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(ABSTRACT) 

Structural tee hangers are a popular tension connection, yet 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 1s verified with comparison to results of 

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

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 ef al. 1981.) 

  

  

  

  

      

  

          

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 e/ 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 a/.(1981). 

A comparison of results obtained from different design methods was compiled by 

Kennedy ef 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 

t
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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 ef al. (1977) accounted for prying forces by increasing the bolt load 

by 20%. 
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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 

G
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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 ef 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: 

  

(1.1)   

  

The thin plate limit is also found by iteration using: 
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Figure 1.3 Kennedy Split-Tee Analogy 

(after Kennedy ef a/., 1981) 
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Figure 1.4 Kennedy Split-Tee Behavior 

(after Kennedy ef al., 1981) 

6



  

pf (2F)- nd? Fyb /8 
i= 5 5 

bf Fey - ff ) +w',| Foy -4F— ) 
2 bet} ] 2w'ty] 

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

  (1.2) 

d, = bolt diameter, F,,, = 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, > ty, the plate is said to be in the intermediate state. The magnitude of the prying 

force is given by: 

      3 2 2 
_pe(F) *bfyb Pftp [2 _ 4) _2F 
- p a 32a 8a 

(1.3) 
bet, Q   

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, > ty (1.4) 

If the plate thickness is considered “thin”, t,, > t, , then maximum prying forces have 

developed and is estimated from:



(1.5) Qinax = 

  

where 

_ t5Fpy (O85bs /2 + 080w')+ ndRFyp /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 (1.7) 

Kennedy ef 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 a/. (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 ef 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 et al. back calculated the length 

“a” needed to give the bolt forces that were obtained in testing. The equation that best fit 

8



the experimental values, using plate thickness and bolt diameter as the variables is: 

1. \3 

a= 3682] 2 ~ 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,,,, 1S 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 I 

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: 

e Axes of rotation generally lie along lines of support 

e 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 

1]



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: 

Wh= J mp0 nds = mp? nbn (2.1) 

Ly 

where m, is the plastic moment capacity per linear inch of the steel plate, 0, 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 : 

N 
WwW. = > mi6,L (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 =D mMpxP ny nx +E Mpy Pay! ny (2.3) 

12 _



where m,, and m,, 1s 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: 

42 

mm. =m,,=m,=—2? (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 

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

P= 2n(m, + My) (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= 4nm yy (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: 

P = an( 2) My (2.7)



where o/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, = Pd) (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: 

W, = mp) 4a 4 (of 2) (2.9) 

Where m, 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



  

  

  

  

  

    

Figure 2.1 Unstiffened Tee Yield Line Pattern 
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Figure 2.2 Unstiffened Tee Yield Line Pattern 
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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: 

gf =o | (2.11) 

The angle a is subtended by the parabola from the center of the bolt hole (not the focal 

point of the parabola). The angle a is the sum of 8, and 0, where 6, 1s the angle 

subtended from the bolt hole center to the free edge of the tee perpendicular to the web, 

and is given as: 

Q) = tan1( 2) (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 8, is given by: 

_1f a \ 2 0, = (2.13) 9 tan \d-g/   

or, ifg=d 

17
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Figure 2.3 Variables Defining Yield Line for One Bolt 
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ife-d 

Q5 = tan Ie ) +90 (2.14) 

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 
a =min ipl (2.15) 

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<fand a<,/4pf 

If g => f then: 

  4) +90 (2.17) 
a 

_1(f 
Q5 = tan i 

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

bolt tee hanger: 

_2 oo ) Pus = Bry) an) +02 (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 ef ai. (1981). the modified moment capacity per linear inch for 

steel becomes: 

  
t2 : ; _'p [2 4 ~YV 

where V is the factored shear force per bolt. or Pu/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: 

  

  (2.20) 

  

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: 

W, = mp 4n| = +(e+-af2 ‘) oy! ‘)) (2.21) 

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

the stiffened tee hanger: 

P, = te 2, (4 tn) = |+(e+(- a) ‘).e4 1) (2.22) 

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

the shear effect incorporated: 

  

  

  

" ole eowat) OF De (2) 

Again, thickness is found through iteration. 

The process for finding 8, and 85. 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 

No
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equation: 

L 
> 7 b-t-—ty 

a=min |2 2 (2.24) 
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CHAPTER Il 

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 ef 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 et al., 1984; Hendrick ef a/., 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 1s 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: 

PL =Apbkyp (3.1) 

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, 

Qua» 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 max (3.2)



where P: was defined in Equation 3.1. This equation is 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(P, -— Qimax) 
b= lag (3.3) 

b max 

The maximum prying force is calculated using : 

142 2 
wt ' 

_. P [2 __F 
Qmax =, y'PY if | (1.5) 

Pp 

with F’ as: 

2 5 3 oe to F py (0.85b ¢ (2+ 0.80w')+ ndpFyp /8 a6) 

Ape 

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 » 

a = 0.02317F, [*e (3.4) 
dy 

Kennedy ef 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 equations 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 Fy terms, one 1s 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 IV 

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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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 

we
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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. P,, 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, P,. 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, Pyreq, 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 ef 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 mechanism 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 

e pp 0 

Yielding | Qmax Begins 

Load (PY) (AL) 

(kips) (kips) 

Flange 

Test Thickness 

(in) 

AL/PY 

  

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, Pnp. one follows the guidelines set 

forth in Chapter II, 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 = Pap if Pnp < 0.9Py (4.1) 

Popred =P; if 0.9Py < Php and Pr< Py (4.2) 

Ppred = Py if P) < Pr (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, 1s 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 

b b,pred y r np pred exp 

(kips) (kips) (kips) (kips) (kips) (kips) ({kips) 

4a/10a | 74.00 72.00 38.90 112.00 | 160.00 | 38.90 44.00 

Test 

la/lla | 68.00 72.00 34.04 112.00 | 160.00 | 34.04 42.00 

l 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 

b.pred 5 r up pied Np 

(kips) | (kips) | (kips) | (kips) | (kips) | (kips) 
. 0. 56 

0 160.0 0.3 

160.00 | 40. 

160.0 1.27 

  

Table 4.6 Test Results - Bolt Rupture Design 

Test b b.pred v r np pred exp 

(kips) (kips) (kips) (kips) (kips) (kips) (kips) 

a . . . . 60. 

a 166. . . . . 127.00 | 140. 

a 00 | 127.0 280. 3. 160.00 

  

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

Po- 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. 
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4.4  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., db = 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, Pb, 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/Pb, 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 Pb.pred/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/Sa, 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/Pb. was 0.83 which 1s conservative, 
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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. 
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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 ef al. 12.3 

Murray & Otegul 24.3   
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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 Pup, respectively. The resistance 

factors or, and dy, have been incorporated into the equations to make them applicable to 

Load Factor and Resistance Design. The resistance factor for bolt rupture gr, is 0.75, and 

the resistance factor for plate yielding dy, is 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 III 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. 

46



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. 

5.33. 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 proof load of the bolts. 

Pu= orPr = or(4Pt) (5.1) 

Solve for the required bolt proof load Pt: 

P, = a (5.2) 

Where 6r 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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d, = _;—PL (5.3) 
TE yp 

(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 Pr 

ndy, 
P, = “4 by (5.4) 

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

Py <o,(4P; )=9,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 Pu by 0.9 and set 

the quantity equal to the yield strength of the flanges of the tee hanger: 

Pu/0.9 = byPy (5.5) 

Where dy 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 

  

_ P, /0.9 6.6) 

4e(69) OL) @ 
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For the stiffened tee: 

  

P 3 

an] = Jeera) 4 Lee -{ Faso) 

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

  

  

  

flange, dyPy, using the appropriate equation, e.g. Pus or Ps, in the equation summary table, 

Table 5.1. 

5)Check that orP: < 0.9dyPy 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, dyPus, or 

dyPs equal to the desired ultimate load. 

