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ABSTRACT 

The prime object of this study is an evaluation of the behavior 

and strength of gusset plates based on an experimental investigation on 

diagonal bracing connection at the joint of a beam and a column. 

The evaluation has been done through detailed analyses of the 

load and deformation data that were generated during the tests. Test 

failure patterns have also been examined on the basis of the results. 

The experimental evaluations have been correlated with analyti

cal studies with special emphasis on recent finite element work, and 

the results were found to be in reasonable agreement. Current design 

practices have been evaluated and the Whitmore criterion of design was 

found to give a reasonable solution. 

Finally, plate boundaries, plate buckling and related out-of-

plane bending phenomena have been found to be important criteria that 

should be investigated in the future. 

X  



CHAPTER 1 

INTRODUCTION 

Gusset plate connections have been found to be a convenient 

way of connecting bracing members at the joints of columns and beams 

in structural steel frameworks. The axial load of the bracing member 

is transferred to the beam and column through the gusset plate, which 

is bolted or welded to the bracing member and connected to the column 

and beam by bolts and/or welds. The specific method of fastening is 

chosen with a view to ease and economy of fabrication and erection. 

The current methods of design of gusseted joints consist of 

simple methods of analysis, based on the strength of materials and 

approximate specification rules, combined with the experience^ general 

practice, and intuition of the designer.^ The assumptions that are 

used are partly responsible for variable margins of safety of the gus

set plate, and yet these methods are still  in use because of their 

past satisfactory performance.^ 

There are no data available on known failures or other evidence 

of adverse behavior that can be attributed directly to the gusset 

plates in structures.^ However, this is not necessarily indicative of 

the adequacy of the methods of design, nor that the level of safety and 

the economy of construction are satisfactory. 

In the recent past the finite element method has been applied 

to such problems to evaluate the force and deformation distribution in 

1 
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gusset plates in the elastic as well as in the inelastic range, 

but many of the results have been of less than useful quality. Experi

mental information regarding the behavior and strength of gusset plates 

is also scarce, possibly due to the fact that a realistic test of a 

gusseted joint must be at full scale, and the technical complexities of 

that prevent most facilities from doing the work. Naturally, the cost 

of such testing tends to be high, which has further contributed to the 

lack of test results. 

On the basis of the preceding, i t  is readily understood that 

additional analytical and experimental research of gusset plates is of 

significant interest. The study that will be dealt with in this report 

focuses on several of these subjects. In particular, the experimental 

investigation that is described in the following was conducted at the 

University of Alberta in Edmonton, Alberta, Canada, under the direction 

of Professor Reidar Bjorhovde. As will be seen, this included a total 

of 6 full-size gusset plate tests. The study has since been continued 

at the University of Arizona under the direction of Professors Bjorhovde 

and Richard, dealing with an extensive analytical evaluation of gusset 

plated connections. Details of the theoretical evaluations are covered 

extensively in other reports, but some of the material is included 

here for completeness. 



CHAPTER 2 

SCOPE OF INVESTIGATION 

The investigation will examine the gusset plate through the 

following means: 

i .  Analyze full-size gusset plate test results, in view of the 

behavior of the gusset plate with respect to load transfer 

under various load and support conditions. 

i i .  Compare the test results with the analytical data obtained 

from finite element analytical models. 

i i i .  Examine the current design practices for gusset plates, and 

recommend improvements in light of the findings from the 

investigation. 

It  is emphasized that the main thrust of the study focuses on 

an experimental evaluation of the behavior and strength of gusset 

plates. This is done partly to underscore the importance of such 

work, and partly to add to the value of the theoretical research. On 

the whole, however, the problem is exceedingly complex, and i t  is 

believed that only a sustained and detailed research effort will re

solve the many questions that still  remain. 

3 



CHAPTER 3 

PREVIOUS STUDIES 

One of the early studies that has been proved significant was 

3 
the experimental investigation that was done by Whitmore. He set out 

to determine the stress distribution in certain types of gusset plates 

and to formulate simple methods of determining approximate maximum 

stresses for design use. 

The experiments were performed on gusset plate models of alumi

num, masonite and bakelite, using wire-bonded strain gages, brittle lac

quers and photoelastic procedures. A typical joint from a Warren truss 

was chosen for the study, as illustrated in Fig. 1. Whitmore concluded 

that the locations of the maximum tensile and compressive stresses were 

near the ends of the tension and compression diagonals, as shown in 

Fig. 2. He observed that the normal stresses due to bending and axial 

forces and shear stresses on a critical plane of the gusset plate 

through the ends of the diagonals were not distributed according to 

beam theory. This assumption of beam theory had formed the basis for 

the methods of design until that time. He found that the maximum nor

mal stress could be estimated best by drawing 30° lines from the outer 

rivets of the first row on the diagonal, to intersect a line passing 

through the bottom row of rivets. The width of the plate that was de

fined in this fashion has become known as the effective width, and has 

since become one of the primary tools of gusset plate design. The 

4 
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details of the effective width determination are illustrated by the 

gusset plate shown in Fig. 3. 

4 
Irvan used a typical bottom chord joint with double gusset 

plates for a continuous chord for his study, as shown in Fig. 4. Floor 

beam action on the joint was simulated by using a steel loading bolt 

supported at the joint by a plate and angle diaphragm. 

Irvan observed that the maximum tensile stress occurred near 

the end of the tension diagonal, and the maximum compressive stress was 

found immediately below the compression vertical. The maximum shear 

stress was found to exist in a plane just above the bottom chord, 

located between the ends of the diagonal and the vertical. This is 

demonstrated by the schematic illustration in Fig. 5. 

Irvan's estimation of the maximum normal stress differed slight

ly from Whitmore's. He suggested that the best result could be found 

by drawing 30° lines from the center of gravity of the group of rivets 

to the axis of the tension diagonal or compression vertical, to inter

sect a line passing through the bottom row of rivets. This defined 

the effective width segment of a section, and was used to calculate the 

stress caused by the force in the diagonal or vertical. The details of 

this procedure have been illustrated in Fig. 6. 

5 
Hardin studied a Pratt Truss gusset plate with a chord splice, 

using the methods of Irvan, and confirmed the findings of the latter. 

