was given as 100 kips, therefore:
100 k = Pu
2) Find the strength of the plate.

The following variables must now be defined to find the capacity of the plate:

be t 6 |1 .
d=—--—"- weld =5~ 5~ 5 =2in.
p=217d =2.17(2)=4.39in.

2 2
e=d-222- 21760
4p 4(4.39)

0, =t ‘{ igj =tan"l(ﬁ—;‘518j = 63.7°
o =0 +0, =4865° +63.7° = 11236°
p=—us

l'l'lp

NETSNE RO A

3) Solve for plate thickness by iteration, using an assumed thickness of 1.0”
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t:i Pl

), ) ‘3[(4)}()‘;0}

t, = 100 = 0.671n.

5_057(0.9)\/(5 0y’ -3 ( (4)1((4)1?( 1)] —

A second iteration using tp = 0.67 in. gives tp = 0.68 in.

2

The plate is thicker than the permissible thickness of 5/8 in. in the problem
statement.

Try using a 5/8 in. plate and adding a 1/2 in. stiffener with a 5/16 in. weld.

4) Determine plate capacity using the stiffened plate equation

L t 05 5
- _h_ — =§_2—-—_"—_ - =743
a > b > tweld d—2 5 6 243
2 2
_3 28 540
dp  4(434)
o a ) o 243 o
0, =tan | —— =tan (—j =557
\d-gJ 203422

01 remains the same, all other quantities remain the same

o =0 +0y =557 +48.65=10435
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A trial plate thickness of 1/2 in. gave ¢Ps = 98 k < 100 k = Pu. Try 5/8 in. plate

ol

L SR,

P, = [47{ 1:2(?) (1 1 168] +(15+(G5-0. 3427)1 D (0.625)° \/ (oY - [(4)(%8625)] =170.9k

check ¢Ps=0.9x170.9 = 153k > 100k = Pu ok

5) Bolt force must now be checked and include prying action, since this is a stiffened tee,

the quantity tmod must be calculated. The vield strength of the connection, unstiffened,
was calculated earlier in the example.

Try 1 in. diameter bolts

3
t
a= 0.023171«“},((1—") = 0. 0’>317(50)(081 1) = 0641 in.
b

1709
4= } / = 0821 in.

w'= Jeif- —dyy, =5-10625=139375

2

t2Fy, {0.8 S[Jei] + o.s(w')} +ndpFyp, /8
F'=
4(pr)
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10

0821y (50{0.85(?j + 0.8(3.9375‘)} + (1) (90)/8
4@2)

w't2 P 2

- p -3 ——

o= 6T A
2

~ 2 3 )
_ (3.9375)03821) \/(50)2_3{ 3287 ] sk

4(0.641) (3.9375)0821

F= =3287

¢rPr:

max

04(P, — Qmax) _[0-75(4)(70-55) 5
04Ty, T 10.75(4)(51) -

6) Check that bolt yield is greater than plate yield load.
¢rPr =1532 d)PsI 153k
Summary: For the given loading, geometry. and materials, use 5/8 in. thick A572 Gr50

plate, with 1.0 in. diameter A325 bolts, and 1/2 in. stiffeners with a 5/16 in. weld.

Example 4
Determine the required thickness and bolt diameter for a Structural Tee Hanger with the
geometry listed Figure 5.1, that ensures the mode of failure to be plate yielding. The plate
material is A572 Gr 50, and the bolts are A325. The factored applied load is 65 kips.
1) Pu was given as 65 kips, therefore:

65 k = Pus
2)Find strength of the plate.

The following variables must now be defined to find the capacity of the plate.



t 4 1 5

_wf _tw _x_ 2 _ T
d= -bz— 5 tweld 5 4 16 1.43751n.
p=217d= 2.17(1.4375) = 3.119in.

b2 "2
e=d-—=14375-———=11168in.

4p 4(3.119)

Vapf
a= L =4 in.

min!2
2 2
g= g . A = 1282 in.
4p  4(3119)

)
0, = tan_l[kj = tan_l(;] =6082°
e 1.116

0, = tan"l( a_ | = tan"(;] =8787°
‘ hd—glJ 14375-1282

=07 +0, =6082° +87.87° =148.6°

b= [4n(320) " b@] - (471[ lsgbéj i 2(@” =697

3) Solve for plate thickness by iteration using assumed thickness of 1/2 in.

Pu

o), (Fy ) *3[@%%)]2

65

o o 65
6-97(0-9)\/ (50) - JL (4X3.Emj

a second iteration using tp = 0.468 in. gives tp = 0.47 in. Try a 1/2 in. thick plate

=0468 in.

-
I

2
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4) Determine plate capacity

ol 67 6 )

2
Pus:(%(l;:@ (HI&;D(OS)- \/(50) - LW;)(OSJ ~ 823k

check ¢Py= 0.9x82.3 = 74k > 65k = Pu ok

2

5) Bolt force must now be checked and prying action Try 3/4 in. diameter bolts

b
w'= Tf_dbh =4-08125=231875

2 by 3
toFyp [085( 5 ) +08(w)}+ndf,1:yb /8

F'=

)
03y (50{0.85(%] +08(3.1 875)} +7(0.75)° (90) /8
k= - =111
4Q)
2
Fl
647
(3.1875)0.625)° | _ ( 111 ]‘ ,
B =3 | =2817k
= 03a) |0 GIsTsyos)
o.P.= ¢4(Pt = Qmax )_ ‘0-75(4)(40 -28.17) Y
r'r— = =
max 94Ty max‘0'75(4)(28)

6) Check that bolt yield is greater than plate yield

d)rPr 84k > (bP\ 74 k ok
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Summary: For the given loading, geometry. and materials. use 1/2 in. thick A572 Gr50

plate, with 3/4 in. diameter A325 bolts.
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PARABOLIC YIELD LINE DERIVATION

The purpose of this Appendix is to show the derivation and the assumptions made
to determine the internal work for a parabolic yield line. The “Resisting Moment along a
Skewed Line” and “Fan Patterns at Concentrated Loads™ derivations were taken from
Barker (1995).