Pu=oyPusor Pu = oyPs (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. 
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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 1s greater than the factored 

design load: 

dyPus or dyPs > 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, orPr, using the equations in Table 5.1 for bolt rupture. Ifa 

stiffener 1s being used, the modified plate thickness. tmod, must be calculated to find the 

maximum prying force, Qmax. To calculate tmoa, the yield strength of the same connection, 

unstiffened, (dyPus) mustalso be calculated. The equations can be found in Table 5.1 

5) Check that orP:> Pu , this will ensure that the bolts will not yield prior to the factored 

design load. If necessary, adjust the bolt diameter until @rPris 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 is 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 ty b? 
d=—_-—--t =2.17d e=d-| — 7 > weld Pp (+ 

-lf a. 
01 = ton 1(2| 02 = tan (| 

    ifg>dthen 6, = tan! 8—4) + 90 ifg>f then 05 = tan l{F-4) + 90 
a a 

measured 2 

a=min |L/2-—b g = 
4 

V4pf P 

  

  

  

Equations for Determining Tee Flange Thickness 

Unstiffened Tee 

  

  

  

  

  

  

P 
tp = 

, 
° 4 “| | +(c+(f- ae t ol e-Pe) 

  

  

 



Table 5.1 Tee Hanger Equation Summary (cont.) 

  

Equations for Determining Tee Yield Load Strength 

Unstiffened Tee 

reo SJ 
Stiffened Tee Hanger 

  

  

  

  
  

  

  

2 
a 1 ] P 

P, =| 42) —— |+(c+(f- (+). 04) Fe — 3) —U 
ane (oH(F- sj OS) Jy "Aut p 

Equations to Calculate Bolt Forces with Prying Action 

t a: 
+= 002817, P| w= "fg tmod = (——-—~ 

dp 2 Fy (Pus/mp) 

2 ' 3 ee to Foy (085b¢ /2+080w') + mdb Fyy /8 

w't2 

Q max ~ 4 

A(P, ~ Qmax ) 

Tay 
max 
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65 k= orPr = or(4Pr) with Or = ().75 

The required bolt capacity is 

P, 65 

a, 4075) = 21.67 kips 

The required bolt diameter is: 

ay = jae 2 AC) _ossin 
Typ 7(90) 

Try a 5/8” diameter bolt 

  

4 5/8) 
P, _ 76/8) ; ) (90) = 27.59 

b, (4P; ) = 0.75(427.59) = 82k > 65k — ok 

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

fu _ 8 _ 999k 
0.9 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: 

br t 8 0.5 5 — 
d= ~~ > tweld = 5727 Se = 14875 in. 

p = 2.17d = 2.17(1.4375) = 3.119 in. 

2 2 

e=d—° =4,4375- 7 = 1.1168 in 
4p 4(3.119) 

a
n
 

G
o



y= 22 _* _ =}, 2899 in, 4p 4G.119) " 
? 

0, = tan“"() = tan | - = 60.82° 
e 1.1168 

  

  05 = tant = tant 4 = 87.78° 
d-g \ 1.4375 — 1.282 

a = 0, +05 = 60.82° +87.78° = 148.6° 

p= —u 
Mp 

      

P= [4n( 525] ° (2) 7 4) San ° {+3)) = 097 

Where mp 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 
th = 5 

“0N6 oi ‘Ne > 

tp = [22 = 0.488 in 
/ \2 

2 
6.97(0.9), |S0)° — 

( v ) maaan 3.433)(0. ») 

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



  

  

real) OF OF AB 
- [an 2). _)Jo3y cor laa ma) wiz 

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 

Gr50plate, 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 AS72 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 = bPn= OrPr = be(4Pt) with or = 0.75 

The required bolt capacity is 

P, 250 
Mt = ay. 4(0.75) 

    

The required bolt diameter is: 

4(83.33) 33) . 
= 1.08in. 

40° (90) 

Try a 1-1/8 in. diameter bolt 

W
n
 

l
A



  

    

  

  

  

  

      
  

        

  

  

  

  

    

b a ts 
—e-- = et ~ - ~_ db 

i 

c 

‘t| @ e 
d 

3 

LMM MM Li bie MMAIYIEEIL I pb Mh ME ME REY LE ie Eis Mp 
J (i) T 

two 0 tweld 

at 

L 

Example by b Cc d f ts tw | dp dpbh L tweld 

(in.) | (in.) | Gn.) | Gin.) | Gn.) | Gn.) |(in.)| (in.) | Gn.) | Gn.) | Gn.) 

I 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 10] 1.0 | 1.0625 10.0 5/16 

4 8.0 2.0 2.0 11.435 | 3.435 none | 0.5 | 0.75 | 0.8125 12.0 1/2                         

Figure 5.1 Dimensions for Example Problems 
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2 1.125 p, = Mt2sy” ; ) (90) = 89.41 

, (4P; )= 0.75(4 (89.41) = 268.2k > 250 ok 

2) To ensure that the plate does not yield before bolts do. divide Pu by 0.9 

Pu = 20 = 277.7 k 
0.9 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 

  

_hf i. 4W_ —- UL LIF] 

P= Br mens tweld = B72 
p = 217d = 2.17(2)= 4.39 in. 

2 2 

4p 4(4.39) 

J4pt 

a= = 3in 

Lb 
min! 2 

2 42 

g=5-= > = 0.518 in 

4p 4(439)



0, = tan"() = tan”! (2) = 48.65° 
e. 1.76 

b> = tnt = tan”! (_) = 63.7° 

a = 0, +05 =48.65° + 63.7° =112.36° 

p= =u 
™p 

  p= [an sta) *O2)) =(4e Sap) 2 ape) ) 505" 
the required plate thickness can then be solved by iteration, and assuming a plate 

thickness of 1.0 in. by using: 

10V65) - Bee 

  

P, /0.9 
  os II   

2 

  

= 271-1 = 1.172 in. wre gy 
a second iteration using tp = 1.172 in. gives tp = 1.192 in. 

    

  

The plate is thicker than the permissible thickness of | 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 05 5 _ 

  

2 2 

_ 28) _ 7438" _93420in 
4p 4(4.34) 

05 =tan7!| *_ tnt 2 = 55.7° 
d-g 2 — 0.3422 

01 remains the same, all other quantities remain the same 

a=0, +05 =55.7 + 48.65 = 104.35 

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

B= (an( 2 ° *) +€+@-2)f4) () (Fy) - fe 

P, = [anf 1485 +o] +(15+@5- asara)j Vio. oy j(50)° amy = 355k 

  

  

  

  

check oPy = 0.9x 355 = 320k > 277.7k = Pu/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 

59



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: 

100k = Pu 

2) Find the strength of the plate. 

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

  

  

2 2 

e=d- 0 =2- a = ].76in. 
4p 4(4.39) 

f4pf 

a= L = 3in 

min! 2 

2 2 

ga? 2 >< sigin, 
4p 4(439) 

0, = tan™"() = wan!) = 48.65° 
e 1.76 

9) = tan!) = an = 63.7° 
d-g/ 2~0518 

ao = 0), +05 = 48.65° +63.7° = 112.36° 

5 = Pus 
m p 

(oo) oS) oy 
3) Solve for plate thickness by iteration, using an assumed thickness of 1.0” 
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t= | pu 

OES ony 
t, = 100 = = 0.67in. 

sos109) 60) - 5 aol / 

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 
=~ p—-3- —~§-2?-—-~— =243 a 5 b tweld 5-2 5 16 2.43 

2 42 

p= 2-243" 3p 
4p 4(4.34) 

05 = tant! 2 = an( 28 = 55.7° 
\d-g) 203422 

81 remains the same, all other quantities remain the same 

a = 0, +95 =55.7 + 48.65 = 104.35 
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A trial plate thickness of 1/2 in. gave oPs = 98 k < 100 k = Pu. Try 5/8 in. plate 

pe=(4 2) +44) ++ Ns) (Fay 

Py = (aol M86) a _ +(15+@5- asaz2)j —}}@ 625) 60) (ats) - = 170.9k 

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

  

9 

  

    

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

the quantity tmod must be calculated. The yield strength of the connection, unstiffened, 

was calculated earlier in the example. 