Thus, the area of high tensile stress in the gusset plate was found to 

be located between the spliced chords, as shown in Fig. 7. 
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Davis^ performed a computer analysis of the gusset plate used 

3 
by Whitmore, and confirmed his results. This has been illustrated 

in Fig. 8, 

With the object of evaluating the various experimental methods 

in the analysis of stresses in the gusset plates, Vasarhelyi^ con

ducted tests of steel gusset plates with all connections bolted with 

1/2 in.,  ASTM A325 high strength bolts. The joint that was used had 

45° diagonals with no vertical, as being representative of a lower 

chord joint in a simple Warren truss. The joint has been illustrated 

in Fig. 9. He also did photoelastic tests to determine the direction 

of principal stresses in the gusset plate. He concluded that by using 

a suitable loading device, almost any load combination could be dupli

cated on different geometric configurations. He found that the elaborate 

instrumentation in using a large number of gages is really required on 

the actual structures, rather than using the reduced-size models. In 

respect of analytical methods, Vasarhelyi noted that the maximum value 

of stress in a gusset plate calculated by various simplified methods 

are only slightly different; rather, the corresponding locations of 

maximum stress could vary quite appreciably. 

Vasarhelyi finally concluded that the elementary analysis 

appeared to be adequate for most routine cases, unless available finite 

element methods should be adopted in cases of significantly different 

geometry or load conditions. He also recommended that photoelastic 

tests and comparison with prototype tests of similar structures be con

ducted in order to get further confirmation beyond the computer analysis. 



CHAPTER 4 

GUSSET PLATE TEST 

4.1 General Test Program 

The planning of the test program was done with the object of 

obtaining as accurate a representation of the actual conditions gene

rally found in practical connections. The joints that were to be 

tested were full-scale single gusset plate connections of a diagonal 

bracing member at the joint of a beam and a column. A total of six 

tests were performed, using two different plate thicknesses (1/8 in.,  

and 3/8 in.) and three different bracing member orientation angles 

(30°, 45°, and 60°) relative to the beam axis. It  was felt that this 

would cover the range of the most common geometries of such connections. 

The test specimens are shown in Fig. 10. The fabrication and 

erection of the specimens and the test frames were done so as to maxi

mize the utilization of the materials. To that end the same load frame 

members were used for all tests, albeit with slight modifications as 

necessitated by the differences in geometry. 

The tensile load in the diagonal bracing was applied by means 

of a pair of 200 kip hydraulic jacks, which in turn were supported by 

the test frame. During testing, the column component was placed hori

zontally with the ends supported, and the beam component was placed 

vertically with its top end free. This orientation of the components 

was adopted to facilitate the building of the test frame. The test 

frames are shown in Figs. 11 through 13. 

7 
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4.2 Description of Test Specimens and Materials 

The test specimen has been shown in some detail in Fig. 10. 

The structural elements were fabricated from a mild structural steel 

with a nominal (specified minimum) yield stress of 44 ksi, and a static 

yield stress of 42.7 ksi, as determined by tension tests of the plate 

material. It  satisfied the requirements of Canadian Standard No. CSA 
O 

G40.21, Grade 44W. The fabrication and erection of the full-scale 

test specimens were representative of actual fabrication practice. 

Except for the welding of the gusset plate to the beam, all connections 

were made by 3/4 in. diameter A325 bolts. The fabrication details of 

the test specimens are shown in Figs. 14, 14(a) and 15, 15(a). 

4.3 Test Set-up 

The test set-up is illustrated in Figs. 11 through 13. The beam 

component is the heavy wide-flange member (W24xl00) that stands verti

cally with its top end free. These figures show the test frame, the 

loading jacks in the upper portion of frame, the transverse bracing that 

was needed to resist the vertical component of the applied load, and the 

cap on the horizontally placed column. 

4.4 Instrumentation of Test Specimens 

The instrumentation of the test specimens consisted of strain 

gages, LVDT's (Linear Voltage Displacement Transducers), and load cells 

for the purposes of measuring and simultaneous recording of the strains, 

displacements, applied loads, and reactive loads at important locations 

of the test specimens. Strain gages were mounted in pairs on the gusset 

plate, one on each side at each location, in order to record the strains 
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on the two faces of the gusset plate. The individual locations and 

orientations of the strain gages were decided on the basis of previous 

experience. The most important use of the load cells was to measure 

the applied tensile load to the diagonal bracing; load cells also mea

sured the reactive loads at the ends of the column component. The 

LVDT's were basically used to measure displacements at important loca

tions of the gusset and at some other locations of interest. 

Each of the strain gages, load cells, and LVDT's that are shown 

in Figs. 16 through 19 was assigned a data acquisition channel number, 

as follows. For all of the tests. Channels 1 to 38 recorded the strain 

gage readings at important locations in the gusset plate; the locations 

of these gages are shown in Figs. 16 through 18. Channels 40 to 43 were 

used for strain gages that essentially did nothing but monitor the be

havior of the test frame. Channels 44 through 46 were connected to load 

cells for measuring the applied loads and the reactive loads; the pri

mary tensile load that was applied to the tension member is given by 

Channel 44. Finally, channels 47 through 53 recorded the displacements 

that were measured by LVDT's at important locations of the test speci-

ment. The locations of the load cells and LVDT's are shown in Fig. 19. 

4.5 Test Procedure 

For each gusset plate thickness (1/8 in. and 3/8 in.),  three 

sets of tests were run, corresponding to the three bracing member 

orientation angles (30°, 45°, and 60°). Each test was performed with 

the test specimen installed in the test frame, as shown in Figs. 11 

through 13. The tensile loads were applied at the end of the bracing 
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member. To facilitate the data acquisition process, the measurement 

channels were connected to the laboratory's Data General Nova 2/10 

computer for the simultaneous recording of the applied and reactive 

loads, strains, and displacements. 

In the test,  the tensile load was applied in increments, start

ing at zero and going to a predetermined maximum. At each load step, 

strains, displacements, applied load, and reactive loads were registered 

and recorded by the computerized instrumentation system. 



CHAPTER 5 

DESCRIPTION OF THE TEST RESULTS 

The results for each test were obtained as computer printouts 

giving the recorded strains (Channels 1 through 38), displacements 

(Channels 47 through 53), and reactive loads (Channels 45 and 46). In 

the printout, loads are given in kips and displacements in inches. To 

facilitate the computer work, the compressive strains were recorded as 

positive (+) and the tensile ones as negative (-).  

A sample of some of the test results is given in Table 1. In 

addition, the computer program also provided load-strain curves for 

the various strain gage locations in the plates. Three of these pairs 

of curves are given in Fig. 20 through 22. It  is emphasized that with 

the strain gages mounted in pairs on opposite sides of the gusset 

plates, the load-strain data for a given point consist of two curves. 

This approach to strain measurement allowed detection of local gusset 

plate bending, an important aspect of the behavior of gusset plates as 

the applied loads approach the maximum strength. 

n 



CHAPTER 6 

DISCUSSION OF TEST RESULTS 

The behavior of the gusset plate will be evaluated through 

detailed analyses of the load and deformation data that were generated 

during the tests. Attention will first be focused on the results for 

the 1/8 in. thick gusset plates, the findings for which will then be 

compared with the observations for the 3/8 in. plates. 

