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INVESTIGATION OF ULTIMATE BENDING STRENGTH  

OF STEEL BRACKET PLATES 

 

Chapter I 

INTRODUCTION 

 

1.1 Overview 

 A bracket plate is a moment connection used for gravity loads which act near a 

column, i.e. loads with a small moment arm, as shown in Figure 1.1. Bracket plates 

typically support spandrel beams, or crane rails for industrial applications. Often, these 

plates are bolted to the column flanges to eliminate the need for field welding. This study 

focuses on the bending strength and stiffness of bolted bracket plates.  

 
FIGURE 1.1: BRACKET PLATE CONNECTION 
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FIGURE 1.2: SCHEMATIC REPRESENTATION OF WEB SPLICE PLATE 

 

 The results of this study can also be applied to the bolted web splice connection 

(Figure 1.2), which is typically used in cantilever construction to control the location of 

inflection points and reduce the required moment capacity of the beams used. Because 

the splice plate covers a finite distance, there is a small moment induced by the shear 

reactions at each end. This moment is used to determine the required size of the plate.  

 The 3rd Edition of the AISC Manual of Steel Construction, Load and Resistance 

Factor Design (2001) gives two limit states for flexural design of a bolted bracket and 

web splice plate: flexural yielding and flexural rupture. The primary purposes of this 

study are to determine the behavior of the plate at flexural rupture, to evaluate the current 

design model for flexural rupture, and to develop a new design model if necessary.  

 

1.2 Analysis of Bracket Plate and Bolted Web Splice Connections 

 The required flexural strength, Mu, for the bracket plate shown in Figure 1.1 is 

simply the factored load, Pu, times the distance from its point of application to the first 

column of bolts, e.  

 The required flexural strength of the web splice plate shown in Figure 1.2 is the 

factored beam shear, Vu, times the distance from the centerline of the connection to the 

first column of bolts, e.  
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1.3 Current Design Model 

 While extensive information exists regarding the load-deformation characteristics 

of eccentrically loaded bolted connections, there has been very little investigation of the 

ultimate bending strength of bolted steel plates. The 3rd Edition of the AISC Manual of 

Steel Construction, Load and Resistance Factor Design (2001), gives two limit states, 

flexural yielding and flexural rupture, in the design example given on  

p. 15-13. The limit state for flexural yielding is determined from:  

φ M n⋅ 0.9 F y⋅ S gross⋅              (1.1) 

where phi is the resistance factor, Mn is the nominal flexural strength, Fy is the specified 

minimum yield stress, and Sgross is the gross elastic section modulus of the plate.  

 The limit state for flexural rupture is given by:  

φ M n⋅ 0.75 F u⋅ S net⋅
              (1.2) 

where Fu is the specified minimum tensile strength, and Snet is the net elastic section 

modulus of the plate. However, no literature is cited to support these equations, nor has 

any been found by the author.  

 Theoretically, the behavior assumed by Equation 1.2 should never occur: Snet 

assumes an elastic stress distribution, while Fu only occurs after plastic behavior.  

 Interestingly, Salmon and Johnson (1996) only give a single limit state check in 

their design example on p. 878: 

φ M n⋅ 0.9 F y⋅ Z gross⋅
               (1.3) 

where Zgross is the gross plastic section modulus. Theoretically, this approach gives a 

more accurate description of plate behavior at failure. Once the plate has fully yielded, 

the stress distribution at the critical cross-section should be given by Fy x Zgross. It should 

be noted, however, that Equation 1.3 was only used to calculate the design moment for a 

beam at the location of a bolted splice, rather than the strength of the splice plate itself.  

 In Analysis and Design of Connections (Thornton and Kane, 1999), the authors 

include an example for the design of a bolted beam web splice on p. 159. The equation 

used for flexural rupture is the same as Equation 1.2, but the equation used for yielding is 

the one used by Salmon and Johnson, Equation 1.3. 
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 If a more accurate design procedure can be experimentally verified, the potential 

economic benefits are considerable. A matrix of values for the 5-bolt plate shown in 

Figure 1.2 is given in Table 1.1, which shows that the plate moment capacity varies 

dramatically, from 62.5 k*ft to 190.7 k*ft, depending on what steel behavior is assumed. 

The values are for a 5/8 in. thick plate with 1 in. bolts in standard holes, 3 in. on center, 

and 1-1/2 in. vertical edge distances. 

 

TABLE 1.1: TYPICAL VALUES FOR POSSIBLE LIMIT STATES 

   (Moments given in k*ft)  
   Snet Sgross Znet Zgross 
   (in3) (in3) (in3) (in3) 
   15.0 23.4 22.3 35.2 

Fy (ksi) 50 62.5 97.5 92.9 146.7 
Fu (ksi) 65 81.3 126.8 120.8 190.7 

 

 For both the bracket plate and the web splice plate design, the following limit 

states must also be checked: 

• Shear Yielding 

• Shear Rupture 

• Bolt Shear 

• Bearing and Tearout 

• Block Shear 

 

1.4 Overview of Study  

 The study consisted of three parts: experimental testing, finite element modeling, 

and design model evaluation. The experimental testing consisted of connecting two 

beams together with a web splice to form a simple span, then loading the span 

symmetrically to induce pure moment at the location of the splice. The load-deflection 

relationship of the system was recorded with a PC-based data acquisition system, and the 

test was continued to plate flexural rupture whenever possible.   

 Each test was unloaded and re-loaded after plastic behavior had occurred, to 

determine the elastic recovery stiffness. The elastic stiffness value was then compared to 
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that given by a 3D finite element model, to ensure a complete understanding of the 

system behavior. 

 The test results were compared to the predicted values from Equation 1.1, 1.2 and 

1.3. Two new design models were then developed and evaluated. 
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Chapter II 

EXPERIMENTAL INVESTIGATION 

 

2.1 Overview 

 Two series of tests were conducted. The first series consisted of six splice plate 

tests with 3/8 in. plates and 3/4 in. diameter A490 bolts, using three different bolt patterns 

as described below. The second series consisted of eight splice plate tests, using both 3/8 

in. and 5/8 in. plates. The second set of tests used 1 in. diameter A490 bolts. For all tests, 

one plate was used on each side of the beam web.  

 A schematic diagram of the test setup is shown in Figure 2.1; Figure 2.2 is a 

photograph of the test setup. Load and deflection data was gathered for all tests. 

Additionally, strain gages were used during two tests.  

 
FIGURE 2.1: SCHEMATIC DIAGRAM OF TEST SETUP 

 

 



 7

 
FIGURE 2.2: PHOTOGRAPH OF TEST SETUP 
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2.2 Testing Program 

2.2.1 Test Specimens 

 Figure 2.3 shows the layout and dimensions for each plate size. Each plate had 

either 3, 5 or 7 bolt rows. All bolts were spaced 3 in. on center. All vertical edge 

distances were 1-1/2 in. All horizontal edge distances were 2 in. The beam webs were 

punched for the seven row tests, and all plates were aligned with the beam centerline. The 

same hole pattern was used for the 3/4 in. and 1 in. bolt tests.  