Try 1 in. diameter bolts 

5 

t J 

a= oonsi7R,| <P = 0. 02317460) “871 iy = 0.641 in. 
b 

  

170.9 

‘med = ree imy) -| 50(5.07) 
= 0.821 in.   

w'= be dyn =5— 1.0625 = 3.9375 

2 3 Fyp 8 suf + 0.8(w ) + mdi Fy, /8 

"= A(p;)



10 
(0.821) G0} 085, + 0,8(3.93 m5) +n(ly (90)/8 

4) 
w't? F' ° 

~__P _ 3) —_ 
Qmax = 4a () {4 

9 

_ G.9375\0821)° eco? 9 32.87 ) - 87 | 55 4(0.641) (3.9375\0821)) 

P= = 32.87   

  

  

O,;P.= 

max 

  

4(P, —Qmax)_ |0.75(4)(70- 55) | 153 

o4T;, 10.75(4)(51I 

6) Check that bolt yield is greater than plate yield load. 

orPr = 1532 OPs = 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 AS72 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 
—~pf_-w_ ~t 2 ~ 14375; d = eS 5 tweld 5 4 16 1.4375in. 

p = 2.17d = 2.17(14375) = 3.11 9in. 

b? 2° 
e = d—— = 1.4375 - ———— = 11168in 

4p 4(3.119) 

V4pf 

a= = 4 in. 
Ey 

min 2 

2 2 

g = a = a = 1.282 in. 

4p 4(.119) 

  
+ 

0, = tan“I( | = tan | = = 60,82° 
e 11167 

  95 = tan “fa je tan(—_4 _) = 87.87° 
Ld-gJ 1.4375 — 1282 

a = 0, +05 = 60.82° +87.87° = 148.6° 

    (oe) ot Gta) ne 
3) Solve for plate thickness by iteration using assumed thickness of 1/2 in. 

  

Pu 

B(O),/(F ) ot) 
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= 0.468 in.   

  —
 lI 

5 

| » 65 ; £9709) G0) - | meas, 

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

ral) OT A ay 
2 

Pus = (aa sm)? 13) (sy en -lapieaas) a 

check oPy = 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'= 57 bh = 4 — 0.8125 = 3.1875 

2 be ; 3 thFyp joss 2 + 0.8(w ) + mdisFyy /8 

4(p;) 
F'=   

(05) Go o83{$ +08(.1 $75) + n(0.75) (90)/8 

40) 
142 

wt F' 
P =—? |(F y -3 _— Q max da (Fy =] 

2 - 2 

_ Gis HOE en _ oe =2817k 

P= =I11]   

  
2 

  

max (0.343) (3.1875\0.5) 

~ 0.75(4)(40 — 28.17 
6,P.= o4(P, Qimax y | > x. ) 84k 

vnax(O4Tb vmax|075(4)(28) 

  

6) Check that bolt yield is greater than plate yield 

b:Pr = 84k > pPy= 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 0. The deflection of point A is L,0, and the rotation of AE 

(perpendicular to AD) is B. This rotation is equal to: 

B= L490 
= Lb/ 

COSa 

= O0cosa (A.1) 

which is the rotation through which the resisting moment m will act. The internal work 

done by m is: 

W = mLB = mL8cosa (A.2) 

Now, cosa =L1/L , so that 
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Figure A.1 Yield Line Along a Skewed Line 
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W = mL = mL,6 (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 m (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 
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Figure A.3 Pie Section of Circular Yield Line Pattern



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

oO 
W, = pf) (A.4) 

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 the 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')rot 1 (A.5) 
r 

Equating the internal and external work: 

{| = (m+ m')o 

——=(m+m) 

(A.6) 

Since the positive and negative resisting moments in steel are the same, the equation for a 

point load on a steel plate is: 

P= 4n(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 yield 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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Figure A.4 Parabolic Yield Line Fan Pattern 
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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 a is: 

The internal work done by the plate is: 

\ 
| (A.0)   W; =(m+ mol 

2 ry +t 

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 

yield 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: 

P= tn | (A.11) 
360 

where o is redefined as the angle subtended by the parabola, in degrees. 
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UNSTIFFENED TEE HANGER TEST 
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Test Desigmation....0..000.0000ccccccccc cece cececeeveceeecestesseetestenetetsetstenetetteeetens lalla | 
Fy... 45.5 ksi th. ceceeeeeeeee 0.355 in. 

tw... eee. 0.25 in. tweld. 00... eee 0.325 in. 

eee eececeeeeeees 1.743 in. Doe 1.501 in. 

Coeceeeeceeeeeees 1.276 in. Goose 1.004 in. 

foo 2.28 in. Lovee 6.5 in. 

DF... 5.4 in. Ab... 0.75 in. 

doh... 0.8125 in. 

Vico EE EEE EOD t ttt 10.5 kips 

Average Experimental Yield Load........00000 oo cieccececeeeeeeeeetetetteees 42 kips 

Average Experimental Ultimate Applied Bolt Load... ee. 17 kips 

Pye e cece eee eee eee bee nee eee c ee ceeded cbceteeceusssdteeteeeetssesesneeeteeenaeeeeess 34.04 kips 

Preece cece cece cece cece betes ee teecceeetbeeeeeseeetecesctttteeeeeeeeeeeststtsteeeeeeeeeeees 112 kips 

Pnp bocce cece et ene seen re eeees nee e ene e dE ee eee ee nee rend e eed b este en ttn eens anne es veeeeeee .. 160 kips 

| 34.04 kips 

Notes: Bolt load for test 11a was not used in bolt force calculations 

78



        

  

      
  

Ap
pl
ie
d 

Lo
ad

 
(k

ip
s)

 

  
        

  

    

  

0.05 

Deflection (in) 

  

  
  
  
      

    
  

      
        Ap

pl
ie

d 
Lo

ad
 

(k
ip

s)
 

    
  

0.05 

Deflection (in) 

79 

  

 



  

  
              

Bo
lt
 
Fo

rc
e 

(k
ip
s)
 

    

  

    

  

20 25 30 35 

Applied Load (kips) 

Teela 

  

  

    
  

    
  

Bo
lt

 
Fo

rc
e 

(k
ip

s)
 

      

  

5 10 15 20 25 30 35 

80



CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.004) = 2.179 in. 

2 b7 004 — A500) 

    

e=d-—=1004-+——“+_- 0745 in 
4p 4(2.179) 

b <353e = 2.63 — ok! 

1/2-b 11.732" 
a= = = 1.732 in. 

_\4pf —‘|4.457" 
mim 

a’ _ (1.734)° g=5 = = 0.344"< f = 2.28 in. 
4p (2.179) 

31501 
6) = tan 2) = tan yet) = 63.6° 

e 0.745 
g<d—>0344<1.004 

af 1732) Qy = tan i = tan (1782 = 69.19° 
d-g 1.004 — 0.344 

a = 0, +0, = 63.6° +69.19° = 132.79° 

2 0 2 
Vj _ (0355)" (455)° - {105 = 1303kip —in/in 

4 2.5(0.355) 

  

  

\ 132.79° 
Py = 4n{ o J} ™p = 4x) ————_ Mp = 4.632Mp 

360 360° 

1 1 
Pp =o) m 15014} m —~2014m 

c e/ P 0.745) P P 

Py = 4(P, + Po) = 4(4.632my +2.014my ) = 4(6.65m py ) = 4(6.65(1.303)) = 34.04 kips 
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CALCULATION OF PREDICTED VALUES 

3 , 
t 4 \2 0355 | 

a = 0.02317F,| = 0.02317(455), - ] = 0112 in, Y\ dy 0.75 
  

b w= > —dpp = 2.7 - 08125 = 18875 in. 