The evaluation will be done systematically for each bracing 

member angle, considering the data for each of the pairs of strain 

gages that were mounted on opposing surfaces of the gusset plate. 

These data are available in the form of load (i .e.,  applied load on the 

bracing member)--strain diagrams for all the pairs of strain gages that 

were mounted over the gusset plates. Only a sampling of these measure

ment data have been included in this thesis, due to space considerations. 

Other sets of data for the deformations of the gusset plate are 

given in the form of load-displacement diagrams for a number of loca

tions and directions of the plate and the adjacent members. Obtained 

by LVDT instrumentation, only some of these data have been included due 

to space considerations. 

12 
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6.1 Gusset Plates for 30° Bracing Member Angle 

This gusset plate was tested with the strain gages located as 

shown in Fig. 16. LVDT's for measuring displacements were located as 

shown in Fig. 19. The load-strain and load-displacement diagrams for 

the 1/8 in. thick plate are analyzed as follows. 

Strain gage pairs 1/2, 3/4, and 9/10, located immediately below 

the lower line of the bolt holes and oriented in the direction of applied 

load on the bracing member (Fig. 16), basically showed increasing ten

sile strains with almost no difference in strains on the two faces of 

the plate up to 70-80% of the maximum load. This indicates that the 

plate, at these locations, is subjected to practically uniform tension 

up to 70-80% of the applied maximum load. At higher loads, the strains 

are largely influenced by plate bending, particularly for such thin 

plates, and thus the strains on the two faces differ. Gage pairs 3/4 

and 9/10 exhibited significant strain increases as the peak load was 

approached. The strains at strain gages 9 and 10 were particularly 

affected by the tearing of the plates that took place at failure, as 

shown in Figs. 23 and 24. 

Another useful observation from the gage data is the onset of 

yielding. The maximum strain at gages 1 and 2 was lower than the uni

axial yield strain, whereas gages 3/4 and 9/10 recorded yield strain at 

loads of 120 kips and 105 kips, respectively. The nature of the load 

transfer into the gusset plate is the principal cause of the severity 

of the strains in the respective directions. 

Gages nos. 29/30, 31/32, and 35/36 were located just above the 

upper line of the bolt holes, as shown in Fig. 16. These basically 
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demonstrated behavior similar to the gages below the line of bolt 

holes, including the large strains that accompanied the tearing of 

the plate across the last pair of bolts (see Figs. 23 and 24). 

Gages nos. 11 and 12 showed linearly increasing tensile strains 

almost entirely to the peak load. After the start of unloading, the 

gages showed a sudden jump in tensile strain. As is evident from 

Fig. 24, the tearing of the plate extended towards these gages. It  

was also noted that the plate had buckled, primarily in the direction 

of loading. This type of failure and deformation of the plate caused 

the sudden increase in the strain at the gage during unloading. 

Strain gages nos. 21/22, 23/24, and 25/26 were located on a 

point on the center line of the bracing member at angles complementary 

to the 30° member, as shown in Fig. 16, The purpose of these gages 

was to obtain readings on the behavior of the region of the gusset 

plate where the load has transferred completely into i t .  None of the 

gages indicated any tensile strain above the yield value. This is a 

demonstration of elastic load-strain behavior of the plate in that 

region in the respective directions, and also shows that the forces 

have been transmitted to a large region of the plate. 

Strain gages nos. 5/6 and 19/20, located close to the bolt 

holes for the double angle connection between the gusset plate and 

the column, and oriented parallel to the axis of the column (see 

Fig. 16), showed basically increasing compressive strains during 

loading. As is evident from the load-displacement diagram, 

as well as from Figures 23 and 24, the gusset plate has rotated 
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slightly up from column, due to-the flexibility of the double angle 

connection. 

Strain gages 17/18, 27/28, 33/34, and 37/38, located by the 

side of the weld between the gusset plate and the beam, were oriented 

parallel to the axis of the beam (see Fig. 16), mainly because of the 

need to study the behavior of the plate and the load transfer to the 

beam via the weld. All of these, except gages 37/38, showed small 

compressive strains. Gage no. 37 gave increasing tensile strains on 

one face while gage no. 38 showed increasing compressive strains on 

the other face. This is a true representation of plate buckling, 

which is again evident from the view of the buckled plate in that 

region, as illustrated by the photo in Fig. 24. 

Figure 24 also shows that, in addition to the 1/8 in. plate 

tearing at the bottom bolts and buckling on either side of the splice 

plate portion, i t  also suffered tearing through the first 3 or 4 

bolt holes near the free corner of the plate. These bolt holes were 

elongated, as shown in Fig. 24. As the plate buckled during the 

application of load, the bolt holes were elongated in the principal 

loading direction, and thereby tearing the plate between adjacent 

bolt holes. This is unlike the behavior of the portion of the plate 

below the lower line of bolts, for which the plate buckled mainly in 

the direction of the applied load. 

The 3/8 in. gusset plate was tested up to the maximum load of 

320 kips but could not be made to fail due to insufficient jack 

capaci ty. 
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The strain gages immediately around the splice plate portion 

indicated similar behavior to the initial straight line of the load-

strain diagrams for 1/8 in. thick plate. This is also applicable 

for gages 11/12. Unlike the 1/8 in. thick plate, the 3/8 in. plate 

showed all increasing elastic tensile strains in the vicinity of 

gages 21/22, 23/24, and 25/26, and none of the gages indicated yield 

strain levels. Similar to the 1/8 in. thick plate, gages 5/6 and 

19/20 exhibited increasing compressive strains, while the plate has 

rotated slightly relative to the column. Gages nos. 17/18, 27/28, 

33/34, and 37/38, located by the side of the weld between the plate 

and the beam, showed very small changes in strain. 

6.2 Gusset Plates for 45° Bracing Member Angle 

This class of gusset plates were tested with strain gages 

mounted on the plates as shown in Fig. 18. For measuring displace

ments at important locations during the test,  LVDT's were located as 

illustrated schematically in Fig. 19. The load-strain and load-

displacement diagrams for the 1/8 in. thick plate are analyzed 

as follows. 