 

 
FIGURE 2.3: ELEVATION OF SPECIMEN DESIGN 

 

 Steel from three heats was used for the specimens. The first heat was a sheet of 

A36 steel, 3/8 in. x 18 in. x 20 ft. The second heat was also A36 steel, 5/8 in. x 18 in. x 

20 ft. These are referred to as heat numbers 1 and 2, respectively. All plates fabricated 

from this material were cut with a standard steel bandsaw, and all holes were punched. 

All fabrication was performed by the author.  

 The third heat consisted of pre-cut, pre-punched, steel plates provided by Cives 

Steel Company. These plates were 3/8 in. thick and were punched with 13/16 in. holes. 

Initial tensile testing showed that these plates had a very high strength, and it was 

determined that bolt shear would be the governing limit state for these specimens. 
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Therefore, the holes were drilled out to accommodate 1 in. A490 bolts, resulting in 1-

1/16 in. diameter holes. This material is referred to as heat number 3.  

 Tensile coupon tests were performed to determine Fy and Fu for each heat. A 

summary of the test results is shown in Table 2.1.  

 

TABLE 2.1: STEEL PROPERTIES 

Heat No. Fy Fu Elongation
 (ksi) (ksi) at Failure
1 49.5 72.1 N/A 
2 48.4 63.7 47% 
3 71.8 88.1 N/A 

 

 Test specimen geometry and material properties are shown in Table 2.2. Bold text 

indicates that the bolts were tightened with a spud wrench; an impact wrench was used on 

all other tests.   

 The tests are numbered by number of bolts, bolt size, heat number, and nominal 

plate thickness. For instance, Test 3-3/4-H1-3/8-A has three bolt rows, 3/4" bolts, and 

steel from Heat 1 of 3/8" thickness. The A at the end signifies that this is the first test of 

this type. The tests have been organized by heat, then by number of bolts. The tests will 

be listed in this order throughout the remainder of this study.  
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TABLE 2.2: SPECIMEN MATRIX 

Test No. No. of Bolt Bolt Size Plate Thickness Height Width Fy Fu Heat No.
  Rows (in) (in) (in) (in) (ksi) (ksi)   

                  
3-3/4-H1-3/8-A 3 0.75 0.370 9 16.5 49.5 72.1 1 
                  
                  
3-3/4-H1-3/8-B 3 0.75 0.370 9 16.5 49.5 72.1 1 
                  
                  
5-3/4-H1-3/8-A 5 0.75 0.370 15 16.5 49.5 72.1 1 
                  
                  
5-3/4-H1-3/8-B 5 0.75 0.370 15 16.5 49.5 72.1 1 
                  
                  
7-3/4-H1-3/8-A 7 0.75 0.370 21 16.5 49.5 72.1 1 
                  
                  
7-3/4-H1-3/8-B 7 0.75 0.370 21 16.5 49.5 72.1 1 
                  
                  
3-1-H2-5/8-A 3 1.0 0.620 9 16.5 48.4 63.7 2 

                  
                  
3-1-H2-5/8-B 3 1.0 0.620 9 16.5 48.4 63.7 2 

                  
                  
3-1-H2-5/8-C 3 1.0 0.620 9 16.5 48.4 63.7 2 

                  
                  
5-1-H2-5/8-A 5 1.0 0.620 15 16.5 48.4 63.7 2 

                  
                  
5-1-H2-5/8-B 5 1.0 0.620 15 16.5 48.4 63.7 2 

                  
                  
5-1-H2-5/8-C 5 1.0 0.620 15 16.5 48.4 63.7 2 

                  
                  
5-1-H3-3/8-A 5 1.0 0.381 15 16.5 71.8 88.1 3 

                  
                  
5-1-H3-3/8-B 5 1.0 0.381 15 16.5 71.8 88.1 3 
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2.2.2 Test Setup 

 The test setup consisted of two W27x84 beams, spliced together to form a  

simply supported 20 ft. span. Load was applied symmetrically to ensure pure moment (no 

shear) at midspan. The connections were designed to ensure that the governing limit state 

would be flexural rupture of the plates. 

 The point loads were applied with a spreader beam, located beneath a hydraulic 

actuator. The actuator was hung from a steel load frame; the actuator had a capacity of 

300 kips and the frame had a capacity of 250 kips. Ten lateral braces were used, at the 

locations shown in Figure 2.1. 

 Despite the braces, some rotational movement was observed at midspan during 

initial testing. To prevent this movement, a channel was fabricated which fit tightly over 

the top flanges of both beams. This effectively prevented the beams from rotating relative 

to each other.  

 A second problem occurred during initial testing: compression stresses at the top 

of the plates resulted in lateral buckling of the connection plates. After some trial and 

error, it was determined that the most effective way to prevent this was to punch an 

additional hole at the centerline of the plate in line with the top row of bolts. A bolt was 

passed through this hole, with washers inserted between the plates. The washers 

effectively prevented the plates from moving inward, and a snug-tight nut on the end of 

the bolt prevented outward movement.  

 For most of the tests, the connection bolts were tightened with an impact wrench. 

For tests 3-3/4-H1-3/8-B and 5-1-H3-3/8-A, the bolts were snug-tightened using a spud 

wrench.  
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2.2.3 Instrumentation 

 Strains at three locations were measured in Tests 5-3/4-H1-3/8-B and  

5-1-H3-3/8-B, using 120 ohm strain gages. The strain gage locations are shown in 

Figures 2.4 and 2.5. 

 

 
FIGURE 2.4: STRAIN GAGE LOCATIONS FOR TEST 5-3/4-H1-3/8-B 

 

 
FIGURE 2.5: STRAIN GAGE LOCATIONS FOR TEST 5-1-H3-3/8-B 
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 Vertical deflections were measured for all tests. All deflections were measured 

with displacement-based transducers, also called wire pots. All test data was gathered 

with a PC-based data acquisition system.  

 For the first series of tests, vertical deflection was measured at the quarter point of 

the span. For the second series of tests, deflection was measured at the third point of the 

span by attaching a displacement transducer to the spreader beam above. For tests  

5-1-H2-5/8-B, 3-1-H2-5/8-C, 5-1-H3-3/8-A, and 5-1-H2-5/8-C, deflections were 

measured at both locations. Figure 2.3 shows the deflection measurement locations.  

 

2.2.4 Testing Procedure 

 For each test, the specimen was loaded slowly to offset short-term stiffness 

effects. Upon application of load, specimens exhibited high initial stiffness, but then the 

recorded load decreased by several kips. (This was especially evident in the plastic 

region.) Data points were only recorded after the load stopped decreasing.  