2 Ve nq we to Foy (085b¢ /2 + 080w') + nd5 Fy, /8 

pe (0.355)? (45.5)[0.85(5.4) / 2 + 0.80(1.8875)] + 1(0.75)°(90) /8 

a 4(1.25) 

wt F 1.8875(0.355 7.345 2 > » 2 4 cou yf EY OS? [gp {BE 
a | wtp 4(0.112) 18875(0.355) 

  = 7.345 kips 

  

Q max = 21.96 kips 

4(P_ — Q max) _ 

4T, 7 

4(40 — 21.96) 
P= = 112 kips 

4(28) 
max     

4Pt | 

ATp 

4(40) . 
= 160kips 

4(28) 
Pap= 

  

  max



UNSTIFFENED TEE HANGER TEST 
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Aeon 3.749 in. Dooce 1.501 in. 

Coe 1.276 in. Goon eceeees 1.004 in. 

foo 2.23 in. Loco 10.5 in. 

bf. 5.4 in. db. ceececeeeeeeee 0.75 in. 

bh... 0.8125 in. 

Vee eer EEE EDEL cobb becececeeteceeseeeessasstttttteeeesteteeees 11 kips 
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Experimental Ultimate Applied Bolt Load... eee 18.5 kips 

PY. ccc cece eee EEE eee e ete b ooo t itt ttt tte vaaeeaaeaaaaees 38.9 kips 

Prec oec ccc cece cece eee eee eee e beeen ee bebe ued cee eee edceeeesetaceeetsredeeeseesaeeeeeeaeeseeeeaees 112 kips 

Pop a 160 kips 

Ppred Dene ene R EEE EEE EERE EERE TEER EEE EEE E EEE EEE EOD ODED Ene See EEE Ee eben Eocene nde eed 38.9 kips 

Notes: Bolt load for test 4a was not used
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.004) = 2.179 in. 

    

b2 (1.501)? 
e=d-—— = 1004 -~—___ = 0.745 in. 

Ap 4(2.179) 

b < 3.53e = 2.63 — ok! 

1/2-—b_ |3.749" 
= = = 3.749 in. 

_| apf |4.457" 
nn 

2 2 
3.749 . 

-* = (B.749)" = 1613"< f = 2.28 in. 
4p 4(2.179) 

0, = tan1(®) = tant 1501) = 63.6° 
e 0.745 

g>d=> 1613 > 1.004 

ifg-d _1f 1.613 — 1.004 
@5 = tan (8 ) +908 = tan y 813-1004) +90° =99.22° 

a 3.749 
  

a = 0, +8 = 63.6° +99.22° = 162° 

2 2 2 2 
t 

m, =. |(F.)? ~3) = 0355)" lass?) = 1.263kip —in/in 
P y 4 \ 2.5(0.355) 

  

  

  

1 1 
P. = b(t )m = 1501{—1_\m =2014m 

c e/ P 0.745/ P P 

Py = 4(P, +P, = 568m, +2.014m,) = 4(7.695m,) = 4(7.695(1.263)) = 38.9 kips 
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CALCULATION OF PREDICTED VALUES 

(t 3 5 3 

a = 0.02317F.| |) =0023 170485) 0.355 =0112 in. 
y dy 0.75 

  

b | w'= > — dp, = 5.4- 08125 = 18875 in. 

2 ; 3 PE py (085b¢ /2 + 080w') + nd,Fyp /8 

oe (0.355)7 (45.5)[0.85(5.4) / 2 + 0.80(1.8875)] + 1(0.75)°(90) /8 
- 4(1.25) 

2 

18875(0.355)2 (455° {7345 ) 
= . — 3) — 

4(0.112) \ 1887510355 

  = 7.345 kips 

  

  

Qimax = 21.96 kips 

  

p= 4(P, - Qinax) Nam) 21.96) _ 112 kips 
r= = = 

max|t?b 4(28) 

TOSt o.oo ccc cece ccc eeeee eee ee ee eeeeeeeeteeneectneeeree eed 4a,10a 

Limit States... eee te ee eee eees Bolt Rupture with no Prying Action 

l4Pt |4(40) 
np= = = 160 kips 

J4T, [4(28) 
max   
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UNSTIFFENED TEE HANGER TEST 

i i | dbh —, 
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d 
CLL 4 | be 5 

tw - 

| L 

Test Designation.............00000000. Lee etree inet eee 1 

Fy... 68.5 ksi Epo eeccccceeeeeeeeeeeees 0.52 in. 

tw... 0.75 in. tweld. oo... cece eee 0.19 in. 

ee 1.48 in. Dooce 1.77 in. 

Coie 1.77 in. Wooo 1.165 in. 

foo, 2.935 in. Lois 6.5 in. 

DE... 7.0 in. db... ceeeeees 1.0 in. 

1.0625 in 

Vice cece eee eee eee e deeb cece cee ee eect eet e dette ndeeeeeeeeceeeseeereeeeeeeaetneneeseteetenes 25 kips 

Average Experimental Yield Load........000000000cccccccccccecceceeeeeeeettttntseeees 100 kips 

Average Experimental Ultimate Applied Bolt Load..........0000 27.5 kips 

PY. cece cece eect e ence ete t atte eee e tetas ttn ne ee ceee een tnteeeeeteeestneeeseeeeaenneeeerens 105.8 kips 

Preece ceccceccceeeeeeeete eee eect nett ects cee eeeeeeteeetee tees eeeeee tee citttititetistttersttnesereeenee 208 kips 

Pnp Benen EEE EERE EERE CEES E EEE EERE SEEDED Eee ena DDE ECE Ene eet aE ree tne beeen tener eee eneee 280 kips 

Ppred debe cee eeenene eee Dee eee nee ee ene EEE enn eee edd a Een EEE Ee ELSE Eee b eget et tt bates teenneseees 105.8 kips 

Notes 
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.165) = 2.528 in. 

2 2 

e=d- 2 -1165- AT)” _ 9855 in 
4p 4(2.528) 

b < 3.53e = 2.63 — ok! 

1/2—b_ |1.48" 

min V4pf 5.44 

a (1.48)* 
4p  4(2.528) 

0, = tan™ 2) at on (47) - 64.22° 

g<d=>0217<1165 

_ _ 1.48 
QO = tan i = tan (8 _) = §735° 

d—g 1165-0217 

a= = 1.48 in. 

  

  

= 0.217"< f = 2.935 in. 

a = 0, +05 = 64.22° +57.35° = 12158° 
  

2 

—3 aos = 419kip —in/in 

  

Py = 4(Py +P.) = 4(4.24mpy +2.07mp) = (4)6.312mpy = 4(6.312)(4.19) = 105.78 kips 
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CALCULATION OF PREDICTED VALUES 

  

  

     

  

TOStl occ c cece cette tenn eee e eect tinct ti teteees l 

Limit Statet....0000 00 cce eect neeeennnnes Bolt Rupture with Prying Action 

t, \? 3 
a= 0.02317F,| 2 | = 02317(685) °°) = 0.223 in. 