The pairs of strain gages nos. 1/2, 3/4, 9/10, 29/30, 31/32, 

35/36, and to some extent gages no. 11/12 and 33/34 are important 

in respect of studying the load-transfer pattern from the bracing 

member into the gusset plate. Considering the Whitmore-Zone"* for 

load-transfer, gages nos. 11/12 and 33/34 were mounted on two sides 

of the bracing member with orientations parallel to the direction of 

applied load. This is unlike the one pair of gages in the 30° case. 
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Gages nos. 5/6 and 19/20 were used to examine the boundary situation 

of the plate as provided by the double angle bolted connection of the 

plate edge to the column member. Gages nos. 17/18, 27/28, and 37/38 

were similarly used for studying the behavior of the plate as defined 

by i ts welded edge to the beam member. The purpose of the gages 21/22, 

23/24, and 25/26 that were located on the bracing center line in three 

different directions, was to study the behavior of the plate after the 

applied load from the bracing member is completely transferred to the 

gusset plate. 

Strain gage pairs 1/2, 3/4, and 10 (gage 9 showed zero strains 

possibly due to improper bonding) exhibited basically linearly in

creasing tensile strains up to about 60-70% of maximum load, with no 

difference in strains on opposing faces of the plate. This shows that 

the plate at these locations was subjected to uniform tension in the 

direction of the applied load and behaved elastically up to 60-70% of 

the load. At loads approaching the maximum, the plate bent due to 

the instability of such a thin plate, and thereby caused different 

strains on the two faces. Uniaxial yield strain was reached at the 

gages at around the peak load. 

It  is also useful to observe the significant increase of tensile 

strains as the loads approached the peak load. As evident from the 

Figs. 25 and 26, the tearing of the plate at failure has affected 

the strains at locations of the gages 9 and 10. 

Gages nos. 29/30, 31/32, and 35/36 that were located just above 

the upper line of the bolts (see Fig. 18), produced a number of useful 



results. Gages 31/32 and 35/36 indicated linearly increasing tensile 

strains with almost no strain difference on the two faces of the 

plate up to about 70% of the maximum load. Gages 29 and 30 showed 

very small strains, initially tensile and subsequently compressive, 

varying elastically up to about 80% of the peak load with no differ

ence in strains on the faces. At higher loads and during unloading, 

gages 29 and 30 recorded increasing compressive strains, but with some 

strain differences. It  is evident from the test photo in Fig. 25 

that the plate has rotated up from the beam and thereby induced slight 

bending of the plate about i ts welded edge. This bending of the plate 

is responsible for the compressive strains that were developed at 

gages 29 and 30. The regions of the plate at the locations of the 

gages nos. 31/32 and 35/36 were mainly influenced by the direct load 

from the bracing member transferred into the plate and thus imparting 

uniform tension to the plate, varying elastically up to 70% peak load. 

At higher loads, due to the thin plate bending effect, all these gages 

exhibited some difference in strains on the two faces of the plate. 

Gages 35 and 36 showed uniaxial yield strain around the load of 116 

kips, followed by high strains till  the point of maximum tensile 

strain at 134 kips; just at this point the gages exhibited sudden, 

decreasing tensile strains, basically due to the tearing of the 

plate. 

Gage pairs 11/12 and 33/34 that were located on two sides of 

the bracing member center line, basically indicated linearly increas

ing tensile strains up to the peak load. Yield strain (uniaxial) was 

also reached around the peak load. 



Gages nos. 21/22, 2212^, and 25/26 gave some useful results in 

respect of the behavior of the plate after the load is completely 

transferred into it .  Gages 23 and 24 exhibited elastically increas

ing tensile strains up to the point of reaching uniaxial yield strain 

at about 90% of the peak load; beyond this point the gages showed 

high tensile strains accompanied by strain differences on faces of 

the plate. The uniform tensile behavior in the direction of the 

load and the failure of the plate at the bottom bolt-holes are re

flected in the results for gages 23 and 24. Gages 21 and 22 indi

cated increasing tensile strains up to 80% of the peak load, followed 

by falling tensile strains, whereas gages 25 and 26 indicated very 

small initial tensile strains, followed by small compressive strains 

up to about 85% of the peak load. As the loads approached the peak 

load, gages 25 and 26 showed very high compressive strains. 

The complex states of stress that developed due to the plate 

deformations at the different stages of loading, are represented 

through the observations at gages nos. 21/22 and 25/26. In this con

nection reference may be made to the test photos of Figs. 25 and 26. 

Gages nos. 5/6 and 19/20 recorded very small strains, both ten

sile and compressive. Due to the relative flexibility of the double 

angle connection of the plate to the column, the gusset plate was 

gradually pulled upward with a slight rotational movement with re

spect to the rigid welded edge of the plate. This caused stretching 

of the plate, predominantly in the direction parallel to the axis of 

the beam member, and particularly near the free edge. Near the 
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welded edge, i .e.,  near gages 19 and 20, the plate has some tendency 

to extend in the direction parallel to the axis of column. The gages 

therefore indicated basically increasing tensile strains, whereas 

gages 5 and 6 showed small compressive and tensile strains, respec

tively. 

Strain gages 17 and 18, indicated almost no strains up to about 

70% of the peak load, followed by steadily increasing compressive 

strains. Initially, the plate in the region of these gages was prac

tically unstrained, and as the load reached the level of 70% of the 

peak value, the strain started to pick up on the compressive side, 

particularly due to plate bending. Strains recorded by gages 27/28 

and 37/38 were very small. 

The 3/8 in. gusset plate for the 45° bracing member angle was 

tested up to the maximum load of 324 kips, but could not be failed 

due to insufficient jack capacity. 

All of the strain gages immediately around the splice plate 

portion showed behavior similar to the initial straight line of the 

load-strain diagrams for the 1/8 in. thick plate, with the only excep

tion for gages 29 and 30. In the 3/8 in. plate, these gages indicated 

entirely increasing linear tensile strains, unlike the compressive 

strains that were developed in the 1/8 in. plate due to bending. 

Gages 11/12 and 33/34 also showed behavior similar to that of 

the 1/8 in. plate. Unlike the 1/8 in. thick plate, however, the 

3/8 in. plate showed all linearly increasing tensile strains in the 

vicinity of gages 21/22, 23/24, and 25/26. Gages nos. 5/6, 19/20, 



17/18, 27/28, and 37/38 recorded very small strains. This indicates 

that the plate was strained to relatively much smaller values in the 

respective directions of these gages while transferring loads to the 

double angle framing connection on the column side and the continuous 

weld on the beam side. The nature of the load distribution, combined 

with the flexibilities of the supports actually influence the plate 

behavior in these areas. 

6.3 Gusset Plates for 60° Bracing Member Angle 

The gusset plates for the 60° bracing member angle were tested 

with strain gages mounted on the plate as shown in Fig. 17, and the 

LVDT's for measuring -.he displacements of the plates at important 

locations were located as shown schematically in Fig. 19. The load-

strain and load-displacement diagrams for the 1/8 in. plate are 

analyzed as follows. 