Using the principle of virtual work, the steel plate is given a small arbitrary virtual
displacement, and the corresponding rotations at the various yield lines are determined.
By equating the internal and external work. the relation between the applied loads and the
resisting moments of the plates are obtained. In the development of a parabolic yield line
equation, it was first necessary to understand how to predict the internal work done by a
yield line when it forms at an angle to its support.

Resiting Moment Along a Skewed Line

Consider the segment ABCD (Figure A.1) with the vector moment m per unit
length acting along the yield line AD. The plane ABCD rotates about the support line BC
through a small angle 6. The deflection of point A is L.0. and the rotation of AE
(perpendicular to AD) is B. This rotation is equal to:

B = L,6

= Lz—
CosQ

=0 cosa (A.1)

which is the rotation through which the resisting moment m will act. The internal work
done by m is:
W =mLf =mLBcosa (A.2)

Now, cosc. =L1/L ., so that
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L2/coso

B 0‘/

L2

012

Figure A.1 Yield Line Along a Skewed Line
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W=mL8{i]~=mL16 (A.3)

Thus the work done by m acting on AD is the same as if m had been acting on the
support line BC.

The concept that the work done by a moment acting on a yield line at a skew, is
equal in magnitude to to the work done by the moment acting on a length of support
equal to the projection of the yield line. is very important in the derivation of the yield

line pattern formed by a point load.

Fan Patterns at Concentrated Loads

If a concentrated load (such as a bolt) acts on a steel plate at an interior location,
away from edges, a negative yield line will form in a circular pattern, with positive yield
lines radiating outwards from the load point. A negative yield line is one whose resisting
moment will try to bend the plate concave up, conversley, a positive yield line will try to
bend the plate concave down. Figure A.2 shows the fan pattern which is produced due to
the point load. Figure A.3 shows a slice of the yield line pattern, in which the angle a,
which is the angle subtended between positive yield lines is unknown. The length of the
positive yield lines (which is also the radius of the circle) is also unknown. The length of
the negative yield line is equal to the radius of the circle multiplied by the angle' o (in
radians).

The external work done on this pie section by the applied load. is equal to the fraction of
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Figure A.2 Fan Yield Line Pattern

o

6=1/r

Figure A.3 Pie Section of Circular Yield Line Pattern



the load which is resisted by the section, multiplied by the unit displacement:

W, = P(%}l (A4)

It was shown earlier that the work done by a resisting moment acting along a line at a
skew is equal to the work done by the same moment acting on a length of support equal
to thé projection of the yield line. By this we can assume the positive yield lines (which
are at a skew relative to the negative yield line) is equal to the work done as if the

positive moment acted on the negative yield line. We can then show the internal work as:

W, = (m + m')roa1 (A.S5)
r

Equating the internal and external work:

P(%} =(m+m

2—I;—=(m+m')

(A.6)

Since Athe positive and negative resisting moments in steel are the same, the equation for a
point load on a steel plate is:
P= 47t(m) (A.8)

Figure A.4 shows a typical parabolic yield line pattern. As in the case of the
circular yield line pattern, positive moment vield lines radiate outward to a negative yield
line which is parabolic in shape. A slice is taken from the yield line pattern (Figure A.5),
and analyzed in the same manner as the circular pattern. Since the shape is parabolic, the
distance from the focal point to the parabola is changing from point to point along the

parabola. For simplicity the change in the radius is considered to be small, for small
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Vertex

Figure A.4  Parabolic Yield Line Fan Pattern

i \ a(ri+r2)/2

6 = 1/[(rn+12)/2]

&
<«

—y
-

m

(r1+12)/2

Figure A.5  Pie Section of Parabolic Yield Line Pattern
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angles, so the length of the parabola subtended by an angle « is:
s=¢ 2 ’;2 o (A.9)

The internal work done by the plate is:

_ NG| Tz} 2 )
W = | A0
! (m+m( 2 O{I’[‘!—er ( )

Equating internal and external work gives the same result as that of the circular yield line
pattern in Equation A.8. In this study, the parabolic yield lines had some restrictions. The
vield lines would end when the parabola intersected with a stiffener, or the edge of the
plate. So, a complete 360 degree arc is not possible. The assumption made is that the
strength of the yield line is proportional to the angle it has subtended. So, the equation for
the parabolic yield line is:

P4(°‘\ All
—‘TE%JHI ()

where o is redefined as the angle subtended by the parabola. in degrees.
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APPENDIX B

UNSTIFFENED TEE HANGER TEST RESULTS
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UNSTIFFENED TEE HANGER TEST

b a
’_ }l dbh —_—
T ‘ ‘ -
c ‘
d
A br
1
— -]
L
Test DeSINAtion. .............c.ccooo oo la,11a
Fyo 45.5 ksi e, 0.3551n.
two. 0.25 1n. tweld. ..o 0.325in.
T 1.743 in. b 1.501 in.
Covreenn 1.276 in. do 1.004 in.
fo 228 in. Lo 6.5 in.
bfo 541n. do.. o 0.75 in.
doh...ocoooo 0.8125 in.
Ve 10.5 kips
Average Experimental Yield Load........................................ 42 kips
Average Experimental Ultimate Applied Bolt Load.............................. 17 kips
Py, 34.04 kips
P 112 kips
Pnp .......................... N 160 klpS
Ppred ....................................................................................................... 34.04 klpS

Notes: Bolt load for test 11a was not used in bolt force calculations
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Applied Load (kips)

Tee 11a

Applied Load (kips)

Defiection (in)

Deflection (in)
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Tee 11a

M
[~
£
@
=
(s}
L
]
[1¢]
0 5 10 15 20 25 30 35
Applied Load (kips)
Teela
"’T 77 v
2 B S S
g - e
(3
3 .
(=}
[T
= -
m
25 30 35

0 5 10 15 20
Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

p=217d =217(1.004) = 2179 in.