Y\ dp 1.0 

._ br 4 ; 
w'= > dpp, = 3 - 1.0625 = 1.9375 in. 

t2F., (085b¢ /2 + 080w') + ndpFy, /8 or _ tPEpy (O8Sbp 12 +0 bFy 

2 3 
0.52)° (68.4)|0.85(6) / 2 + 0.80(1.9375)|+ 2(1.0)° (90) /8 ,_ (0.52)"( )[0.85(6) (1.9375)| + x(1.0)° (90) _ 22.23 kips 

4(1.25) 

wt 9375(0.52 , Qinax =——- Foy 3 FE} _ 19375052)" (68.4)* - — 
4a ° W'ty 4(0.223 1.9375(0.52) 

QO max = 39.88 kips 

4(P, - . 4(70 — 39.88 
p= AOPt~ Qmax) 70 3988) _ 508 Lins 

max 4Tp \4(52) 

TOSt ooo icc ccc ccc ce cee cence eee aeeeeeteeteeeeeteeeneeeneeees | 

Limit States... cceccceetetetteeeeeteeees Bolt Rupture with no Prying Action 

4Pt |4(70) . 
Pap= = = 280 kips 

\4T, (42) 
max     
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STIFFENED TEE HANGER TEST 
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Fy... cc. 45.5 ksi tp... cca 0.355 in. 

ts... 0.25 in. twee 0.25 in. 

tweld..... 2.2... 0.325 in. Bee eeceeeeceeeteee 1.31 in. 

Doo, 1.5 in. Coie ce eeeeeeeeeen 1.25 in. 

doo. 1.0 in. Boo 2.25 in. 
Looe 6.5in. DP. eee 5.4 in. 

db... cc. 0.75 in. doh. 0.8125 in. 

Vice eee e eee ee cn tssteseeeeeeeetettsetteeeeeteeenes eee e bee e cee te ett teeeeeeeeeees 13.5 kips 

Average Experimental Yield Load 200.000.0000 cccceeeeetteteerteeees 54 kips 

Average Experimental Ultimate Applied Bolt Force............................21.25 kips 

Pye cee c cece cece ene cee eect eee e cn beeen ceeetedeeeeeteeeecessteseeeeeeesneseeeeeeeaeees 41.27 kips 

| 112 kips 

Pop Ln ene een Ee EERE E EERE EEE EEE EO EE EEE ECE E EEE EEE EEE EERE EE etree see ede eee EEE ee EE ee EE eeS 160 kips 

Popred Bee eee Ene EEE EEE REECE ONES D EE CEE DEED E EEE Eg nen E ED Eee ee Ene tbe eb bee E Eee ees 41.27 kips 

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.
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.004) = 2.179 in. 

2 2 
1501 b* _ 004 L500 

    

e=d-—e=l. —- — 0.745 in. 
Ap 4(2.179) 

b < 3.53e = 2.63 — ok! 

measured |]31" 
a= = = 131] in. 

_\4pf 4.457" 
min 

2 2 

28 U3)" _ pjo6"e f= 2:28 in, 
4p 4(2.179) 

_if b) _1f 1501 
Q, = tan (2) = tan ¥ 1801) = 63.6° 

e 0.745 

g<d>0196 < 1004 

a a “a 131 ) 
65 =tan -| ——]=tan | ——————— 

d-g 1.004 — 0.196 

a =0,+0) = 63.6° +5836° =1219° 

I oO
 

to
 

On
 ° 

  

5 
2 7 

| _ £0395)" (is9? 8 : 4 \ 

~ 2 

= 1168kip —in/in 
2.5(0.355) 

   
Py =(c+(f - +] my = (1.276 + (2.28 - 196) my = 2.564m, 

l l 
P.= b(1)m = 150(—1_)m =2014m 

c e/ P 0.745) P P 

Py = 4(P, + Pp +P.) = 4(4.25m, + 2.564my +2.014mp) = 4(8.829mp) = 4(8.829(1.168)) = 41.27 kij 
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CALCULATION OF PREDICTED VALUES 

  

  

TOSt. oo. ccc ccc ecc cu eeseeeecuetrasstiecesueeteeseriners 8a,3a 

Limit States... ect t et cc tne Bolt Rupture with Prying Action 

P 
tmod = ss 90.6 0.409 in 

r (Po | ) 45.5(6.65) 
Vv “m 

P 

ty 0.409)° 
a = 0.02317F,| ——| =0,02317(45.5) 008 = 0.170 in. 

Y\ dy 0.75 

,_ de 
WwW = 7 dph = 2.7-0.8125 = 18875 in. 

2 Vana BE py (085b ¢ /2+080w')+ ndi Fy, /8 

oe (.409)* (45.5)[0.85(5.4) / 2 + 0.80(18875)] + (0.75) (90) /8 
4(125) 
  = 9.75 kips 

     u 2 w't ' 2 One =P F2 3 F _ 18875(0.409) | assy? -¥ 9.75 

ma 4a W'tp 4(0.170) 18875(0.409) 

Qimax — 18.53 kips 

  

    

ACP, —Qmax) [4(40-18.53) 
r= = 3 = 112 kips 

max|4 1b 4(28) . 

TeOSt loo... ce cece ete ceeteeeeeeeeeeetteeettneneeeeees 8a,3a 

Limit States... cece ceeetttetteeeeeeeees Bolt Rupture with no Prying Action 

4Pt |4(40) 
Pap = = = 160 kips 

N4T,  [4(28) 
max 
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STIFFENED TEE HANGER TEST 

  

  

  

  

        

      

b a ts 

a - dbh -—— 

TTY i 
Cc | \ 

fis @ 
vf e 
a 

WN ed Lelie bg Epp BEd LEA | be 

tw 4 

L 

Test Designation. .........00.0 000i cee eect eect teeeeeeeeeeteeetetttnniees 2a 

Fy... 45.5 ksi i ee 0.355 in. 

ts... 0. 0.25 in ne 0.25 in. 

tweld............ 0.325 in. Occ cceecceeeece ees 1.428 in. 

Dooce. 1.5 in. Coo eeeceece eee 1.25 in. 

doo 1.0 in. foe 2.25 in. 

Looe 6.5in. DP eee 5.4 in. 

db... 0.75 in. bh... 0.8125 in. 

Vo eee EEE ered e cee e tee ed dodbeteettt ead nttnteeteaeaanneeeetegs 12.625 kips 

Average Experimental Yield Load 0.0.0.0... 0cceececeeeeeeeeeeeeeeeeenees 50.5 kips 

Average Experimental Ultimate Applied Bolt Force... 19 kips 

PY nn oli OO UH ol ilies 40.4 kips 

Preece ccccccece cece cece ee teeeeeteetettttntneen ebb bbb bb bbbbbeeeebbeeeecesetstenetteeeeeeeees 112 kips 

Papo. ooc ccc cecccccccccccceececuccececeeuececueeececceceereseseecrrvesruettuessrreerietcrieeeuersaness 160 kips 

Ppred Bene E EEE EE EEE DEEL EEE ERED EE DEED EEE Ere EEE EEE DDE e DED EEE EES Ean E Ee ebb enn Eee 40.4 kips 
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.004) = 2.179 in. 

b? (1501) | 
e=d-——=1004-+—4_ = 0.745 in, 

4p 4(2.179) 
b < 3.53e = 2.66 — ok! 

measured |].482" 

  
a= = = 1.482 in. 

_ | f4pf 14.457" 
min 

a” (1.482)? g=——= = 0.253"< f =2.28in, 
4p  4(2.179) 

_ _jf 1501 
0, = tan (2) = tan ie = 63.6° 

e 0.745 

g<d—= 0.253 < 1.004 

Oy = an] = tan“l(__ 48? _) = 63.12° 
d-g) 1.004 — 0.253 

a = 0, +0, = 63.6° +63.12° = 126° 

2 2 > | 2 t mp =>)? - - - PY - if 125 = 116kip —in/in 
wt 

  

  

  

p 2.5(0.355) 

6° 

P, = 4n{ |, =4n\ “°_|m, = 442m, 
360 360° 

] N‘ 

PB, =(c+(f- (2) m = (1276 + (2.28 —0.253 ( |m = 223m 
b =(c+(F—8)}Jmp =( ( agen) ™P P 

~ (1) 1 
P. = v2 m, = 15011} =2014m 

c e/ P 0.745/ P P 

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

  

  

P 49 
tmod = : —T = | : = 0.402 in. 