 To determine elastic stiffnesses, each test specimen was unloaded at some point 

after yielding. These values were then compared to those given by the finite element 

model, which is discussed in Chapter 3.  

 The tests were continued to flexural rupture of the connection plates whenever 

possible. Once flexural rupture was visually evident and a dramatic decrease in strength 

was observed, the test was concluded.  

 

2.2.5 Test Results 

 A complete summary of the test results is given in Table 2.3. The tests which used 

3/8 in. plates from heat 1 all failed by flexural rupture. The tests which used 5/8 in. plate 

from heat 2 were stopped due to excessive deflection, except for Tests 5-1-H2-5/8-A and 

5-1-H2-5/8-B, which failed by flexural rupture. The excessive deflection may have been 

due to the high observed elongation at failure for heat 2; see Table 2.1.  

 Tests 5-1-H3-3/8-A and 5-1-H3-3/8-B were conducted with higher yield stress 

material, heat 3. Test 5-1-H3-3/8-A was stopped due to excessive deflection, and Test  

5-1-H3-3/8-B failed by flexural rupture.  
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TABLE 2.3: TEST RESULTS 

    Measured Maximum Maximum Maximum Applied Failure 
Test No. No. of Bolt Thickness Applied Load Applied Moment Moment per Plate Mode 

  Rows (in) (kips) (k*ft) (k*ft)   
              
3-3/4-H1-3/8-A 3 0.370 22.8 68.4 34.2 Flexural 
            Rupture 
              
3-3/4-H1-3/8-B 3 0.370 21.0 63.0 31.5 Flexural 
            Rupture 
              
5-3/4-H1-3/8-A 5 0.370 61.1 183.3 91.7 Flexural 
            Rupture 
              
5-3/4-H1-3/8-B 5 0.370 59.2 177.6 88.8 Flexural 
            Rupture 
              
7-3/4-H1-3/8-A 7 0.370 111.4 334.2 167.1 Flexural 
            Rupture 
              
7-3/4-H1-3/8-B 7 0.370 116.9 350.7 175.4 Flexural 
            Rupture 
              
3-1-H2-5/8-A 3 0.620 32.2 96.6 48.3 Excessive

            Deflection
              
3-1-H2-5/8-B 3 0.620 35.7 107.1 53.6 Excessive

            Deflection
              
3-1-H2-5/8-C 3 0.620 34.3 102.9 51.5 Excessive

            Deflection
              
5-1-H2-5/8-A 5 0.620 113.0 339.0 169.5 Flexural 

            Rupture 
              
5-1-H2-5/8-B 5 0.620 89.6 268.8 134.4 Excessive

            Deflection
              
5-1-H2-5/8-C 5 0.620 101.4 304.2 152.1 Flexural 

            Rupture 
              
5-1-H3-3/8-A 5 0.381 71.5 214.5 107.3 Excessive

            Deflection
              
5-1-H3-3/8-B 5 0.381 78.5 235.5 117.8 Flexural 

            Rupture 
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 For this study, plate failure is defined as either flexural rupture or excessive 

deflection. The observed moment at failure is defined as the maximum applied moment 

during the test.  

 A photograph of a plate which failed by excessive deflection is shown in Figure 

2.6. A photograph of a plate which failed by flexural rupture is shown in Figure 2.7. 

 
FIGURE 2.6: PHOTOGRAPH OF PLATE FAILURE BY EXCESSIVE DEFLECTION 
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FIGURE 2.7: PHOTOGRAPH OF PLATE FAILURE BY FLEXURAL RUPTURE 
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2.2.6 Strain Measurement Results 

  Strain measurement results from Test 5-3/4-H1-3/8-B are shown in Figures 2.8 

and 2.9. Strain gage locations are shown in Figure 2.4.  
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FIGURE 2.8: LOAD VS. STRAIN FOR TEST 5-3/4-H1-3/8-B 
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FIGURE 2.9: POSTION VS. STRAIN FOR TEST 5-3/4-H1-3/8-B 

 

 Figure 2.8 shows applied moment per plate versus measured strain for Test 5-3/4-

H1-3/8-B. These results indicate linear elastic behavior until the applied moment per 
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plate reached approximately 65 k*ft. Beyond that point, strains increase dramatically 

with respect to load, indicating plastic behavior. The effect of unloading and re-loading 

the specimen to determine the elastic stiffness value is evident at strain gage locations 7 

and 8. Strain gage 9 did not record this data, because it stopped functioning before strain 

gages 7 and 8.  

 Strain gages 8 and 9 both stopped functioning prior to rupture, but strain gage 7 

continued to function properly for the duration of the test. The data point from strain gage 

7 in the upper-left corner of the plot represents the load and strain at failure. A permanent 

set of approximately 1200 microstrain in compression was observed.  

 Figure 2.9 shows the measured strains with respect to strain gage position for 

three load points. All moments given are per plate.  

 The moment 53.4 k*ft is very close to the yield moment (57.2 k*ft), determined 

as discussed in Chapter 4. The second line shows behavior after yielding, and the third 

line shows behavior farther into the plastic region. The first two lines indicate that strains 

are symmetric relative to the centerline of the plate.  The third line indicates that the point 

of zero strain is no longer at the center of the plate; it appears to have moved upward by 

approximately 0.5 in.  

 It must be emphasized that these strain gages were placed between the bolts, so 

local effects could play a significant role in the recorded strains, and that this data does 

not indicate a linear strain distribution.  

 Similar strain measurement results from Test 5-1-H3-3/8-B are shown in Figures 

2.10, 2.11 and 2.12. The strain gage locations are shown in Figure 2.5. 
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FIGURE 2.10: LOAD VS. STRAIN FOR TEST 5-1-H3-3/8-B 

 

 There are two differences between Test 5-3/4-H1-3/8-B and Test 5-1-H3-3/8-B. 

First, Test 5-1-H3-3/8-B used 1 in. bolts, whereas Test 5-3/4-H1-3/8-B used 3/4 in. bolts. 

Second, Test 5-1-H3-3/8-B used steel from heat 3, which had a higher yield than the steel 

used for Test 5-3/4-H1-3/8-B. Both tests used plates with five bolt rows, and both tests 

used 3/8 in. thick plates. 

 The strain behavior from Test 5-1-H3-3/8-B is significantly different from that of 

Test 5-3/4-H1-3/8-B. Again, the strains are initially linear with respect to applied 

moment. For Test 5-1-H3-3/8-B, however, plastic behavior begins to occur at a moment 

of approximately 108 k*ft. Also, strain gages 8 and 9 do not show as dramatic an increase 

in strain as was observed in Test 5-3/4-H1-3/8-B.  

 Strain gage 7 does show a dramatic increase in compressive strain, but this is 

likely due to observed inward movement at the top of the plate. For this reason, data from 

strain gage 7 was not used to determine the plastic neutral axis of the plate.  