2 1501)?
e=d—2" ~1004 (1501)

= 1004 -~ —0745in.
4p 4(2.179)
b <3.53e=2.63 - ok!
1/2-b {732
- - = 1732 in.
|Japf 4457
min
_a’ _(1734)°

2 - 0344"<f=228in.
4p  4(2.179)

- -1/ 15
0, = tan I(Ej = tan l(ﬂ) =63.6°
€ 0.745

g < d = 0344 <1004

_ - 1732
0, = tan ‘[Lj:tan 1[—’J_ 69.19°
d-g 1004 — 0.344

a=0;+0, =636° +69.19° =132.79°

t2 v _(0355% f (
-_P 2_3
Mp =7 (Fy) [wtpj 4 (45 )’

3\ 132799
P, = 4n(i)mp = 4z my, = 4632m,
360 360°

1 1
P. = b(—jm = 1.501(—jm =2014m
¢ e/ P 0745/ P p

Py = 4(P, +P.) = 4(4.632m, +2.014m,,) = 4(6.65m,) =

81
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j = 1303kip—in/in
25(0355)

4(6.65(1303)) = 34.04 kips



CALCULATION OF PREDICTED VALUES

3 ~

t ~ N D

a=002317F | 2| = 0.02317(45.5)( 0355 | =o12in
vl 4, 0.75

b
w'= 7f ~dpp =27-08125=18875in.

t2F, (085bp /2 +080w)+ nd} F,y, /8

p—_P PY
2 3
0.355)“(45.5){0.85(5.4) / 2 + 0.80(1.8875)| + ©(0.75)7(90) / 8
F.:(J ) (45.5)[085(54) ( )]+ 7(0.75)"(90) _ 7345 Kips
4(125)
142 2
witp z 2 [ F' 1.8875(0.355)2 2 . 7.345 2
Qmax = va -3 = (455)° = 3| —
4a V ’ W'ty 4(0.112) 18875(0.355)
Qmax = 2196 kips
4(P; — ) |4(40-2196
P.= (Pt~ Qumax) _ (q )1 kips
max /1o 4(28)
TSt la,11a
Limit State:....................................... Bolt Rupture with no Prying Action
4Pt |4(40) .
Prp= = = 160kips
14T, 14(28)
max b




UNSTIFFENED TEE HANGER TEST

I~ | doh —

Lmd o "f‘iﬂ
®
@

d
7 1 |br
t\V
!
L
Test DeSIGNation...........ooccoooiiiii e 4a,10a
Fy...oocoo. 45.5 ksi P 0.355in.
twoo 0.251n. tweld......oooviieniinnnn, 0.325 in.
: TUUUOTR 3.749 in. Do 1.501 in.
Covereereenn 1.276 1n. do 1.004 in.
£ 2.23 in. Lo, 10.5 in.
bf ... 54in. do. U 0.75 in.
doh.............. 0.8125 in.
Y2 TP U TP UURURUPPPRUP 11 kips
Average Experimental Yield Load.......................... 44 kips
Experimental Ultimate Applied Bolt Load............................ 18.5 kips
Py 38.9 kips
P, 112 klpS
Pnp .......................................................................................................... 160 k]pS
Ppred ........................................................................................................ 389 klpS

Notes: Bolt load for test 4a was not used



Applied Load (kips)

Tee 4a

Deflection (in)

Load (kips)

Tee 10a

0.025 0.05 0.075 0.1

Deflection (in)
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Bolt Force (kips)

Tee 4a

Applied Load (kips)

Bolt Force (kips)

Tee 10a

0 5 10 15 20 25 30 35
Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

p=217d = 2.17(1004) = 2.179 in.

2 2
1501

€= d—b—z 1.004—u

4p 4(2.179)
b <353e=2.63-0kl!
1/2-b [3.749"

= =3.749 in.

. |J4pf

mn

4457"
_ a2’ (3749)°
4p  4(2.179)
0y = tan_l(gj = tan_l(ﬂl—j =63.6°
e \0.745
g>d= 1613 > 1004

(g~ _1(1613-1.
0, = tan {g d] +90° = tan 1[’—10%] +90% = 9922°
a 3.749

=0.7451n.

=1613"<f=228in.

a=0;+0, =636°+9922° =162°

2 2 2
t 2

my =2 ()2 -3 | (03597 /(45,5)2 —3[—,£—j = 1263kip—in/in
4 W, 4 2.5(0.355)

0
Pa = 4n(i)mp =4r 162 my = 5.68mp
360 360°

] 1
P. = b(—jm = 1.501(—jm =2014m
¢ e/ P 0745/ P p

Py = 4(P, +P, =568m,, +2.014m,) = 4(7.695m,,) = 4(7.695(1263)) = 38.9 kips
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CALCULATION OF PREDICTED VALUES

TSt e 4a,10a
Limit State:..............oo Bolt Rupture with Prying Action
()3 SPENK
a=002317F | 2| =0023 17(45.5)[0"’55j =01121in.
Yidy 0.75
,_bs :
w'= > dpp =54-08125=18875in.

2 N3
o 5Py (085bg /2+080w) + ndp Fyyp, /8
4pf
2 4z 3
0.355)%(455)[085(54) / 2 + 080(18875)] + 1(0.75)" (90) / 8
o (03597 (455)[085(54) (18879)]+ w07 O0) /8 _ L 1oio
4(125)

W'ty P 1887503557 | [ 7345 )’
Qumax = ——=+|Fpy =3 = <45.5)2—3L;}

42 |7 w't, 4(0.112) 18875(0355)

Qmax = 21.96 kips

P - 4(Py = Quax) ‘4(40— 2196) 112 kips
= = =

max 4Ty 4(28)
TSt 4a,10a
Limit State:.............cooooiiiii Bolt Rupture with no Prying Action

4Pt |4(40) _
np= = =160 kips
AT,  4(28)
max
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UNSTIFFENED TEE HANGER TEST

b a
‘F ‘r doh —
+—
c
H @ ¢
d
_ Wz 1 | br
!
tw -
L
Test DeSIGNAtION. ... .....cooiiiiii oo 1
Fy.ooooi, 68.5 ksi EPee e 0.52 in.
two 0.75 in. tweld.. ... 0.191n.
 TURRTR 1.48 in. b 1.77 in.
Covreeee 1.77 in. do 1.165 in.
£ 2.9351n. Lo 6.5 in.
bt 7.0 in. db. 1.0 1n.
doh.............. 1.0625 in.
Ve 25 kips
Average Experimental Yield Load........................ 100 kips
Average Experimental Ultimate Applied Bolt Load............................. 27.5 kips
Py 105.8 kips
P 208 kips
Pnp ......................................................................................................... 280 klpS
Ppred.................. BTSRRI 105.8 klpS
Notes
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Bolt Force (kips)

Tee 1

Applied Load (kips)

Load (kips)

Deflection (in)
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CALCULATION OF PREDICTED VALUES

p=217d =217(1165) = 2528 in.