F (Pos, ) 45.5(6.65) 

3 
t 

a = 0.02317F, 3 = 0,02317(45.5) 
( 3 
042) = 0.162 in. 

b \ 0.75 

,_ Dg w'= -— dph = 2.7 ~ 08125 = 18875 in 

2 Vand so t oF py (085b¢ /2+080w') + nd jp Fyp /8 

ie (0.402)? (45.5)[0.85(5.4) / 2 + 0.80(18875)] + (0.75) ° (90) /8 

7 4(1.25) 
  = 8.57kips 

— 

142 
2 | 7 

wt ' > 

Qmax = ——2-JF2, -3 ——| = *S8ROA02)" (455)? - {857 _) 
— aa W'tp 4(0.162) | 18875(0.402), 

Qmax = 19.33 kips 

  

  

  

    

4A(P, -~Qmax) |4(40-19.33 | 
r= = = 112 kips 

max (tb 4(28) 

TOSt o.oo cc cece ccc eeece ee eeeee nett sees teeeeeeteneeeseed 2a 

Limit States .......00.. cece teeeeetetees Bolt Rupture with no Prying Action 

p 4Pt |4(40) 160 ki 
= = = {Ips 

"P4T, «((4(28) P 
max 
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STIFFENED TEE HANGER TEST 

| i — -_ dbh — 
  

a
 

Lr
 

  

    
  

      
  

      

d | 

4 WL i gg a | be 

two 

_. 

L 

Test Designation. ............0.00c0ccccc cece cece ccc ceeeceee cece e eee e tee tetbneeeeeeteeeeeeeneas 9a, Sa 

Fy... 45.5 ksi theca 0.355 in. 

ts... eee. 0.25 in. twee 0.25 in. 

tweld............ 0.325 in. Qe cceeeeeeceeeeee 3.318 in. 

Doe 1.5 in. Coe eecee cece eeeeees 1.25 in. 

doo, 1.0 in. foo eeeee 2.25 in. 

Loe. 10. 5in. DP 5.4 in. 

db... ee. 0.75 in. bh. 0.8125 in. 

Vion e eee eee cence Lede Las a ssa ss eeeaaaaaeauaaaceeececeeeececeesecececeeeeeeess 11.75 kips 

Average Experimental Yield Load .0..00...........ccccccccecceeccececeeeneeeeeees 47.0 kips 

Average Experimental Ultimate Applied Bolt Force...........00000.00.8. 19.25 kips 

Pye cece ccc ece cee see eee ecueceesceteesrestbeteseasereteesrieterrecretieeeetsesseeaseneees 40.56 kips 

Price cece cece eee eee eee een beeen eee tebe bbe e et bbe tb bbbetett tre bibeteetetaiieeeeeetias 112 kips 

Pup See EEE EE nn CEE E DERE EEE DEE DEED ED Ee DE enn deen rE ee tee tbe nner Et pene ere E beeen ee eres 160 kips 

Popped... cece cece eet cence te eae e eee neat este eee eeteeeeeteeeeeeeeteeeeeetteteeeeteeeees 40.56 kips 

Notes: Test 9a could not be used in bolt force predictions.
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.170.004) = 2.179 in. 

b? (1.501) | e=d—-—— = 1004 -+——+_ = 0.745 in. 
4p 4(2.179) 

b < 3.53e = 2.63 — ok! 

  

measured |3318" a= - = 3318 in. 
_ | ape 4.457" 

mn 

9 2 
3.318 . 87 _ B318) enc ¢ =2208In 

4p  4(2.179) 
if b -jf 1501 

Q, = tan (2) = tan Ser) = 63.6° 
e 0.745 

g>d>121621004 
-1fg—d —1{ 1216— 1.004 

6, = tan ic +90° = tan \[ 1216 1.004) +90" = 9384° 
a 3.318 
  

a = 0, +0 = 63.6° +93.84° =157.4° 

2 2 2 2 t 3 “a 

Mp = Po (E,)° 3 VY} _ £0355)" (455)? 3 = 1.238kip —in/in 
4 \ wt 4 2.5(0.355) 

p 

Oo 

Pi = 4x{ my = 4 1374" Mp = 549m p 
360 360° 

  

(1 1 
Py =(c+(f- ye Mp = (1276+ (2.28 - 126) my = 0.692m, 

1 1 \ 
P. = bt \m = 10i{ + m, = 2.014m 

c e/ P 0.745) P P 

Py = 4(P, +Py +P.) = 4(5.49m, +0.692m, +2.014m,) = 4(8.19m,) = 4(8.19(1.238)) = 40.56 kips 
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CALCULATION OF PREDICTED VALUES 

  

  

P 7 . 
tmod = S$ ___. = ‘ = 0.366 in. 

E [Pos ) 45.5(7.695) 
y é 

3 
t 

a = 0.02317F,| P| = 0.023 1485) 
y dy, 

= 0.122 in.   
0360) 3 
0.75 

__ bg w= > dpp = 2.7 - 0.8125 = 18875 in. 

tF, (085b¢ /2+0.80w') + ndpF yp, /8 pe _P py ft : bryb 

_ (03 66)? (45.5)[0.85(5.4) / 2 + 0.80(1.8875)] + 1(0.75)°(90) /8 

7 4(1.25) 
F' 
  = 781 kips 

  

   
2 

w't | acey2 2 P ip2 4} _F | _ 18875(0366) (485)? 3 781 ) 
w'tp ] 4(0.122) 18875(0.366) 

Qmax = 21.27 kips 

4(Pt -Qmax) _ a — 21.27) 
P.= - 

4(28) 
= 112 kips 

  

4Pt _ 4(40) 
= 160 kips 

4Tp ope 4(28) 
max   
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STIFFENED TEE HANGER TEST 

ts 

a dbh — 
  

coe
 

ee
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cn
et
 

wn 
ee
 

oe 
tel

 

    
  

            
METS SELLE Le ee Ei oc IL 7 br 

tw 

L 

Test Designation... eee cee cee ceecbb bbb ntttitttttrtttttetntnenes 7a, 6a 

Fy... ccc. 45.5 ksi | 0.355 in. 

re 0.25 in. 0.25 in. 

tweld..........., 0.325 in. Be ccecceceeeeeeen 3.169 in. 

Doo 1.5 in. Coote 1.25 in. 

doo 1.0 in. foo cece 2.25 in. 

| ee 10.5in. Dhooeeeceeeeeees 5.4 in. 

db... 0.75 in bh... 0.8125 in. 

Vion eee knee LeeLee ebb b boob bbe sided dau aanasaaeeeseeceeeeeeseeeeeeeeeeeeees 11.8 kips 

Average Experimental Yield Load ............00.0000ccceceeectteceeeettteeetntees 47.25 kips 

Average Experimental Ultimate Applied Bolt Force.......0.000..0000....: N/A 

PY ec cece cece cece cee eens ee eeceeeecescneeeeeeeeescnsetsseeeeeeteetttsttsseeseeeeeeees 40.53 kips 

Pree o coe cccccccec cece eee ceec cece ee eeeeeeecceceeeeseeeeteestittsseeeeeeeteciittstereeeeeteeeenenaes 112 kips 

Pnp Lee eee ee eee eR EE ERE EEE EEE EE DEED EE EEE EERE EE EE DEE SGD EES TEED EERE OED EE e EERE GEER ED EE eE 160 kips 

Ppred Lee eee eee enn Ene EEE LEED EEE E EEE EEE EES Ene; SER EEE HEED EE Gee DE ete Er ee tener nn teens eeaee ties 40.53 kips 

Notes: Neither test gave usable bolt force test data 
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CALCULATION OF PREDICTED VALUES 

p = 217d = 2.17(1.004) = 2.179 in. 