 Figure 2.11 plots the strains with respect to position for three load points, with 

data from strain gage 7 omitted. Strain gage 8 was located at the center of the plate. 

Because it shows significant tensile strain at loads above 108 k*ft, it can be concluded 

that the neutral axis is moving upward from the center of the plate. In this case, the data is 
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more conclusive, because all strain gages are away from the bolts and local effects should 

not be significant. 
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FIGURE 2.11: POSTION VS. STRAIN FOR TEST 5-1-H3-3/8-B  

 

 These data further indicate that the plastic neutral axis is not at the center of the 

plate. The position of zero strain can be extrapolated from strain gages 8 and 9, assuming 

a linear strain distribution. The projected neutral axis location can then be plotted with 

respect to the applied moment, as shown in Figure 2.12: 
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FIGURE 2.12: LOAD VS. NEUTRAL AXIS LOCATION FOR TEST 5-1-H3-3/8-B 
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 These data strongly indicate a linear relationship between applied moment and the 

location of the plastic neutral axis after the plate has begun to yield. Before the yield 

point is reached, the neutral axis coincides with the centerline of the plate.  

  

2.3 Summary 

 Fourteen tests were conducted, using two different plate sizes and two different 

bolts sizes. Of these, nine tests failed by flexural rupture and five tests failed by excessive 

deflection. Strains were recorded for Tests 5-3/4-H1-3/8-B and 5-1-H3-3/8-B, and they 

indicate generally elastic-plastic behavior. However, the measured strains also indicate 

that the plastic neutral axis of the plate does not coincide with the elastic neutral axis, 

even though the section is symmetric.  
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Chapter III 

FINITE ELEMENT ANALYSES 

 

3.1 Introduction 

 A finite element model was built to predict the elastic stiffness of the plates. It 

was also used to visualize the elastic strain distribution of a plate under load.  

 The load vs. deflection plot from Test 5-1-H3-3/8-B is shown in Figure 3.1. For 

this test, deflection was measured beneath the quarter-point of the span.  
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FIGURE 3.1: LOAD VS. DEFLECTION CHART FOR TEST 5-1-H3-3/8-B 

 

 After the system had deflected approximately 2 in. at the quarter point, the 

specimen was unloaded and then re-loaded to determine the elastic recovery stiffness, 

approximately 266 k*ft/in. per plate. 

 Initially, it was thought that the elastic stiffness could be predicted by a hand 

calculation using the gross moment of inertia of the plate.  However, the majority of the 

plate ductility is due to elastic deformation at the bolt locations, so a finite element model 

was used to model the plate stiffness.  
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3.2 Finite Element Model 

 The splice plate finite element model was built and analyzed using SAP 2000, 

version 8.3.3 (Computers and Structures Incorporated, 2004). It was constructed entirely 

of 3D block elements. Each element contained 8 nodes, and each node had 3 degrees of 

freedom: rotation about the global y-axis, translation in the global x direction, and 

translation in the global z direction. The actual thickness of the plates (0.381 in.) was 

used. An overall view of the model is shown in Figure 3.2, and a more detailed, 3D 

image of the model is shown in Figure 3.3.  

 
FIGURE 3.2: ELEVATION OF SAP MODEL 

 

 
FIGURE 3.3: ISOMETRIC VIEW OF SPLICE PLATES 
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 Instead of modeling the bolts, the plate and beam mesh were designed such that 

they coincided at four points per bolt hole. (The mesh was designed so that no other 

nodes coincided between the splice plates and the beam web.) This is shown in Figure 

3.4.  

 
FIGURE 3.4: DETAIL OF SPLICE PLATE SHOWING JOINT CONNECTIVITY 
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3.3 Comparison of Results 

 To determine the system stiffness of the model, a linear static analysis was 

performed. The self-weight was set to zero, and a total downward force of 10 kips was 

applied at the points shown in Figure 2.1. This resulted in a moment of 15 k*ft per plate. 

The quarter-point downward deflection was recorded, and the system stiffness is given 

by: 

k system
15 k⋅ ft⋅

∆ quarterpoint                 (3.1) 

 The resulting predicted quarter-point system stiffness is 297.6 k*ft/in. The 

measured system stiffness is 266 k*ft/in., which is 89% of the predicted stiffness. There 

are two possible reasons for this error. First, the bolts were not modeled explicitly, as 

discussed above. Because the beam web must deform along with the bolt holes, these 

elements provide additional stiffness to the system. Second, the test specimens had 

undergone significant geometric deformation when the test was unloaded. This 

deformation likely affected the observed recovery stiffness. The finite element model was 

built to the undeformed configuration. 

 As mentioned previously, the model was restrained in the global y (lateral) 

direction. If this restraint is removed, the plates exhibit some lateral movement and the 

system stiffness decreases. Because this is a first-order analysis, this movement is likely 

due to small inaccuracies in the coordinate positions of the block elements.  

 Figure 3.5 shows the deformed plate under the 10 kip load. For this figure, all 

deflections have been multiplied by 100.  
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FIGURE 3.5: PLATE UNDER LOAD, DEFLECTIONS x 100 

 

 Figure 3.6 shows the same plate under the same load, but also shows element 

stresses in the x-direction, e.g. the horizontal direction.  
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FIGURE 3.6: PLATE STRESSES IN X-DIRECTION, DEFLECTIONS x 100 

 

 It is evident from Figure 3.6 that the strain distribution at the centerline of the 

plate is approximately linear. Closer to the bolts, however, local effects become 

significant and the strain distribution is no longer linear.  

 



 28

3.4 Summary 

 This finite element model cannot predict plastic behavior, only the elastic 

stiffness. However, a more sophisticated ABAQUS model was built by Ashakul (2004) to 

model the behavior of eccentrically loaded single-plate shear connections. His load vs. 

deflection data qualitatively resembles Figure 3.1. However, it should be noted that the 

dimensions and loading for the ABAQUS model are not the same as those for the test 

above. Ashakul's load vs. deflection plot is shown in Figure 3.7. 

 

 
FIGURE 3.7: LOAD VS. DEFLECTION CHART FOR AN ECCENTRICALLY 

LOADED SHEAR CONNECTION (FIGURE 5.22 FROM ASHAKUL, 2004) 
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Chapter IV 

COMPARISON OF TEST RESULTS AND DESIGN MODEL PREDICTIONS 

 

4.1 First Yield Comparisons 

 The load vs. deflection plot for the first test is shown in Figure 4.1. The yield 

point for this specimen is determined from the plot graphically, by drawing two straight 

lines which intersect at the yield point. The first line is drawn along the maximum slope 

recorded in the elastic region. The second line is drawn along the average slope recorded 

in the plastic region. Sumner (2003) uses a similar method for determining the yield 

moment of end-plate connections.  