Strain gages 1/2, 3/4, and 9/10, which were located immediately 

below the bottom line of the bolts, showed basically increasing ten

sile strains up to about 90% of the peak load, followed by decreasing 

tensile strains. It  is evident from the test photo in Fig. 27 

that the plate failed at the double angle connection through tearing 

across the bolt holes. This, caused a rotation of the plate up from 

the double angle connection, and at about 90% of the peak load, the 

bending thus produced gave rise to a reduction of the tensile strains 

in the regions of the gages. Uniaxial yield strain was not reached 

at gages 1/2; this occurred at gages 3/4 and 9/10 at the loads of 

150 kips and 130 kips, respectively. 



Gages 25/26, 21122,^ and 29/30 that were located just above the 

upper line of bolts, indicated basically increasing tensile strains 

during loading. The difference in strains between the two faces was 

always very low for the pair 25/26, whereas i t  was quite considerable, 

and increasing with load at the pairs 27/28 and 29/30. Bending of 

the plate and the related buckling (see Fig. 27) have resulted in this 

difference in strains. Depending on the severity of the stresses in 

the process of transferring load to the plate, the uniaxial yield 

strain was reached at gages 27/28 and 29/30 at loads of 158 kips and 

115 kips, respectively. 

Gages 23 and 24 that were mounted near the free longer edge of 

the plate (see Fig. 17), to obtain the behavior of the plate after 

the load is transferred in the Whitmore-pattern^ also showed in

creasing tensile strains with very small differences in strains on 

two faces. 

Strain gage pairs 31/32, 33/34, and 35/36 that were located on 

the center line of the bracing member, indicated behavior of the plate 

in three different directions after the load was completely trans

ferred to the plate. Gages 31 and 32 showed increasing compressive 

strains up to about 80% of the peak load, followed by sudden high 

compressive strains up to about 85% of the load. Beyond this point 

and up to the maximum value the gages showed sudden reversal of 

strains. All of these are attributed to the failure of the 

plate across the bolt holes of the double angle connection to 

the column member and the associated bending of the plate. Actually, 
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the initial steadily increasing compressive strains were due to the 

increasing bending, and the following sharp increments of strains 

were developed when the load approached the failure level. After 

failure the counteracting stresses due to bending started disappear

ing, thus causing the reduction in compressive strain. Gages 33 and 

34 indicated increasing tensile strain which varied linearly, fol

lowed by a sudden high increase in tensile strains as the load ap

proached 80% of the peak load. From this point and up to the peak 

load, the strains suddenly reversed to much lower values. The plate 

in the direction of the gages 33 and 34 was initially subjected to 

linearly increasing tensile strains; as failure was approached, the 

plate tore along the double angle connection, as in Fig. 27, the ten

sile strains quickly reached a higher value, and after the failure 

had taken place, the strains reversed back to a lower value when 

loaded up to the maximum value. Gages nos. 35 and 36 exhibited simi

lar behavior to that of gages 33 and 34, due to the similar reasons. 

Strain gage pairs 5/6 and 13/14 that were located close to the 

bolt holes for the double angle connection exhibited interesting re

sults. Gages 5 and 6 recorded increasing tensile strains up to 95% 

of the peak load, followed by a sudden fall of strain that stayed 

low for the remainder of the loading process. Gages 13 and 14 ini

tially showed steadily increasing tensile strains up to 80% of the 

peak load, followed by sudden rise of tensile strains to a much 

higher value when loaded to 84% of the peak load. 
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The above observations are in line with the failure pattern of 

the plate, as illustrated through the test photos in Figs. 27 and 28. 

Loads were transferred to the double angle connection through the 

bolts in a direction conforming to the principal loading direction; 

and in this process the bolt holes were stretched along with tearing 

of the plate across the bolt holes. The effects of this plate defor

mation influenced the recordings of gages 5/6 and 13/14 as components 

of the main deformations. The initial steady increase of tensile 

strains was due to the stretching of the plate and with the loads 

approaching the failure, the strains suddenly increased to much higher 

values. After the failure had occurred, the tensile strains receded 

to appreciably smaller values. 

Strain gages 17/18, 19/20, and 21/22 recorded insignificantly 

small strains. The nature of the load distribution and the relative 

rigidity of the supports influenced the behavior of the plate in this 

area. 

The mechanism of the failure of the plate at the double angle 

connection (see Figs. 27 through 30) has been discussed, while inter

preting the data for the relevant strain gages. In addition to the 

tearing of the plate across the bolt holes, tearing also occurred at 

the welded edge of the plate with the beam member (see Figs. 29 and 

30). The plate was subjected to bending with respect to its rigid 

welded connection (ref. load-displacement data for channels nos. 48 

and 50), while failing at the double angle connection. 
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At one point of bending the plate developed the tear near the 

welded edge. The bolt holes for the splice plate connection were 

affected to the extent determined by the tensile stresses that de

veloped in the process of load transfer through the bolts. These 

deformations at the bolt holes are illustrated in Fig. 31. 

The 3/8 in. thick gusset-plate for the 60° bracing member was 

tested up to the maximum load of 399 kips, but could not be loaded 

till  failure due to insufficient jack capacity. 

The strain gages in the immediate vicinity of the bolt holes 

for the splice plate connection produced results that are similar to 

the initial values for the 1/8 in. plate. These gages basically 

exhibited increasing tensile strains up to the applied maximum load, 

with the uniaxial yield strain reached at the gages close to the 

bottom bolt holes. Gages 23 and 24 also showed increasing tensile 

strains up to the maximum load similar to the 1/8 in. plate. 

Gages nos. 33/34 and 35/36 indicated increasing tensile strains 

up to the peak load, which was similar to the initial straight line 

regions of the 1/8 in. plate. 

The behavior of the plate at the location of gages 5 and 6 has 

been considered in the recordings for gage no. 6; that of gage no. 5 

has been discarded due to faulty recordings. Gages 13 and 14 also 

basically indicated increasing tensile strains up to the maximum, an 

observation similar to the 1/8 in. plate. 

Strain gages 17/18, 19/20, and 21/22 recorded insignificantly 

small strains similar to the 1/8 in. plate. 



CHAPTER 7 

CORRELATION WITH ANALYTICAL STUDIES 

The analytical studies^ of the gusset plates which are being 

emphasized here were done using a nonlinear finite element program 

called INELAS.^ This has been used for static analysis of structural 

systems having linear and/or nonlinear isotropic and/or anisotropic 

material behavior. In this program the nonlinear structural response 

is determined with the help of a numerical algorithm that uses the 

Von Mises yield criterion and the associated flow rule. Other finite 

element and related theoretical analyses have been performed as 

well,®'^'^® but emphasis will be placed on the INELAS work. 