2 1501) 
b” 1004-4 ) e=d-—=lL — ——— = 0.745 in. 
Ap 4(2.179) 

b < 3.53e = 2.63 — ok! 

measured |3 169" 
= = 3.169 in.   

  minlV4PF 14.457 

_a? _ (3.169)? 
4p 4(2.179) 

_ _j{ 150 
Q, = tan (2) = tan y A501) = 63.6° 

e 0.745 

g>d=>1152 > 1.004 
ifg- _1f 1.152 — 1.004 

Q5 = tan (8-4) +90° = tan }[ 1452 = 1004) +90° = 92.67° 
a 3.169 

a = 0) +05 = 636° +92.67° = 156.27° 

\2 = (0355) “3 118 =k _ Co 
¥}. 0359) a 5)? 250355) 1.236kip —in/in 

= 1152"< f = 2.28 in. 

  

   
P, =(c+(f- »\( +] Mp = (1.276 + (2.28 LI 52) mg = 0.758mp 

1 1 
P. = -of Ym - 1501 1m —~2014m 

eo) PS 0745) P P 

Py =4(P, + Ph +P) =4(5.45m,p + 0.758m, +2.014my = 4(8.22mp) = 4(8.22(1.236)) = 40.53 kips 
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CALCULATION OF PREDICTED VALUES 

  

  
P 47.13 

t mod = s > = 0367 in, 
Ff Pus ’ 45.5(7.695) 

\ y “My 

3 
t 

a= 0.02317F,, | =0.02317(45 55) 23 
y dy 

3 
03 67) = 0.122 in. 
   

b w'= > — dyp = 2.7 - 08125 = 18875 in. 

2 \ a na3 wn DF py (08Sb¢ /2+080w') + dj Fyp /8 
  

_ (0.367)? (45.5)[0.85(5.4) / 2 + 0.80(18875)] + 2(0.75)° (90) /8 

7 4(1.25) 

2 2 _F_\" _ 18875(0367)? (45 785 ) 
w'tp 4(0.122) STII? is nee 367) 

  = 785 kips 

  

   Ww tp 

4a 
   Qimax = 

Qimax = 21.38 kips 

4(P; -Qmax) _ |4(40 - 2138) 

4T, ~ 14(28) 

  

P.= = 112 kips 

  

max! 

APt 

4Tp 

4(40) 
= 160 kips 

4(28) 
Pap= 

    

max 

11]



APPENDIX D 

TEE HANGER BOLT RUPTURE TEST RESULTS 
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UNSTIFFENED TEE HANGER TEST 

  

  

  

  

      

    

b a 

r " doh — 

T 
| c | 

H @ eo. 
| 

d | : 

SL GUIM PLL Mia. Be ed | DE 

tw 2 ! 

t 
: ‘7 

Test Designation. .....00.0.0 ccc eee etree ote beet inet et teeees 12a 

Fy... 42.2 ksi tp. ecccccceccceeceeeeeeeues 0.785 in. 

0.5 in. 1 SS (<r 0.25 in. 

eee ceeeeeeeeees 3.75 in. Doce 1.5 in. 

Coeeecceeeceee 1.25 in. Wooo 1.03 in. 

foo 2.27 in. Loc 10.5 in. 

bf... 6.0 in. Ub... eeeeeeees 0.75 in. 

doh... 0.8125 in. 

VoL EEE EEE EEE EEE EEE EEE EEE cE SEEDED EEE D bette tenner ee 32 kips 

Average Experimental Yield Load...........000000000ccccceeeeeteeeeeteeeeees 128 kips 

Average Experimental Ultimate Applied Bolt Load..........0.0..ceceeeee 33.5 kips 

Pye ccc cceececc een eee sence eeu eeecebeeesesrecnereseerseretecteteneretttetseterieescsneeeeens 133 kips 

od ert tte reer Eeee 119.6 kips 

Php wee LEER E EERE EE EEE EDD O EEE EE nL EEE eet Ede Ee en Een sen tae teen een tee tee eeee 160 kips 

Pored.......cccccceccceccceccuuceceveceuesececeeeeceeueterseceuretineeceeeeeeterisetitersnpeentesneess 119.6 kips 

Notes: 
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CALCULATION OF PREDICTED VALUES 

p = 2.17d = 2.17(1.03) = 2.235 in. 
2 2 b* _ 193-05) 

    

e=d-—=1. = 0.778 in. 
4p 4(2.235) 

b < 3.53e = 2.63 ok! 
1/2-b 3,75" 

a= = = 3.75 in. 
_\v4pf [4.514" 

min 

_a?_ (3.75)° g=—-= ~=157"< f =2.28in. 
4p  4(2.235) 

_ -1f 15 
6, = tan (2) = tan 5 = 62.58° 

e 0.778 

g>d>157>103 
i(g- -1( 157-103 

05 = tan 8-2) +90° = tan 1257-108) +90° = 9819° 
a 3.75 

a = 8, +65 = 6258° +9819° = 160.7° 

2 { 2 3 2 
VV} _ 0789)" (422? - —— = 441kip—in/in 

4 2.28(0.785) 

0.7° 
P, = an( =| Mp = 4n 16 Mp = 5.61m , 

360 360° 

1 1 
P. = Dm =1§ 1 \m = 193m 

c e/ P 0.778/ P oP 

Py =4(P, +P) = 4(5.61m, +1.93mp) = (4)7.54m, = 4(7.54)(4.41) = 133 kips 

  

  

 



CALCULATION OF PREDICTED VALUES 

TOSti oi. ceeeeeeeceteeeeeeeee eee et eee neeneeneneeeees 12a 

Limit States... eects Bolt Rupture with Prying Action 

3 5 
ty 0.785)" . 

a = 0.02317F,| | = 0.02317(42.2)) ———| =112l1in. 
Y\ dy 0.75 

b , w'= >" dp = 3- 08125 = 2.1875 in. 

2 Va aq3 oy (085b¢ /2+080w') + ndb Fy, /8 
  

pe (0.785)? (42.2)[0.85(6) / 2 + 080(2.1875)] + 2(0.75)° (90) /8 
- 4(1.25) 

= 25.34 kips 

  

  

2 

2.1875(0.785)* (422)? -3 
= . -—3 

4(1.121) 

Q max = 10.09kips 

4(P; - Q max) _ 

ATy 

4(40 — 10.09) 
4(28)     

= 119.6 kips 

max 

4Pt 4(40) 
= 160 kips 

4(28) ATy 

    

max 
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STIFFENED TEE HANGER TEST _ 

  

  

    
  

          

    

b a ts 

— | “= deh — 

a | 
‘| @ : ® | 

' 
1 ds 4 | be 

tw 

| 
L 

| 
L 

Test Designation. .......0..000000 cocci cece e cette cette etettceetttsteettteteeens 14a 
Fy... 42.2 ksi tp. 0.785 in 

ts... 0.75 in. TWh cee ee ee, 0.25 in. 

tweld....00.00... 0.325 in. Qe ccccecceeeeeeees 1.25 in. 

Doe 1.5 in. Coo eeeeeeeeee. 1.25 in. 

doo 1.0 in. foo 2.25 in. 

Lh. 6.5in. DE... 6.0 in. 

db... 0.75 in. doh... 0.8125 in. 

Vcc cece eee e eect teen te teen ceeeeeeeeeeeeeeeeeeeeeeeeeeeeees eee e cee e eee eetetiteveeeeeteteeeanes 40.5 kips 

Average Experimental Yield Load ...........00.0000ceceecceceeettettttteeteteees 162 kips 

Average Experimental Ultimate Applied Bolt Force...........0.00000...8. N/A 

PY. ccc cece ce eee e cece cert nnn cette treed neb ee teteeeeeeteeeeetettinneeeeeeeengeeed 123 kips 

Prono e cc ccc ccc cccecc cca ccceeceeeeceeeeeceeeueeueeeterecrecetertesertetietreteteetivieeieteensenees 127 kips 

Pop Lee nee ene REEDED E LEER EERE EEE ECE EEE ECE ECE EEE DDE CEE EEE ECD Ee E Eee e enone eaten eee 160 kips 

Ppred..o.......cccceececececeeeeeeeeeeeee eee eeceeee cee c eee eeceeeteeeeeeesetteeeceteesteeteeeteeeeaseees 123 kips 

Notes: Both strain gaged bolts gave faulty readings. 
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CALCULATION OF PREDICTED VALUES 

Limit States... cece ccecceenetetereees Bolt Rupture with Prying Action 

p = 2.17d = 2.17(1.0) = 2.17 in. 