 This point can then be compared to the existing model for flexural yielding, Fy x 

Sgross, with: 

S gross
t d2⋅

6         (4.1) 

where Sgross is the gross elastic section modulus, t is the plate thickness, and d is the total 

plate depth. Fy is a measured value, taken from tensile coupon tests of the material.  

 For reference, the moment corresponding to Fy x Sgross is also shown in Figure 4.1.   
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FIGURE 4.1: LOAD VS. DEFLECTION PLOT FOR TEST 3-3/4-H1-3/8-A 

 

 This comparison was done for all tests; see Appendix A. Table 4.1 compares the 

extrapolated yield point with Fy x Sgross for all tests. All values given are per plate. 

Beneath each value of the predicted moments is the ratio of the observed yield moment 

per plate divided by the predicted moment. Therefore, a value greater than 1 indicates 

that the predicted model gives a lower yield point than that which was observed; that is, 

the prediction is conservative.  
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TABLE 4.1: COMPARISON OF TEST DATA WITH PREDICTED FIRST YIELD 
MOMENT VALUES 

Test No. Fy Sgross Observed Yield Moment per plate Fy x Sgross 
  (ksi) (in3) (k*ft) (k*ft) 

3-3/4-H1-3/8-A 49.5 5.00 23 20.6 
        1.12 
3-3/4-H1-3/8-B 49.5 5.00 22 20.6 
        1.07 
5-3/4-H1-3/8-A 49.5 13.88 67 57.2 
        1.17 
5-3/4-H1-3/8-B 49.5 13.88 70 57.2 
        1.22 
7-3/4-H1-3/8-A 49.5 27.20 118 112.2 
        1.05 
7-3/4-H1-3/8-B 49.5 27.20 122 112.2 
        1.09 
3-1-H2-5/8-A 48.4 8.37 39 33.8 

        1.16 
3-1-H2-5/8-B 48.4 8.37 37 33.8 

        1.10 
3-1-H2-5/8-C 48.4 8.37 35 33.8 

        1.04 
5-1-H2-5/8-A 48.4 23.25 106 93.8 

        1.13 
5-1-H2-5/8-B 48.4 23.25 107 93.8 

        1.14 
5-1-H2-5/8-C 48.4 23.25 100 93.8 

        1.07 
5-1-H3-3/8-A 71.8 14.29 70 85.5 

        0.82 
5-1-H3-3/8-B 71.8 14.29 84 85.5 

        0.98 
Mean    1.08 
Standard Deviation   0.10 
Coefficient of Variation     0.09 

 
 

 Overall, the test results show good agreement with Fy x Sgross. This model gives a 

slightly conservative prediction for heat 1 and heat 2, but it appears to be unconservative 

for heat 3. This is especially evident for Test 5-1-H3-3/8-A, where the yield moment is 

only 82% of the predicted moment. However, Test 5-1-H3-3/8-B used the same materials 

and resulted in a higher yield moment. From this, it may be inferred that the results from 

Test 5-1-H3-3/8-A are anomalous.  



 32

 

4.2 Comparison of Maximum Applied Moment with Current Design Models 

 Comparison of the test results with predicted moments corresponding to Fu x Snet 

and Fy x Zgross is shown in Table 4.2.  

 The net elastic section modulus, Snet, was calculated using: 

S net
t
6

d2
s2 n⋅ n2 1−( )⋅ d b

1
8

+





⋅

d
−











⋅
               (4.2) 

where s is the bolt spacing, n is the number of bolts in one vertical row, and db is the 

nominal diameter of the bolt. Because standard size holes were used, dh was taken as the 

bolt diameter plus 1/16 in.  

 The gross plastic section modulus, Zgross, was calculated using: 

Z gross
t d2⋅

4         (4.3) 

 Beneath each value of the predicted moments is the ratio of the observed moment 

at failure divided by the predicted moment.  
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TABLE 4.2: COMPARISON OF TEST DATA WITH EXISTING DESIGN MODELS 

            Maximum       

Test No. Fy Fu Sgross Snet Zgross Applied Moment Fu x Snet Fy x Zgross Failure 
  (ksi) (ksi) (in3) (in3) (in3) per Plate (k*ft) (k*ft) (k*ft) Mode 

3-3/4-H1-3/8-A 49.5 72.1 5.00 3.70 7.49 34.2 22.2 30.9 Flexural 
              1.54 1.11 Rupture 

3-3/4-H1-3/8-B 49.5 72.1 5.00 3.70 7.49 31.5 22.2 30.9 Flexural 
              1.42 1.02 Rupture 

5-3/4-H1-3/8-A 49.5 72.1 13.88 9.97 20.81 91.7 59.9 85.8 Flexural 
              1.53 1.07 Rupture 

5-3/4-H1-3/8-B 49.5 72.1 13.88 9.97 20.81 88.8 59.9 85.8 Flexural 
              1.48 1.03 Rupture 

7-3/4-H1-3/8-A 49.5 72.1 27.20 13.60 40.79 167.1 81.7 168.3 Flexural 
              2.05 0.99 Rupture 

7-3/4-H1-3/8-B 49.5 72.1 27.20 13.60 40.79 175.4 81.7 168.3 Flexural 
              2.15 1.04 Rupture 

3-1-H2-5/8-A 48.4 63.7 8.37 5.58 12.56 48.3 29.6 50.7 Excessive
              1.63 0.95 Deflection

3-1-H2-5/8-B 48.4 63.7 8.37 5.58 12.56 53.6 29.6 50.7 Excessive
              1.81 1.06 Deflection

3-1-H2-5/8-C 48.4 63.7 8.37 5.58 12.56 51.5 29.6 50.7 Excessive
              1.74 1.02 Deflection

5-1-H2-5/8-A 48.4 63.7 23.25 14.88 34.88 169.5 79.0 140.7 Flexural 
              2.15 1.20 Rupture 

5-1-H2-5/8-B 48.4 63.7 23.25 14.88 34.88 134.4 79.0 140.7 Excessive
              1.70 0.96 Deflection

5-1-H2-5/8-C 48.4 63.7 23.25 14.88 34.88 152.1 79.0 140.7 Flexural 
              1.93 1.08 Rupture 

5-1-H3-3/8-A 71.8 88.1 14.29 9.14 21.43 107.3 67.1 128.2 Excessive
              1.60 0.84 Deflection

5-1-H3-3/8-B 71.8 88.1 14.29 9.14 21.43 117.8 67.1 128.2 Flexural 
              1.75 0.92 Rupture 
Mean             1.75 1.02   
Standard Deviation      0.24 0.09   
Coefficient of Variation         0.14 0.09   

 

 These results indicate that Fu x Snet is a less consistent model than Fy x Zgross; the 

standard deviation for Fu x Snet is 0.24, compared with 0.09 for Fy x Zgross. Furthermore, 

Fu x Snet gives very conservative predictions. By contrast, Fy x Zgross gives consistently 

accurate predictions for heats 1 and 2. For heat 3, however, Fy x Zgross is unconservative 

for both tests.  
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4.3 Comparison of Maximum Applied Moment with Proposed Design Models 

 Two alternate design models for flexural rupture are proposed. The first is given 

by: 
M n F u Z net⋅          (4.4) 

where Znet is the net plastic section modulus: 

Z net t s d b−
1
8

−





s⋅
n 1+

2






⋅
n 1−

2






⋅
s2 d b

1
8

+





2
−

4
+









⋅:=
      (4.5) 

 Note: This equation is only valid for an odd number of bolt rows. 