2 2
e= d_b_: 1_165_ﬂ
4p 4(2528)

b £353e=2.63-0k!
1/2-b [148"

o Wapt [s4ar

ﬁ (148)?
4p  4(2.528)

0y = tan" (~] _I'LLJ 6422°

g<d=0217<1165

_ - 148
0, = tan 1{_a_j = tan 1(—] =5735°
d-g 1.165-0217

a=0;+6, =6422° +5735° =12158°

2 2 2 2

t 5 i ..

my, = p (F, )2 -3 L = (052) (68.4)2 - 3(2—j =419kip—in/in
4 7 wtp 4 29(052)

]
P, = 4n{—g—jmp - 47:( 1238 Ly =424m,
360 \ 360°

1 1
P. = b[—)m = 1.77{——jm =207m
¢ e/ P 0855/ P p

Py =4(P, +P;) = 4(424m, +2.07mp) = (4)6312mp = 4(6.312)(4.19) = 105.78 kips

=08551n.

a= =148 in.

=0217"<f=2935in.
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CALCULATION OF PREDICTED VALUES

t )~ 3
a=002317F,| 2| = 0.02317(68.5)(Ej = 0223 in.
Yidg 10

be

w'=

dpp =3-10625=19375in.

2 N o3
o t5Fy (0855 /2+080w) + ndFyy, /8

4pf

B (052)? (68.4)[0.85(6) / 2+ 080(19375)] + 7(10)°(90)/8
- 4(125)

FI

= 2223 kips

142 4 2 2- 2
Wity 2 F' 1.9375(0.52) 7. 2223
Qmax = pr -3 = (684)° - 3| ——————
4a : W'tp 4(0223) 1.9375(052)

Qmax = 3988 kips
4(Py — Qmay) |4(70-3988)

P.= -
r 4Ty, 4(52)

max

= 208 kips

4Pt

4Ty

4(70) ‘
= 280 kips
4(52)

Pop=

max
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APPENDIX C

STIFFENED TEE HANGER TEST RESULTS
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STIFFENED TEE HANGER TEST

— <
]
|
£ a1

e ¢

d

1

T bf
tw
L

Test DeSiGNation. ..........ccoooiiiiiiiiiiii e 8a, 3a
Fy.oooooeii. 45.5 ksi P 0.355 in.
i, 0.25 in. B, 0.25 in.
tweld............ 0.325 in. TSR 1.311n.
b 1.51n, Covetereeeee s 1.25 in.
do 1.01n. o 2.25in.
Lo 6.5in. Dl 5.4 in.
db.. 0.75 1n. dbbe. 0.8125 in.
N e 13.5 kips
Average Experimental Yield Load ... 54 kips
Average Experimental Ultimate Applied Bolt Force........................2 21.25 kips
Py 41.27 kips
P 112 kips
P 160 klpS
Ppred ................................................................................................... 41.27 klpS

Notes: Bolt in test 8a was not used for bolt force calculation. Test 3a was not used
in determining yield load due to faulty gage readings.



Tee 8a

o
N

(sdpy) peo pajddy

0.1

0.075

0.05

0.025

Deflection (in)

Tee3a

(sqi) peo panddy

|
HHHH
RENA
, ! |
i |
" | 1 I
e o i | i
| i N , [
_;, Lr - _,1 t yv i
(=) Q O o O o
0w v T O N -

0.1

0.075

0.05

0.025

Deflection (in)
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Tee 8a

w H H
(3] [= ¢ )]
" L

Bolt Force (kips)
w
o

N
&)1
“A

- N
o O

Applied Load (kips)

Bolt Force (kips)
N nN w w H £
o o o [$)] o w

—_
wm

Tee3a

0 5 10 15 20 25 30 35

Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

p=217d =217(1.004) =2179 in.
2 2
1501
b 1.004 ( )

e=d-—=1 ——~— < =07451n.
4p 4(2.179)
b <3.53e=2.63-0ok!
measured [131"
= = = 131 in.
| J4pf 4457"
min
2 2
_a _ U3D7 higene £ =228 in.
4p  4(2179)
1B _1( 150
01 = tan 1(—J = tan lﬂuj = 63.6°
\e 0.745

g<d= 0196 < 1004

0, = tan—{ij = tan'l(L) =5836°
d-g 1.004 - 0.196

a=0;+6, =636° +5836° =1219°

2 2 2
t AV 0 135 ) ..
mp:—R (FV)2_3_ :ﬂ (45,5)2_ ( - 135 ) =1168kip—in/in
4 [V wt, 4 (2.5(0.355),
1219°
P, = 47{[—a—jmp =47 19 mp = 4.25mp
360 360°

P, =(c+(f- g))(—j;j m, = (1276 + (228 - 0.196)){?13—1] m,, =2.564m,,

1
= b( J = 1501( ] =2014m
mp 0745 P P

Py = 4(P, + Py +P.) = 4(4.25m, +2.564m , + 2.014m},) = 4(8829m,) = 4(8.829(1168)) = 4127 kij
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CALCULATION OF PREDICTED VALUES

TSt 8a,3a
Limit State:........................................ Bolt Rupture with Prying Action
P
tmod = [~ = = / 45 205665) =040%1n
R, V56

ty 0409)°

a=002317F, | — | =0.02317(455) —j =01701n.
Yidy 0.75

b
w'= Tf ~dpp =27-08125=18875in,

2 N w3
o t5Fpy (085D /2+080w')+ ndpFyy, /8

4pf
B (409)? (455)[0.85(54) /2 +0.80(1.8875)] + 7(0.75)°(90) / 8
- 4(125)

142 | 2 2 2
w't '
Q. =t Ff)?‘v 4 F _ 18875(0409) 455)? 3[ 9.75 }
ha 4a - W'ty 4(0.170) 1.8875(0.409)

Qmax = 1853 kips

F!