Two basic types of models were adopted to simulate the struc

tural action of the gusset plate connections. Since the flanges of 

the column member were supported adequately during the tests, the 

column flange was regarded as a fixed support for the double angle 

connection to the gusset plate and the beam. In the first type of 

model the gusset plate was considered restrained by the double angle 

connection at the column side, and fixed by the continuous weld on 

the beam side. The second type was generated including the beam mem

ber, to account for its deflections while connected to the gusset 

plate. 

These two limiting models, because of the rotational flexibil

ity of the gusset plate resulting from the beam member, were regarded 

as simulating the actual conditions in the tests. The gusset plate 
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and the beam web were represented by quadrilateral and triangular 

plate elements, whereas the beam flanges were discretized as bar ele

ments. Bolts, welds, and framing angles were represented by elements 

having the properties (stiffness, strength and orthotropic behavior) 

of these connections as derived from other tests J  

The program INELAS has the capability of handling a variety of 

connection elements, provided the proper load-displacement character

istics are known. Both of the gusset plate models were generated for 

each individual bracing angle and plate thickness that were used in 

actual physical tests. Each case was analyzed for a number of load 

levels, of which the final load was the maximum test load. This 

facilitated examining the plate behavior in the elastic and inelastic 

ranges, along with predicting the strength of the plate. 

7.1 Gusset Plate for 30° Bracing Member Angle 

2 
In the analytical studies, this class of gusset plate has 

been referred to as a 60° gusset, considering the angle measured from 

the axis of the column member. The analysis for the 1/8 in. plate 

was done for a total applied load of 140 kips, in order to obtain re

sults that could be compared to the test results at the maximum load 

of 143 kips. The effective (von Mises) stress contour plots, an ex

ample of which is shown in Fig. 32, were generated in the analytical 

studies. The maximum effective stress contour of magnitude 45 ksi 

occurs at the end of the splice plate, resulting in the failure of 

the gusset plate in that region. This is in good agreement with the 

actual failure pattern (see Figs. 23 and 24) of the physical test.  
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The distorted shape of the gusset plate, as obtained from the 

analytical treatment, was found to be in reasonable agreement with 

the test,  with the main exception that the buckling of the 1/8 in. 

plate on the two sides of the splice plate (see Figs. 23 and 24) 

could not be represented by the analytical model. The tear of the 

plate across the top 3 or 4 bolts (see Figs. 23 and 24) has also not 

been indicated in the analytical studies. This is a result of the 

fact that plate buckling or out-of-plane bending could not be accom

modated by the program. 

The distorted shape of the beam-gusset model was found to be 

slightly different from that of the gusset plate test.  This could 

also be a result of the exclusions of the plate buckling or out-of-

plane bending from the program. 

Strain readings at certain critical locations were compared to 

the analytical predictions. The theoretical results agree quite well 

with the test results in the areas of low strain gradients (based upon 

effective stress contours), whereas the results differed in the 

areas of high strain gradients. It  has been observed in the analyti

cal studies that a finer mesh of finite elements (constant strain) 

would possibly give better results. However, the degree of improve

ment will be limited because of phenomena such as plate buckling and 

tearing. 

7.2 Gusset Plate for 45° Bracing Member Angle 

In the analysis of the 45°, 1/8 in. thick gusset plate, the 

model was loaded to 150 kips, whereas the 3/8 in. plate was subjected 



to 300 kips. This was done to get the results that could be com

pared to the test results. 

In both of the plates (1/8 in. and 3/8 in.) the effective stress 

contour patterns matched the tear pattern at failure (see Figs. 25 

and 26) in the test,  although the 3/8 in. plate was not loaded up to 

failure. 

The distorted shapes of the analytical model were similar to 

the one obtained from the test for the 1/8 in. plate. As the analysis 

consisted of only two-dimensional finite element models, the results 

could not incorporate the effect of plate buckling or bending, which 

was observed.in the actual test.  The beam-gusset model gave a dis

torted shape in which the plate underwent some rotation with respect 

to the beam, along with a rigid body rotation of the beam. This is 

slightly different from the test result,  possibly due to the exclu

sions of plate buckling and out-of-plane bending phenomena from the 

program. 

The computed strains agreed quite well with the test results 

in the areas of low strain gradients, whereas the results differed 

in areas of high gradients. The analytical predictions in the areas 

of high strain gradients may be somewhat improved with a finer mesh 

of finite elements. 

7.3 Gusset Plate for 60° Bracing Member Angle 

2 
In the analytical studies this gusset plate has been referred 

to as a 30° gusset, considering the angle measured from the axis of 



the column member. The 1/8 in. plate was loaded to 158 kips, and 

the 3/8 in. plate was loaded to 320 kips; these were in line with 

the maximum test loads. The theoretical results for 1/8 in. and 3/8 

in. gussets were similar to the results for the 30° and 45° configura

tions, to the effect that the maximum effective stress contour, dis

torted shape of the plate, and strains at the critical locations were 

comparable. However, the test failure pattern (see Figs. 27 and 29) 

was different from the 30° and 45° cases. The plate primarily failed 

through a tear across the bolt holes at the double angle framing 

connection, combined with a secondary tear at the welded edge close 

to the beam-column intersection. This mechanism of failure produced 

a sizeable rotation of the plate up from the double angle framing 

connection. 

Due to the close proximity of the splice plates (the load-

transferring elements to the gusset plate) to the double angle framing 

connection, a major share of the load was transferred to the double 

angle connection. This caused severe stress concentrations at the bolt 

holes and a consequent tear of the plate. In the analytical model, 

the distance that was used for the bolt group (for double angle con

nection) to the welded edge of the plate, was 6 in. more than the 

distance in the test.  This discrepancy resulted in a concentration 

of the load near the unsupported edge of the plate between its welded 

edge and the bolts. This made the analytical model behave signifi

cantly different from the test specimen. It  is anticipated that 

further analyses will take this discrepancy into account. 
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On the whole, the analytical and the experimental results were 

found to be reasonably close. In particular, considering the complex

ity of the problem and the many uncertain factors that are associated 

with the structural testing, the correlation may be termed excellent. 

Naturally, due to the inability of the computer program to handle 

buckling and related plate bending phenomena, as well as material 

tearing, some of the aspects of the behavior at ultimate load cannot 

be compared. 