 The second design model assumes that any bolt holes in compression can be 

neglected when computing the net plastic section modulus. The reasoning for this is that 

when a hole is punched in a column, the reduced section is never checked during design. 

This is because columns have no rupture limit state - they are always in compression.  

Therefore, it is argued that the bolt holes in compression (that is, the bolt holes in the top 

half of the plate) may be neglected when determining the plastic section modulus. This 

results in a modified section modulus, which will be called Znew.  

 According to this theory, the ultimate bending strength is: 
M n F u Z new⋅           (4.6) 

 The process for finding Znew is twofold. First, the plastic neutral axis must be 

calculated by setting the area of the plate in compression equal to the area of the plate in 

tension. Then, Znew is given by: 

Z new
1

n

i

A i d i⋅∑
=             (4.7) 

where Ai is the area of plate section i, and di is the distance from the center of section i to 

the neutral axis, as explained in Figure 4.2. 
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FIGURE 4.2: TERMS USED IN CALCULATION OF ZNEW 

 

 A comparison of the predictions from Equations 4.4 and 4.6 against the maximum 

applied moment for each test is given in Table 4.3. Again, a ratio has been included 

beneath each predicted value, which is the observed moment at failure divided by the 

predicted moment at failure.  
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TABLE 4.3: COMPARISON OF TEST DATA WITH PROPOSED DESIGN MODELS 

        Dist. From Maximum       
Test No. Fu Znet Znew P.N.A to plate Applied Moment Fu x Znet Fu x Znew Failure 

  (ksi) (in3) (in3) center (in) per Plate (k*ft) (k*ft) (k*ft) Mode 
3-3/4-H1-3/8-A 72.1 5.48 6.24 0.813 34.2 32.9 37.5 Flexural 

            1.04 0.91 Rupture 
3-3/4-H1-3/8-B 72.1 5.48 6.24 0.813 31.5 32.9 37.5 Flexural 

            0.96 0.84 Rupture 
5-3/4-H1-3/8-A 72.1 14.91 17.26 1.219 91.7 89.6 103.7 Flexural 

            1.02 0.88 Rupture 
5-3/4-H1-3/8-B 72.1 14.91 17.26 1.219 88.8 89.6 103.7 Flexural 

            0.99 0.86 Rupture 
7-3/4-H1-3/8-A 72.1 29.07 33.83 1.625 167.1 174.7 203.3 Flexural 

            0.96 0.82 Rupture 
7-3/4-H1-3/8-B 72.1 29.07 33.83 1.625 175.4 174.7 203.3 Flexural 

            1.00 0.86 Rupture 
3-1-H2-5/8-A 63.7 8.17 9.68 1.063 48.3 43.4 51.4 Excessive

            1.11 0.94 Deflection
3-1-H2-5/8-B 63.7 8.17 9.68 1.063 53.6 43.4 51.4 Excessive

            1.23 1.04 Deflection
3-1-H2-5/8-C 63.7 8.17 9.68 1.063 51.5 43.4 51.4 Excessive

            1.19 1.00 Deflection
5-1-H2-5/8-A 63.7 22.12 26.83 1.686 169.5 117.4 142.4 Flexural 

            1.44 1.19 Rupture 
5-1-H2-5/8-B 63.7 22.12 26.83 1.686 134.4 117.4 142.4 Excessive

            1.14 0.94 Deflection
5-1-H2-5/8-C 63.7 22.12 26.83 1.686 152.1 117.4 142.4 Flexural 

            1.30 1.07 Rupture 
5-1-H3-3/8-A 88.1 13.60 16.49 1.594 107.3 99.8 121.1 Excessive

            1.07 0.89 Deflection
5-1-H3-3/8-B 88.1 13.60 16.49 1.594 117.8 99.8 121.1 Flexural 

            1.18 0.97 Rupture 
Mean           1.12 0.94   
Standard Deviation     0.14 0.10   
Coefficient of Variation       0.13 0.11   

 

 This data suggests that, for tests using 3/4 in. bolts, Fu x Znet is the superior design 

model. For tests using 1 in. bolts, however, Fu x Znew gives a more accurate prediction of 

the maximum applied moment. Again, Test 5-1-H3-3/8-A provides an exception. Note 

that this test was stopped prematurely due to excessive deflection, which explains why 

the maximum applied moment for this test is smaller than the maximum applied moment 

for Test 5-1-H3-3/8-B. Again, the results from Test 5-1-H3-3/8-A can be considered 

anomalous.  
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4.4 Overall Evaluation 

 A statistical summary of the yield moment model is given in Table 4.4.  

 

TABLE 4.4: STATISTICAL SUMMARY OF FIRST YIELD MODEL 

  Fy x Sgross

  Mean 1.12 
Heat 1 Standard Deviation 0.07 

  Coefficient of Variation 0.06 
  Mean 1.10 

Heat 2 Standard Deviation 0.05 
  Coefficient of Variation 0.04 
  Mean 0.90 

Heat 3 Standard Deviation 0.14 
  Coefficient of Variation 0.16 
  Mean 1.08 

Total Standard Deviation 0.10 
  Coefficient of Variation 0.09 

 

 Fy x Sgross gives a consistently accurate prediction of the yield moment. Therefore, 

the existing design model for flexural yielding appears adequate.  

A statistical summary of the maximum applied moment models is given in Table 4.5.  

 

TABLE 4.5: STATISTICAL SUMMARY OF MAXIMUM APPLIED MOMENT 

DESIGN MODELS 

  Fu x Snet Fy x Zgross Fu x Znet Fu x Znew 
  Mean 1.69 1.04 1.00 0.86 
Heat 1 Standard Deviation 0.32 0.04 0.03 0.03 

  Coefficient of Variation 0.19 0.04 0.03 0.04 
  Mean 1.83 1.04 1.24 1.03 
Heat 2 Standard Deviation 0.19 0.09 0.12 0.09 

  Coefficient of Variation 0.10 0.09 0.10 0.09 
  Mean 1.68 0.88 1.13 0.93 
Heat 3 Standard Deviation 0.11 0.06 0.07 0.06 
  Coefficient of Variation 0.07 0.07 0.07 0.07 
  Mean 1.75 1.02 1.12 0.94 
Total Standard Deviation 0.24 0.09 0.14 0.10 
  Coefficient of Variation 0.14 0.09 0.13 0.11 
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 Interestingly, the nominal flexural strength currently recommended in the 3rd 

Edition of the AISC Manual of Steel Construction, Load and Resistance Factor Design 

gives the most conservative estimates of all the models considered. On average, observed 

values were 175% of predicted values for this model.  