= 9.75 kips

4(P; — " 4(40-1853

po [ Qm):'< 112 kins
max |4 Tb 4(28) :
TSt o 8a,3a
Limit State:...........cooooiii Bolt Rupture with no Prying Action
4Pt |4(40) _

Ppp= = =160 kips

14Ty, 14(28)

max
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STIFFENED TEE HANGER TEST

b a ts
! = deh —

f "

| p

¢ \

e C
d
!
br
tw 1
L

Test DeSIGNation...............ocooiiiii i 2a
| S 45.5 ksi i, 0.3551in.
s, 0.25 in. tWer 0.25 in.
Tweld............ 0.325 in. Ao 1.428 1n.
b 1.51n. Coeeeeeeee 1.25 in.
doiii, 1.0 in. fo 2.25in.
Lo 6.51n. bt 54 in.
db.ie 0.75 1n. dbh...oo 0.8125 in.
Ve, 12.625 kips
Average Experimental Yield Load ... 50.5 kips
Average Experimental Ultimate Applied Bolt Force........................... 19 kips
Py 40.4 kips
P 112 kips
Pnp ..................................................................................................... 160 klpS
Pored. .o 40.4 klpS
Notes .

08



Bolt Force (kips)

Load (kips)

Applied Load (kips)

Tee2a

0 0.025 0.05 0.075 0.1

Deflection (in)
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CALCULATION OF PREDICTED VALUES

p=217d = 217(1.004) = 2179 in.
2 1501)2
b 1004 (1501)

e=d-—=1 -~ =07451in.
4p 4(2.179)
b <3.53e = 2.66 - ok!
measured |{1482"
a= = =1482in.
. |/4pf 4457"
min
_a’_( 482)?

22 - 0253"<f=228in
4p  4(2.179)

8, = tan"l(—j _ILISOU

g<d=0253<1004

0, = tan_l(a—a—) = tan_l(—&j = 63.12°
-8

1.004 — 0253
o =0]+68, =636° +6312° =126°

2 2 | 2
t

mp = (2 -3 | O399 s o 128
4 Wi, 4 2.5(0355)/

126°
P, = 4n(—9‘—jmp = 4m ~2—|my = 4.42m,,
360 360°
]mp = 2.23»mp

Py =(c+(f- g))( )mp = (1276 + (228 - 0753))[ 4182/

: 1
P. = b[— m, = 1.501(—]m =2014m
¢ o) P 0745/ P P

Py = 4(P, +Py, +P) = 4(4.632m,, +2.23m,, + 2.014m ) = 4(8.66m ) = 4(8.66(1.16)) = 40.4 kips
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CALCULATION OF PREDICTED VALUES

P
tmod = i :\/ - Y _0402in
F»(P“?}LJ 455(6.65)

3

t

a=002317F {—p} =0.02317(455)
y db

( 0402
\ 075

3
j =01621n.

b
w'= —Zf— ~dpp =2.7-08125=18875in.

2 Vo 3
o t5Fpy (085D /2+080w') + ndFyy /8

4pf

. (0402)° (455)[0.85(5.4) / 2 + 0.80(1.8875)] + 7(0.75)(90) / 8
- 4(125)

142 ) 2 2 ' 7 2
wity |, F 18875(0.402) / 5 [ 857
Quuax = ——>4|Fpy =3 = (455)% - Jk—
: a W'ty 40162) 1.8875(0.402).

= 8.57kips

Qmax = 19.33 kips
4Py —Qmax) ‘4(40— 1933

4Ty, B

P,=
4(28)

max

=112 kips

TSt 2a
Limit State:...............ooo Bolt Rupture with no Prying Action

4Pt

4(40) .
= 160 kips
4(28)

Ppp=

4Ty,

-

101



STIFFENED TEE HANGER TEST

D« | —

br

L
Test Designation.................ooooiii i 9a, S5a
Fy.oooo. 45.5 ksi P, 0.355in.
tsoo, 0.25 in. o 0.25 in.
tweld............ 0.325 in. Qe 3.318 in.
b 1.51n. Covrereeietee 1.25 in.
dovoe 1.0 in. £ 2.251n.
Lo 10.5in. bt 54 1n.
do..oooi, 0.75 in. dvb. 0.8125 in.
N e 11.75 kips
Average Experimental Yield Load ... 47.0 kips
Average Experimental Ultimate Applied Bolt Force.......................... 19.25 kips
Py 40.56 kips
P 112 kips
Pnp ..................................................................................................... 160 klpS
Ppred .................................................................................................... 40.56 klpS

Notes: Test 9a could not be used in bolt force predictions.
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Load (kips)

0.025

0.05

Deflection (in)

Applied Load (kips)

Tee 5a

0.025

0.05

Deflection (in)
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0.075



Bolt Force (kips)

Bolt Force (kips)
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CALCULATION OF PREDICTED VALUES

p =217d = 2.17(1004) = 2.179 in.