CHAPTER 8 

EVALUATION OF CURRENT DESIGN PRACTICE 

The current methods of design of gusset plates consist of 

simple methods of analysis, based on the strength of materials and 

approximate specification rules, combined with the experience, general 

practice, and intuition of the designer.^ The assumptions that are 

used are partly responsible for a variable factor of safety of the gus

set plate, and yet these methods are still  in use because of their past 

satisfactory performance.^ 

The design procedure that is generally followed can be sum

marized as follows.^ The required number of a type of fasteners in a 

gusseted connection is determined from the known load in the connected 

member, along with the assumption that each fastener carries an equal 

share of the load. The planar dimensions and the shape of the gusset 

plate are then selected, based on the shape and layout of the members 

that are to be connected and the best possible placement of the fas

teners. A tentative plate thickness is selected on the basis of the 

experience of the designer or as prescribed by the applicable specifica

tion. A stress analysis of the plate is then performed by assuming the 

plate to act as a beam, and computing the stresses at various trial 

sections of the plate. In order to safeguard the plate against a tear

ing or a crushing type of failure across the critical section, passing 

through the bottom row of fasteners, the adequacy of the plate is 

checked using Whitmore's effective width concept. As described 
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earlier, this consists of checking the normal stress on the effective 

area at the critical section of the plate. 

The load-sharing among the fasteners connecting a member to a 

gusset plate is generally not uniform J This has also been found in 

2 
the finite element analytical work that is referred to in this thesis. 

Moreover, the applicability of the beam method is of questionable 

value.^ These subjects will be addressed in the following. 

3 
Whitmore's experimental investigation was significant for 

determining the stress distribution in certain types of gusset plates, 

and was used to formulate simple, practical design methods. He deter

mined the regions of maximum tensile and compressive stresses, and also 

observed that the normal stresses on a critical section of the gusset 

plate were not distributed according to beam theory. Whitmore even

tually devised his effective width concept as a simple method for check

ing the adequacy of the plate thickness. This has been discussed in 

some detail in Chapter 3 of this thesis. 

The detailed analysis of gusset plate connections, considering 

the effects of material behavior, connectors and boundary conditions, 

was considered too complex prior to the development of the finite ele

ment method and adequate computing facilities. Since then, finite ele

ment analyses have been performed by Vasarhelyi,^ Davis,® and 

10 7 
Struik for specific gusset plate connections. Vasarhelyi and 

Davis® performed elastic finite element analysis. Struik^® studied 

the problem in the elastic as well as in the inelastic range. He 

simulated the fastener holes in an approximate manner by using a 
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special load deformation relationship for uniaxially loaded plate coupon 

specimen with holes J^ 

The elastic analysis of Struik gave results that differ signifi

cantly from those of the beam theory. However, the difference is not 

necessarily an unsafe one. None of the stresses were significantly 

larger than the maximum values predicted by beam theory, but the loca

tions of the maximum stresses varied a great deal. Struik's elastic-

plastic analysis indicated that a large margin of safety against failure 

is inherent in the current design practice for gusset plates. 

The findings of the tests that have been reported in this report 

are in reasonable agreement with the Whitmore concept, except for the 

2 
data from the 60° -  1/8 in. plate. The finite element analytical work 

that has been emphasized here also supports the Whitmore criterion. 

The 1/8 in. thick gusset plate for the 60° bracing member angle failed 

through tearing across the bolt holes of the double angle connection, 

with a secondary tear failure at the welded edge (see Figs. 27 and 29). 

Evidently, this failure pattern does not conform to the Whitmore con

cept. For this plate, i t  can be observed that the double angle connec

tion falls within the Whitmore zone, as defined by the 30° lines and 

the line passing through the bottom row of bolts (see Fig. 3). 

The distortions of the gusset plates through buckling and asso

ciated out-of-plane bending, may be regarded as very important test 

observations. These aspects of the behavior of the gusset plate cannot 

be taken into account by current design methods. Thus, the influence 

of plate boundaries, plate buckling and related out-of-plane bending 

should be considered in future research on this topic. This should also 
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include any needs for gusset plate stiffening. Some rules exist for 

12 
the latter, but the background of the development of these criteria 

is not known. 

The block shear approach that is discussed in Section 1.5.1.2 

of the Commentary of the AISC Specification may be considered as a 

potential source of a good design method. This concept was developed 

14 
by Birkemoe and Gilmor in research on coped beam connections in shear. 

Detailed investigations regarding this concept are under preparation 

1 *5 
at  the University of Arizona, and preliminary results indicate realis-

2 
tic agreement. 



CHAPTER 9 

SUMMARY, CONCLUSIONS AND 
RECOMMENDATIONS FOR FUTURE WORK 

9.1 Summary and Conclusions 

The main thrust of the study that has been presented is the 

evaluation of the behavior and strength of gusset plates, based on 

the experimental results. The experiments were performed at the 

University of Alberta, and involved testing of full-scale connections 

between a diagonal bracing member, a beam and a column. Trying to 

cover the most common geometries of such connections, a total of six 

tests were performed, using two different plate thicknesses (1/8 in. 

and 3/8 in.) and three different bracing member orientation angles 

(30°, 45°, and 60°). 

The evaluation of the behavior of the gusset plates has been 

done through detailed analyses of the load and deformation data that 

were generated during the tests. The analyses considered each bracing 

member angle,.incorporating the data for each of the pairs of strain 

gages, as well as the load-displacement data obtained by LVDT instrumen

tations. Actual test failure patterns of the plates are also studied 

and interpreted in the light of the measurement results. 

The experimental evaluations have been correlated with analyti-

2 cal studies, with special emphasis on the work that was done using a 
Q 

nonlinear finite element computer program. Each plate was studied to 

36 
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correlate the strains at important locations, the distorted shapes, 

and the test failure patterns. 

Current design practices for gusset plates are evaluated in 

terms of the finite element analytical studies,but with the 

primary emphasis being placed on the observations for the gusset plate 

tests. 

The following conclusions have been obtained: 

1. For the majority of the types of bracing connections that were 

examined,the primary tear failure of the gusset plate occurs 

across the bottom bolt holes of the splice connection between 

the gusset plate and the bracing member. This is in line with 

the Whitmore criterion, and supports the recent finite element 

analytical work. 

2. Other types of failure may occur in gusset plates for which the 

plate boundaries intercept the Whitmore zone. This has been 

demonstrated in case of the 60° -  1/8 in. plate; the plate 

failed in tear across the bolt holes of double angle framing 

connection (see Fig. 28) with a secondary tear failure at the 

welded edge (see Figs. 29 and 30). 

3. Plate buckling and associated out-of-plane bending phenomena 

are important secondary effects that will influence the design 

criteria for such plates. Provisions for gusset plate stiffen-

ers should form a part of the criteria. 