 Of the five models, Fy x Zgross shows the best overall agreement with test results. 

The average agreement value for this model is 1.02, with a standard deviation of 0.09. 

 Equation 4.4 (Fu x Znet) gives a slightly conservative prediction when compared 

with the overall test results. The average agreement value for this model is 1.12, with a 

standard deviation of 0.11. It is worth noting, however, that for heat 1, Equation 4.4 is 

extremely accurate, with an average agreement value of 1.00 and a standard deviation of 

0.03.  

 Equation 4.6 (Fu x Znew) is the only design model which gives an overall 

unconservative prediction of test results. The average agreement value for this model is 

0.94, with a standard deviation of 0.11. However, for heat 2, Equation 4.6 is much more 

accurate, with an average agreement value of 1.03 and a standard deviation of 0.09. Note 

that this set of tests used only 1 in. bolts.  

 Also, Equation 4.6 predicts that the plastic neutral axis will not be at the plate's 

center. For Test 5-1-H3-3/8-B, the predicted plastic neutral axis location is 1.59 in. above 

the center of the plate. The observed neutral axis at failure can be extrapolated from the 

strain gage data summarized in Figure 2.10. The function is given by: 
y 30.515 x⋅ 64.902+            (4.8) 

where y is the applied load and x is the neutral axis location. At failure, the applied 

moment per plate is 117.8 k*ft, and the calculated neutral axis location is 1.73 in. above 

the center of the plate. The error between this and the theoretical value is approximately 

8%, which indicates that Znew gives an accurate prediction of plate behavior at rupture.  

 This behavior has been observed before. Sheikh-Ibrahim and Frank (1998) tested 

several bolted moment splices between beams, and found the following: 

 "From strain measurements taken in this program and those taken by Garrelts and 

Madsen, it was observed that the compressive stress in the top flange splice plate was 

always less than the tensile stress in the bottom flange splice plate." 
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 It should be noted, however, that Sheikh-Ibrahim and Frank concluded that this 

was due to reduced axial stiffness of the compression flange caused by the P-delta effect, 

rather than neglecting the bolt holes in compression. (It should also be noted that they 

used the AISC Equations, Equation 1.1 and 1.2 of this study, for their design examples. 

Phi factors were included.) 

 In the two tests where the bolts were hand-tightened, only the initial system 

stiffness was affected. Plastic behavior and rupture strength were not affected.  

 

4.5 Summary 

 Figure 4.3 is a graphical representation of the cross-section stresses for Snet, Sgross, 

Znet, Zgross and Znew. Snet assumes an elastic distribution, with only the extreme fiber 

yielded. Sgross also assumes an elastic distribution, but neglects all bolt holes. Znet assumes 

that every fiber at the net cross-section has yielded. Zgross assumes that every fiber at the 

gross cross-section has yielded. Znew also assumes that every fiber at the net section has 

yielded, but eliminates the bolt holes in compression. Thus, the neutral axis location is no 

longer at the center of the plate.  

 

 
(a) Snet                (b) Sgross                (c) Znet                (d) Zgross                (e) Znew 

FIGURE 4.3: PLATE STRESS DISTRIBUTIONS 

 

 For the first six tests (using 3/4 in. bolts and 3/8 in. plates), all the plates achieved 

rupture and good agreement was found between the ultimate load and Fu x Znet. Of the six 

tests conducted with 1 in. bolts and 5/8 in. plates, only two achieved rupture. However, 

those two tests show good agreement with Fu x Znew. Furthermore, Fu x Znew shows good 
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agreement with these six tests overall. Of the two tests conducted with high-strength 3/8 

in. plates and 1 in. bolts, only the second test achieved rupture. No design model shows 

very good agreement with this set of tests; however, this may be due to the fact that  

5-1-H3-3/8-A was stopped prematurely. The ultimate applied moment for 5-1-H3-3/8-B 

shows extremely good agreement with Fu x Znew, which suggests that this may be a good 

design model for 1 in. bolts, regardless of plate thickness.  

 Overall, the most accurate design model is that given by Fy x Zgross. It is worth 

noting, however, that this equation gives an unconservative prediction for the maximum 

applied moment for both tests using steel from heat 3.  

 Table 4.6 demonstrates that, for any of the configurations used in this study, Fy x 

Zgross gives a less conservative estimate than Fu x Znet. This table assumes the following 

values: Fy = 50 ksi, Fu = 65 ksi, bolt spacing = 3.0 in., edge distance = 1.5 in., and plate 

thickness = 1.0 in. Note: section moduli are always directly proportional to plate 

thickness. All moments are given in k*in.  

 

TABLE 4.6: COMPARISON BETWEEN Fy x Zgross AND Fu x Znet FOR DIFFERENT 

PLATE CONFIGURATIONS  

Number of Bolts: 3    
Bolt Diamater (in.) 0.750 0.875 1.000 1.125
Fy x Zgross (in3) 1013 1013 1013 1013 
Fu x Znet (in3) 963 910 857 803 
Fy x Zgross / Fu x Znet 1.052 1.113 1.182 1.260
     
Number of Bolts: 5    
Bolt Diamater (in.) 0.750 0.875 1.000 1.125
Fy x Zgross (in3) 2813 2813 2813 2813 
Fu x Znet (in3) 2620 2470 2319 2168 
Fy x Zgross / Fu x Znet 1.073 1.139 1.213 1.297
     
Number of Bolts: 7    
Bolt Diamater (in.) 0.750 0.875 1.000 1.125

Fy x Zgross (in3) 5513 5513 5513 5513 
Fu x Znet (in3) 5106 4810 4513 4216 
Fy x Zgross / Fu x Znet 1.080 1.146 1.221 1.308
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Chapter V 

SUMMARY, RECOMMENDATIONS AND CONCLUSIONS 

 

5.1 Summary 

 As discussed previously, the accuracy of different models appears to depend on 

which set of tests is used for comparison. This indicates that plate behavior may be 

dependent on bolt size.  

 For the first set of tests, which used only 3/4 in. bolts, Fu x Znet gives a good 

prediction of the maximum applied moment..  

 For the second six tests, Fu x Znew appears to be the most accurate model. For all 

tests, possible reasons for early failure include improper plate fabrication, local 

imperfections in the steel, and plate local buckling.  

 Although it is the most accurate model overall, Fy x Zgross gives significantly 

unconservative predictions for both tests using steel from heat 3.  

 The SAP finite element model shows fairly good agreement with the elastic 

recovery stiffness of the 5-bolt specimen from Test 14, with an error of approximately 

11%. The predicted stiffness is probably greater than the recorded stiffness because of 

simplifying assumptions made regarding the connection between the plates and the beam 

web. A second possible source of error is geometric deformation of the test setup.  