2 2
1501
e= d—b—: 1.004——(———): 0.745 1n.
4p 4(2.179)
b <3.53e = 2.63 - ok!
measured [3318"
a= = =33181n.
- |Japf 4.457"
min
a?  (3318)

g=2 - =126"<f =228 1n
4p  4(2179)

_ _1/ 1501
0, = tan 1@} = tan 1[ij = 63.6°
€ 0.745
g>d=1216>1004

1feg—-d _1( 1216 - 1.004
0, = tan ILg j +90° = tan I(Wj +90° = 9384°
a 2.0

=0, +8, =636° +9384° =1574°

2 2 o) 2
t Vv 0355)~ 11.75 .
m, = P /(Fy)2 -3 —1 = 03557 (45_5)2 —3{—) =1238kip—in/in
4 M Wi, 4 2.5(0.355)
(¢]
P, = 4n(ijmp =4r 1574 my = 5.49mp
360 360°

_ ( 1) (1276 + (22 ( ! j - 0602
P, = (c+(f—g))c my, = (1276 + (228 - 126)) T37g,Mp = 0692m,

1 1)
P :b[—) :1.501[— =2014m
€ o) P 0.745) P p

Py = 4(P, +Py, +P.) = 4(549m, +0.692m,, +2.014m ) = 4(819m,) = 4(8.19(1.238)) = 40.56 kips
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CALCULATION OF PREDICTED VALUES

TSt 9a,5a
Limit State:..................... Bolt Rupture with Prying Action
P .
tmod = = Y _0366in
F [Pus ] 455(7.695)
A A4 m,
3 -

t / 3

a=002317F,| -2 | =0023 17(45.5)k&6_6) = 0122 in,
Yidg 0.75

b
w'= 7f —dpy, =2.7-08125=18875in,

2 . 3
o t5Fpy (083bg /2 +080w!) + ndp Fyy, /8
4pf
(0366)% (455)[085(5.4) / 2 +080(1.8875)] + ©(0.75)" (90) / 8 _
F'= =781 kips
4(125)
12 2
W'ty |, F 1o 18875(0366) ) 781 )2
Qmax = ——+/Fpy —3 = (455)% -3 ———
aa | w, ) 4(0122) 18875(0.366),
Qmax = 2127 kips
AP, — Quax)  |4(40-2127
P, = (Pt Qma")zl ( ):112kips
4T 4(28)
TSt 9a,5a
Limit State:.................ccooooiii Bolt Rupture with no Prying Action
b 4Pt _[4(40)
= = = 1PS
4T, 4(28) P
max
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STIFFENED TEE HANGER TEST

b a ts
i_ ! doh —
c -.
il e C
d
B R o R R A b
o o
4
L
Test Designation................oooooo i 7a, 6a
Fyooooi. 45.5 ksi P 0.3551n.
| TR 0.25in. Twoo, 0.251n.
tweld............ 0.325 1n. - TRUUROTRUP 3.169 in.
b 1.5 in. ot 1.25 in.
do 1.0 in. fo 2.25in.
L. 10.51n. bt 54in.
do............. 0.75 1n. dbh... 0.8125 in.
Ve 11.8 kips
Average Experimental Yield Load ... 47.25 kips
Average Experimental Ultimate Applied Bolt Force........................... N/A
Py 40.53 kips
P 112 kips
Pnp ..................................................................................................... 160 klpS
Ppred .................................................................................................... 40.53 klpS

Notes: Neither test gave usable bolt force test data
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Applied Load (kips)

Applied Load (kips)

0.05 0.075 0.1

Deflection (in)

Tee 6a

Deflection (in)
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Bqlt Force (kips)

Tee 7a

Bolt Force (kips)

15 20
Applied Load (kips)

Tee 6a

15 20

Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

p=217d=217(1.004) = 2179 in.
2 2
1501
b 1.004 (1501)

e=d———=1004——"_—0745in.
4p 4(2.179
b <3.53e = 2.63 — ok!
measured [3169"
| Japf 14.457"
min
2 2
_a7 _GI89)" s po208in
4p  4(2179)

- -1 1501
0, =tan I(Rj = tan 1(5—j =63.6°
e 0.745

g>d=1152>1004

fg- ~1{ 1152 -1.004
0, = tan 1[Qj+90° = tan ILEZ—'L}L%” = 9267°
a 3.169

a=0;+06, =636°+9267° =15627°

5 v )’ 03592 | Cons )2
mp = P (FV)2 -3 P e (45‘5)2 - 3L—] =1236kip—in/in
4\ wtp 4 25(0355)

0
P, = 4n(i)mp =47 15627 my = 5.45mp
360 360°

Py =(c+(f- g))(ﬂ my, = (1276 +(228 - 11 52))(%9} my, = 0.758m,,

3.
1

1
P. = b(—)m = 1.501[——)m =2014m
¢ e/ P 0745/ P p

P, = 4(P, + P, +P.) = 4(545m, +0.758m, +2.014m,, = 4(8.22m,,) = 4(822(1236)) = 40.53 kips
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CALCULATION OF PREDICTED VALUES

P 471 .
tmod = - 2 -0367in.
v (p ] 455(7.695)
y S m

§ T m,
Iy : (0367)°
a=002317F,| — :0.02317(45.5)L *
Yidp 0.75

=01221n.

b
w'= 7f— dpp =2.7-08125=18875in.

2 N 3
o 5Py (083bg /2 +080w') + mdy Fyy, /8

_ (0367)%(455)[085(54) /2 + 080(18875)] + n(0.75)°(90) / 8
- 4(125)

= 7.85 kips

1,2 / 2 2
Wi s S F 1" 18875(0367)2 (4552 _3 185 j
42 | W kw'tp 4(0122) \/ K18875(0367)
Qmax = 2138 kips
4Pt - Qmayx) _ ‘4(40 -2138)
i 4T 4(28)

P,= =112 kips

Pyy= 4Pt _[E0) =160 kips
p |4Tb 4(28)

max
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APPENDIX D

TEE HANGER BOLT RUPTURE TEST RESULTS
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UNSTIFFENED TEE HANGER TEST

b a
— -
c .
d |
~ br
T
tw -
L

Test Designation. ............c.oooiiiiiii i 12a
Fy .............. 42 .2 ksi D 0.785 in.
two 0.5 1n. tweld..........ooooinals 0.25 1n.
Qoo 3.75in. b 1.51n.
Covrreeeen 1.251n. o 1.03 in.
£, 2.27 in. Lo, 10.5 in.
bf..... 6.0 in. dbo 0.75 in.
doh.......o..... 0.8125 in.
N 32 kips
Average Experimental Yield Load.......................... 128 kips
Average Experimental Ultimate Applied Bolt Load............................ 33.5 kips
Py, 133 kips
P 119.6 kips
Pnp ...................................................................................................... 160 klpS
Ppred .................................................................................................... 119.6 klpS
Notes:



Tee 12a

Load (kips)

0.05

Deflection (in)

Tee 12a

0.075

0.1

Bolt Force (kips)

20

Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

p=217d =217(1.03) =22351n.
2 2
e:d—b—:lO3— (15)

03-—"2 _ _0778in.
4p 4(2235)
b <353e = 2.63 - ok!
1/2-b 375"
a= = —3.75in.
|Japf  [4514"
min
~ ﬁ (375

- — =157"<f=228in.
4p  4(2235)

- o 15
6, = tan 1@) = tan 1(—) = 62.58°
e 0778

g>d=157>103

18- _1(157-103
6, = tan 1(&j +90° = tan 1(%) +90° = 9819°
a 2.

a=6;+6, =6258° +9819° =1607°

2

/ \2 2
tp 2 o V. (0785) [ 32 j _ L
(Fy) 3LthJ \j(m ) —2.28(0.785) 441kip—in/in

(o]
P, = 47{&)% _ 4| 1607 m, =561m,
360 360°

1 1
P :b[—j :1_5[—— m. =193m
¢ = G)MP 0.778j p=72Mp

Py = 4(P, +P;) = 4(561m,, +193m,,) = (4)754m , = 4(754)(441) = 133 kips




CALCULATION OF PREDICTED VALUES

TSt 12a
Limit State:.........oooooooiiiii Bolt Rupture with Prying Action
£ )3 3
p 0.785 .
a=002317F,| —| =002317(422) ——] =1121in
Yidy 0.75
= g o3 08125218751
wW=—- bh T2 Ydlao = 2 mn.
t2F, ., (085b¢ /2+080w) + ndP Fyy /8
po PPy ' b yb
2 3
0.785)“(42.2)|0.85(6) / 2+ 080(2.1875) |+ w(0.75)" (90) / 8
o (0785)%(422)[085(6) QISTS]+ 7OTH OV /8 oyie
4(125)
W't FY 2 1875(0.785)2 2534 \?
Qmax = ——>1|Fpy =3 == : (42.2)? —3(———"—]
4a : W'ty 4(1121) 2.1875(0.785)
Qmax = 10.09ki1ps
4(P; — " 4(40-10.09
. 4; t = Qmax) = 4(”’8 ) =119.6 kips
max |+ Tb (28)
TSI 12a
Limit State:...................cociiii Bolt Rupture with no Prying Action
4Pt 4(40) _
Pyp= = =160 kips
4Ty, |4(28)
max
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STIFFENED TEE HANGER TEST |

b ‘ a ts
‘ T dw —

e

T
| ]
"H @ o
d
' -
1 br
tw
|t
o J;
L

Test Designation. .............oo.oooiiiiiii o 14a
Fy 42.2 ksi P 0.785 in.
Bs.o . 0.75 1n. two 0.251n.
tweld............ 0.325 in. B 1.25 1.
b 1.51n. ot 1.251n,
doooi 1.0 in. o 2.251n.
Lo 6.51n. bt 6.0 in.
do..oon 0.75 in. dbh...oo 0.8125 in.
N 40.5 kips
Average Experimental Yield Load ... 162 kips
Average Experimental Ultimate Applied Bolt Force............................ N/A
Py, 123 kips
P 127 kips
Pnp ...................................................................................................... 160 klpS
Ppred ................................................................................................... 123 klpS

Notes: Both strain gaged bolts gave faulty readings.
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Load (kips)

Tee 14a

180
160 H
140 £
120 o
100

0 0.025 0.05
Deflection (in)

Bolt Force (kips)

Tee 14a

Applied Load (kips)
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CALCULATION OF PREDICTED VALUES

Limit State:.............oooooiiiii Bolt Rupture with Prying Action

p=217d = 217(10) = 2.17 in.

2 15)?
e:d—b——:l.O (—)————07411n
4p 4(2.17)
b <353¢=261-ok!
measured (125"
a= = =1251n.
Nz 441"
min
2
_at_ (29 =018"<f = 225n.
4p  4(217)

- -1 15
6; =tan I(Ej = tan 1[—j =63.7°
€ 0.741

g<d=018<10

6, = tan‘l(ij = tan_l(iJ =56.73°
d-g 10-018

a=0;+0, =637° +5673° =120°

2 2 2 } 2
t
my =2 (F)? -3 | ={OT8) J4p0)2 405 j — 346kip —in/in
Payr wip 4 \225(0.785)

0
P, = 41t(£t—jmp =4x ﬂ mp = 4.2mp
360 360°
Py =(c+(f- g))(ljm =(125+(225- O.lS))[L}m =2.656m
a/ P 125/ P P

1 1
P, = b( jmp = 15[074Jmp =202m,

Py = 4(P, +Py +P.) = 4(4.2m, +2.656m,, +2.02m,,) = (4)888m,, = 4(888)(346) = 123 kips
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CALCULATION OF PREDICTED VALUES

P
tmod = E = 230 =090 1n.
F (p - j 422(6.68)
y S m
P
t 3 / \3
a=002317F (—p = 0,02317(42.2)@‘—9(3 = 169"
Yidy 0.75/
,_bg . .
w'=—l-dpp =3-08125=21875in
t2F,, (085bg /2+080w) + nd P Fyyp /8
po P py\V" ' b yb
(0.9)%(42.2)[085(6) / 2 + 080(2.1875)] + (0.75)*(90) / 8 _
F= =323 kips
4(125)
12 2
wtg |, [ F 21875(09)2 5 ( 323 )2
max = — | Fpy =3/ = = (422)% -3 —=2=2
4 | Tlwt, 4(1.69) \2.1875(0.9)