    

  

2 15) end- P= 10- = oat in 
Ap 4(2.17) 

b < 3.53e = 2.61 — ok! 

measured |125" 

mn 

2 2 

8) _ 25)" _ ogre =225n, 
4p 4(2.17) 

0, = tan1(2) = tan“ 5 = 63.7° 
e 0.741 

gs<d>018<10 

. \ 
0) = an | = tan“l( 125 _j = 56.73° 

d-g 10-018 

a = 0, +0, =63.7° +56.73° = 120° 

_ 0.785)" | 
2 

23, Vo «) 4 a 
0° 

P, = an), = 4p 12 mp = 4.2my 
360 360° 

     

  

( 2 

(42.2)? -3 — = 3.46kip —in/in 
\2.25(0.785) 

  

  

1 1 
_ _g)\ — — (1.25+ (225-018 ( — 2.656m 

Pp =(e+(F eo) 2)m, (125+ ( ) a) P 

P =o{+)m =15 1 \m =?202m 
CT Ve POON o74y7 POOP 

P, =4(P, + Py +P.) = 4(4.2mpy +2.656m, +2.02m,) = (4)8.88m, = 4(8.88)(3.46) = 123 kips 
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CALCULATION OF PREDICTED VALUES 

  

  

  

  

      

  

  

    

TOStl o.oo c ccc s ete cette tence t een nneet ran tnete teens 14a 

Limit States ........ 000 ccc eec ccc ee estes tenes Bolt Rupture with Prying Action 

P . 
timod = ; = 230 = 0.90 in. 

F (Pes ) 42.2(6.68) 
y “Mp 

t.\? \3 
a=002317F,, | =0023 1742.2) 22 = 1.69in." 

Y\ dy 0.75/ 

,_ bg 4 ; 
w= 7 dbh = 3-08125 = 2.1875 in. 

t=F, (08Sb¢ /2+080w') + ndBFE yy, /8 pie _P py ft : bi yb 

(0.9)* (42.2)[0.85(6) / 2 + 0.80(2.1875)] + 2(0.75)° (90) /8 
'= = 32.3 kips 

4(1.25) 

w't | F 2.1875(0.9 5 { 32.3 
Qmax =—— Foy -3) —— = 21875(0.9)" (42.2) — 3} ————_ 

4a w'ty 4(1.69) \2.1875(0.9) 

Q max = 8.16 kips 

4(P, - -) |4(40-8.16 
t= (Pi Qmax) _ ( 107 kips 

max 2b 4(28) 

TOStl icc cece ccc ccceeceeeeeeetueeeeeeeeneetteeeneneteees l4a 

Limit State... eceteeeeeeee ets Bolt Rupture with no Prying Action 

4Pt |4(40) 
Pap = = = 160 kips 

J4Ty  (4(28) 
max 
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UNSTIFFENED TEE HANGER TEST 

  

  

  

  

    
    

5b a 

_ | : dp — 

TT 3 
C | 

| @ | 
d | ! 

‘gy Meee hi bsg 4 | be 
T | 

tw - | 

e eo 
| 

: 
| 

J | 

Test Designation. 00000000000. eee eben ebb tlt tn titttttttrtttttaaas 13a 

Fy wee eeeeeeeees 43.85 ksi tp... cece eee eee ee ee 0.785 in. 

two... 0.5 in. tweld. 0.0.0... cece eee 0.25 in. 

Beene 1.75 in. Doe 1.5 in. 

Coens 1.25 in. Woo 1.25 in. 

foo 2.5 in. Lovee 6.5 in. 

bf... 6.0 in. db... Lececeeeees 0.75 in. 

bh... eee. 0.8125 in. 

Vee eee eee e eee Eee eee EEE EEE Eee et tana n LLL DEED eee beceteseeeceeeteesssessaaeineerseeteerees 35 kips 

Average Experimental Yield Load.......0000000000cccecceccecccee eee e ct teteceeeeeeeees 140 kips 

Average Experimental Ultimate Applied Bolt Load................. beet nettttneees 42 kips 

PY... teeeetesteteeeeeees eee c cece cent tents eee cece bbe b bb eecceteeeeeeeee tees 153 kips 

Prince cece cece eee eee eee e eee ene nett ected aed ceeeeeteeeeseteeeeteessteenieeeeeeeeaenteeees 127 kips 

Popo. ccc e cece cae e cece ee eee sec eee eeeeaettt desea seen eeeeeeeeneeteeeeenereeceaes 160 kips 

Popred.. oo. ccc cece cceec cece eee cee ee eee e ee bee eee cece bee ceeesceee bette seeedetseseeeeeseaeeeaeseeneeeneeaed 127 kips 

Notes: One bolt gave faulty readings and could not be used in bolt force 

calculations. 
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CALCULATION OF PREDICTED VALUES 

p = 217d = 2.17(1.25) = 2.7125 in. 

2 2 

e= 4-2 = 125-1) 

    

= ].04 in. 
Ap 4(2.7125) 

b < 3.53e = 3.67 — ok! 

1/2—b = |1.75" 
a= = = 1.75 in. 

| 4pf 5.21" 
mn 

a? (1.75)? == = 0.2822"< f =2.5in, 
4p  4(2.7125) 

0, = tan“1(2 = tan“) = 5526° 
e 1.04 

g<d=> 0.2822 <125 

af 175 QO = tan i = tan — = 61.05° 
d-g 1.25— 0288 

a = 8, 4+0, =5526° +6105° =116.31° 
  

35 2 

~ | = 6.98kip —in/in 
2.5(0.899) 

  

1 ] 
Po = b(t), = (tlm, = 144mp 

Py = 4(P, +P.) = 4(4.06m,y +144mp) = (4)5.5mpy = 4(5.5)(6.98) = 153 kips



CALCULATION OF PREDICTED VALUES 

3 2 
t 3 

a -— 0.02317F [P| = 002317(4388) 28°”) = 1.75in. 

  

  

  

      

Y\ dy 0.75 

,_ be 
w= 3 dph = 3—08125 = 2.1875 in. 

to F yy (085b¢ /2 +080w')+ndp Fy /8 pe_P py tf : biyb 

(0.899)? (43.85)[0.85(6) / 2 + 0.80(2.1875)] + 71(0.75)°(90) /8 
F'= = 334 in. 

4(1.25) 

2 2 > 

2.1875(0.899) son2 9 33.4 
max = ——| = | (43.85)* — 3) ———__ 

4(1.75) 2.1875(0.899) 

Q max = 8.2 kips 

4(P, — -) |4(40-82 
= (Pe Qmax) _ Lay kips 

max {426 4(28) 

TOSti ooo ccc cece cece eee ecu ese eereeeuereereseeeeeenes I3a 

Limit States... 00000 ee cee e ees eeeees Bolt Rupture with no Prying Action 

4Pt |4(40) 
Pap= = = 160 kips 

\4T,  /4(28) 
max   

 



NOMENCLATURE 

a- Sum of angles subtended by the parabolic yield line 

61-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 

o:r-Resistance factor for plate yielding 

oy-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 

br-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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P;-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 

Q-Magnitude of prying force 

Qmax-Maximum prying force that can be achieved 

ti-Kennedy thick plate limit 

tri-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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