 

5.2 Design Recommendations 

 This study indicates that the existing design procedure for bracket plate and web 

splice design is overly conservative. The limit state for flexural rupture can safely be 

changed from Fu x Snet to Fu x Znet. Not only does this agree with test data, it also makes 

more sense in terms of steel behavior.  

 For 1 in. bolts, it has been found that Fu x Znet is also conservative. In this case, 

the flexural rupture strength can be modeled by Fu x Znew. More research is needed before 

Fy x Zgross can safely be used for design.  

 All plates yielded before rupture; in other words, Fy x Sgross was much less than 

the observed ultimate moment. This resulted in very large deflections, up to 10 in. at the 
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centerline of the plate. In order to avoid excessive deflections, Equation 1.1 must still be 

checked for design.  

 One other reason for the large observed deflections is the fact that the bolts were 

not fully tightened. When the supports were removed, the test setup frequently showed 

large initial deflections under no load. This was especially evident in the plates with three 

rows of bolts, and was due to movement of the bolts within the standard-size holes. This 

means that large deflections can occur before the bolt groups become engaged and the 

plate begins to resist the applied moment.   

 Despite the precautions described in Chapter 2.2.2, some local buckling was 

observed along the compression edge of some plates. This is of no concern for bracket 

plate design, as long as the corner of the bracket plate is cut as shown in Figure 1.1.  

 During design of web splice plates, however, care must be taken to minimize the 

unbraced length of the plate between the two bolt groups. To achieve the plate behavior 

discussed in this paper, passing an additional bolt through the center of the plate, in line 

with the top row of bolts, is recommended.  

 

5.3 Recommendations for Further Research 

 One possible subject of future research is a similar test setup with 5/8 in., 7/8 in., 

and 1-1/4 in. bolts. Once these have been tested to rupture, a comprehensive theory could 

be formulated which predicts when flexural rupture strength can be modeled by Znet, and 

when it can be modeled by Znew. There are at least two possibilities: 1) Znew occurs when 

a certain percentage of the net section is eliminated by bolt holes, or 2) There is a linear 

relationship between bolt size and flexural rupture behavior. In this case, the ultimate 

moment observed for 7/8 in. bolts would be between Fu x Znet and Fu x Znew.  

 Additionally, it would be helpful to have more strain gage data for all bolt sizes, 

to determine the location of the plastic neutral axis for different bolt sizes.   

 A second avenue of possible research would be to construct and load a bracket 

plate attached to a column. This would allow observation of any moment-shear 

interaction which could occur at rupture.  
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Appendix A: Load vs. Deflection Plots 
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Appendix B: Sample Calculation 
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(slightly conservative)Mn 5.533 103×=

Mn
rn
d1

Σ⋅:=

Σ 535.5=

Σ 4 1.52 92+( ) 1.52 62+( )+ 1.52 32+( )+ 0.5 1.52( )⋅+ ⋅:=

Σ = sum of d2

d1 9.124=

d1 1.52 92+:=

Check by classical elastic method (see Salmon and Johnson):

P 186.648=

P C rn⋅:=

(unfactored moment capacity)Mn 6.719 103×=

Mn e C⋅ rn⋅:=

rn 94.267=

rn
70.7
φ

:=

φ 0.75:=

From LRFD Table 7-10, the capacity of a single 1" A325-X bolt in double shear is:

(number of effective bolts)C 1.98:=

e 36:=

Design connection such that plate flexural rupture is governing limit state.
All units are k*in
Assume: 2 columns of 7 1" A325-X bolts in standard holes, 3" o.c., 1.5" edge distance.
Note: no resistance factors have been used.

Choose maximum eccentricity from LRFD Table 7-18:
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From Table 15-2, treq = 1" (rounded down)

(Each plate)
Snet

2
47.993=

Snet 95.986=

Snet
Mu
Fu

:=

To ensure failure of the plate, round this value down to 3/4" thickness.

Flexural Rupture:
(Note: The plate thickness obtained by this calculation will be compared to the proposed thickness,
calculated by Fu x Znet.)

(Each plate)
treq

2
0.831=

(This is the total thickness for both plates.)treq 1.662=

treq
Sx

d2

6

:=

d 3 6⋅ 2 1.5⋅+:=

Sx 122.164=

Sx
Mu
Fy

:=

Fu 70:=

Fy 55:=

Mu 6.719 103×:=

Current bracket plate design (see LRFD p. 15-13):

Flexural Yielding:
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Proposed Bracket Plate Design:

Znet
Mu
Fu

:=

Znet 95.986=

Znet
2

47.993= (Each plate)

Znet t s db−
1
8

−





s⋅
n 1+

2






⋅
n 1−

2






⋅
s2 db

1
8

+





2
−

4
+









⋅

treq

Znet

2

s db−
1
8

−





s⋅
n 1+

2






⋅
n 1−

2






⋅
s2 db

1
8

+





2
−

4
+









treq
47.993

3 1−
1
8

−





3⋅
7 1+

2






⋅
7 1−

2






⋅
32 1

1
8

+





2
−

4
+









treq .691

treq = 5/8" (rounded down)

t 0.625:=  
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Check Bearing and Tearout:

Tearout (ext):

Lc 1.5
1

1
16

+





2
−:=

Lc 0.969=

rn 1.2 Lc⋅ t⋅ Fu⋅:=

rn 50.859=

Tearout (int):

Lc 3.0 1
1
16

+





−:=

Lc 1.938=

rn 1.2 Lc⋅ t⋅ Fu⋅:=

rn 101.719=

Bearing:

db 1:=

rn 2.4 db⋅ t⋅ Fu⋅:=

rn 105=

Note: These calculations are for a single plate. Becuse the unfactored shear capacity of the bolt is 
47.1 k, bearing and tearout will not govern.
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Appendix C: Design Calculations 
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Plate Summary       
  Bolt Plate Current Proposed Actual Other 
Test:  Moment: Moment: Thickness: Thickness: Thickness: Dimensions: 
  (k*in) (k*in) (in) (in) (in) (in) 
2 x 7 Bolts 1" A-325-X 6283.5 6084.3 0.750 0.625 0.625 21.0" x 16.5" 
 3/4" A-325-X 3537.2 4124.4 0.375 0.375 0.375 21.0" x 16.5" 
2 x 5 Bolts 1" A-325-X 3367.1 3131.2 0.750 0.625 0.625 15.0" x 16.5" 
 3/4" A-325-X 1895.5 2116.2 0.375 0.375 0.375 15.0" x 16.5" 
2 x 3 Bolts 1" A-325-X 1378.7 1162.4 0.875 0.625 0.625 9.0" x 16.5" 
 3/4" A-325-X 776.1 777.5 0.375 0.375 0.375 9.0" x 16.5" 
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