Qmax = 816 kips

4(P; - ) |4(40-816
= ( t Qmax)z ( ):127 kips
max 3 Tb 4(28)
TSt 14a
Limit State:..............c.ooooiiiii Bolt Rupture with no Prying Action
4Pt |4(40) _
Pup= = =160 kips
4T, 14(28)
max
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UNSTIFFENED TEE HANGER TEST

b a
}L *JFL : dob —
c
d
; 1 ' br
4
tw -
!
L

Test Designation. ... 13a
Fy.ooo 43.85 ksi e, 0.785 in.
two. 0.51in. Tweld..............ooalll 0.251n.
TR 1.75 in. b 1.51n.
Covreree 1.25 in. do 1.251n.
£ 2.51n. Lo, 6.5 1n.
bf............ 6.0 in. do.oo 0.75 in.
dob......c...... 0.8125 in.
N 35 kips
Average Experimental Yield Load...................... 140 kips
Average Experimental Ultimate Applied Bolt Load................................... 42 kips
Py, 153 kips
P 127 kips
Pnp ............................................................................................................ 160 klpS
Ppred .......................................................................................................... 127 kipS

Notes: One bolt gave faulty readings and could not be used in bolt force
calculations.
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Bolt Force (kips)

Load (kips)

Tee 13a

0.05

Deflection (in)
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CALCULATION OF PREDICTED VALUES

Limit State:.................. Bolt Rupture with Prying Action

p=217d =2.17(125) = 2.7125 in.

2 2

e:d—b—:l.ZS—&: i
4p 4(2.7125)

b «353e =367 - ok!

1/2-b |1
min“4pf
_at o (173)?

£%ap  427129)

_ 1/ 151
0 = tan I(P‘j = tan (150 55.26°
e \1.04
g<d=02822<125

_ o 175
6, = tan 1(L) = tan 1[—) = 6105°
d-g 125- 0288

a=0;+06, =5526° +6105° =11631°

a=

=02822"<f=25in.

t2 v’ (0899)?
m, = Tp (Fy)* —3(‘“—} = (4385)2 —3[

P

31°
P, = 4fc[ijmp = 45| 11631 my, = 406m,,
360 360°

1 1
P.=b —j = 1.5[——)m =144m
¢ [e Mp 104/ P p

35

2.5(0.899)

2
j = 698kip—in/in

Py = 4(P, +P,) = 4(4.06m,, +144my,) = (4)55m,, = 4(55)(6.98) = 153 kips



CALCULATION OF PREDICTED VALUES

TSt 13a
Limit State:.................................... Bolt Rupture with Prying Action
3 A
_ t 3
a=002317F,| 2| = 0.02317(43.85)[0'899 =175in.
Y\ dy, 075/
by

w'= —2——dbh =3-08125=21875in

2 ) 3
Fh_thpy(OSSbf/2—#080w)4—ndeyb/8
P (0899)2(4385ﬂ085(6)/2—k080(21875ﬂ—+n(075)3(90)/8 3341
= =354 1N
4(125)
142 | 2 2 I 2
LATI S F' 2.1875(0.899) S T 334
Qmax = [ Fpy =3 = (4385 -3 ———
4a : W'ty 4(1.75) 2.1875(0.899)
Qmax = 82 kips
4P, — ) |4(40-82
= (Py Qma‘\):} ( ):127 kips
x4 To 4(28)
TSt 13a
Limit State:...................cccoooiiiiii Bolt Rupture with no Prying Action
4Pt |4(40) _
Pyp= = =160 kips
AT, [4(28)
max




NOMENCLATURE

a- Sum of angles subtended by the parabolic yield line

01-Angle subtended by the parabolic yield line. from the center of the bolt hole to the free
edge

02- Angle subtended by the parabolic yield line. from the center of the bolt hole to either
the stiffener, tee center line, or intersection of free edge of flange towards center
of tee

¢r-Resistance factor for plate yielding

dy-Resistance factor for bolt rupture

a-Distance from bolt center line to application of prying force

a-Distance from center of bolt hole to the minimum of: the measure distance to the center
of the tee, the measured distance to the edge of the stiffener fillet, the calculated
distance of the intersection of the parabolic yield line with adjacent yield line, or
free edge of flange

Ab-Crosectional area of bolt

B-Bolt force

b-Distance from center of bolt hole to free edge of tee, parallel to web

bf-plate flange width

c-Distance from center of bolt hole to free edge of tee, perpendicular to web

d-distance from center of bolt hole to fillet, or weld, of web

dv-Bolt diameter



dbh-Bolt hole diameter

e-Calculated distance from center line of bolt hole to intersection of parabolic yield line
on free edge of tee

F-1/2 total applied flange force

f-Sum of c and d

Fpy-Tensile yield strength of steel plate

Fy- Tensile yield strength of steel plate

Fyb-Nominal strength of bolts

g- Calculated distance from fillet or weld of tee web to intersection of parabolic yield line
to: stiffener weld, or intersection with adjacent parabolic yield line

L-Length of tee

Ln-Length of yield line n

mp-moment capacity of steel per linear inch

mpx-moment capacity of steel per linear inch in x- direction

mpy-moment capacity of steel per linear inch in y- direction

p-Length of line from focal point of parabola, to vertex of parabola

Pv-Bolt load

pf-Pitch distance from flange face to center of bolt line

Pn-Design strength

Pnp-Maximum applied load which causes no prying action in connection

Ppred-Predicted failure load
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Pr-Bolt rupture load

Ps-Yield load for stiffened tee hanger

Pt-Proof load of bolts

Pu-Ultimate applied tensile load

Pus-Yield load for unstiffened tee hanger
Py-Experimental yield load

QQ-Magnitude of prying force

Qmax-Maximum prying force that can be achieved
t1-Kennedy thick plate limit

tii-Kennedy thin plate limit

tmod- Modifeid plate thickness, when stiffener is added
tp-Plate thickness

ts-Thickness of stiffener

tw-Thickness of the web

tweld-Thickness of weld of fillet

V-Shear force per bolt

w’-width of plate per bolt at bolt line minus the hole diameter
w-width of flange per bolt

We-External work done on the connection

Wi-Internal energy stored by a yield line mechanism
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