4. The stiffness of the plate edge restraints, combined with the 

load transfer pattern into the plate, influence the behavior 

and strength of the plate. 
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5. Despite the complexity of the problem, combined with the un

certainties involved in the structural testing, the analytical 

and the experimental results were found to be in reasonable 

agreement. 

6. The findings of the tests that have been reported in this thesis 

are in reasonable agreement with the Whitmore concept of de

signing the gusset plates. 

7. The beam theory of designing gusset plates differs significantly 

in results obtained from the finite element analytical methods. '  

8. The available design methods for gusset plates have been found 

to be lacking in some basic provisions in terms of behavior and 

failure. Thus,plate boundaries, plate buckling and related out-

of-plane bending have been established as some of the criteria 

that should be investigated thoroughly for further improvement 

of the existing design methods. 

9.2 Recommendations for Future Work 

Further studies of gusset plates should be carried out to 

examine the following: 

1. Influence of plate boundaries on the behavior and strength of 

the gusset plate. 

2. Effects of plate buckling and associated out-of-plane bending 

on maximum strength prediction. 

The current design methods should be reevaluated on the basis 

of the findings of the above investigations. Any needs for gusset 

plate stiffening should also be studied, particularly in view of the 
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12 
occurrence of plate buckling. Some design rules do exist although 

the basis of their development is not known. 

The block shear approach that is discussed in the Commentary of 

13 
the AISC Specification appears to have the potential for an improved 

design method for the region of the gusset plate that is immediately 

2 
adjacent to the bracing member connection. Preliminary investigations 

indicate realistic agreement with the maximum test loads. Future inves

tigations should include the issues of the influence of plate boundaries, 

plate buckling and associated out-of-plane bending to arrive at the 

necessary design provisions. 
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Fig. 1. The gusset plate that was used in o 
Whitmore's experimental investigation. 
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Fig. 2. Locations of maximum tensile and compressive 
stresses as obtained by Whitmore.^ 
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Fig. 3. Estimation of maximum normal stresses ^ 
in a gusset plate, according to Whitmore. 
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Fig. 4. The model joint of Irvan's study. 
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MA">;iM'JM COMPRESSIVE STRESS 

Fig. 5. Locations of maximum stresses in a gusset 
plate, as observed by Irvan.^ 
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C.6. RiVEf GROUP 

EFFECTIVE GUSSET-WIDTH FOR ' 
CA1-CULA.T1NG MAXIMUM TENSILE STJ^ESS 

EFFECTIVE GUSSET-WIDTH 
FOR CALCULATING MAXIMUM 
COMPRESSIVL STRESS 

Fig. 6. Method of calculating maximum tensile and 
compressive stresses, according to Irvan.^ 



mOH ttHSILE STRESS AREA 

L _ _  

4 CHORD SPLICE FLOOR BEAM ACTION 

5 
Fig. 7. High tensile stress area at the spliced-chords, as observed by Hardin. 
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TLtJSlLE. STRESS MAXIMUM COMPRESSIVE STRE: .55 

^MAXIMUM SHEAR STRESS 

PHOTOELASTIC RLSULTS 

TEST RESULTS,BY WHITMORE 

COMPUTER AMALYSlb RESULTS BY DAVIS 

Fig. 8. Comparison of the locations of maximum 
stresses from different methods.6 
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Fig. 9. The gusset plate that was used in 
Vasarheiyi's investigation.7 
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Fig. 10. Appearance of test specimens. 



Fig. n. Test Frame - View 1. 



Fig. 12. Test Frame - View 2. 



Fig. 13. Test Frame - View 3. 
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Fig. 14. Fabrication details of gusset plates. 
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Fig. 14A. Fabrication details of gusset plates for 
bracing angle = 45°. 
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Fig. 15. Fabrication details of test specimen components. 
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Fig.. 15A. Fabrication details of other test specimen 
components. 
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STRAIN GAGES ON CONNECTION ANGLES 

NOTE: 
EVEN NUMBEREP STRAIN GAGES ARE LOCATED 
ON OTHER SIDE OF PLATE. 

Fig. 16. Strain gage locations on gusset plate 
for 30° bracing member angle. 
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STRAIN GAGE.S ON 
CONNECTION ANGLES 

NOTE: 
EVEN NUMBERED STRAIN GAGES ARE 
LOCATED ON OTHER SIDE OF PLATE. 

Fig. 17. Strain gage locations on gusset plate 
for 60° bracing member angle. 



59 

ICVI 

C5j5 -13 
STRAIN GAGES ON 
CONNECTION ANGLES 

NOT£: 
LVEN NUMBERED STRAIN GAGES ARE 
LOCATED ON OTHER SIDE OF PLATE. 

Fig. 18. Strain gage locations on gusset plate 
for 45° bracing member angle. 
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Fig. 19. Locations of load cells and LVDT's. 
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Fig. 20. Sample plot of strain vs. bracing member load for 
30° bracing member angle (t=l/8"). 
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Fig. 21. Sample plot of strain vs. bracing member for 
45° bracing member angle (t=l/8"). 
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L E G E M  D  
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Fig. 22. Sample plot of strain vs. bracing member 
load for 60° bracing member angle (t=l/8"). 
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Fig. 23. 1/8 in. thick gusset plate for 30° bracing 
member angle shown after testing. 



Fig. 24. Failure pattern of the 1/8 in. thick gusset 
plate - 30° bracing member angle. 



Fig. 25. 1/8 in. thick gusset plate for 45° bracing 
member angle shown after testing. 
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Fig. 26. Failure pattern of the 1/8 in. thick gusset 
plate - 45° bracing member angle. 
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Fig. 27. Failure pattern of the 1/8 in. thick gusset plate 
at the double angle connection -  60° bracing member 
angle. 
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Fig. 28. Tear of the 1/8 in. thick gusset plate at 
double angle connection -  60° bracing member 
angle. 
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Fig. 29. Failure pattern of the 1/8 in. thick gusset plate -
60° bracing member angle. 



Fig. 30. Tear of the 1/8 in. thick gusset plate at 
welded edge -  60° bracing member angle. 
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Fig. 31. Distorted bolt holes at splice plate connection -
1/8 in. thick gusset plate for 60° bracing member 
angle. 
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Fig. 32. Effective (Von Mises) stress contour plot of 1/8 in. thick 

gusset plate at 140 kip load; 30° bracing member angle. 
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Table 1. Sample test results for 1/8 in. thick 
gusset plate with 60° bracing angle. 

Qhannel Numbers: 

Load Steps ^ 
0 0.0 

1 -.6098E-0S 

2 1428E-04 

3 -.2517E-04 

4 -.3920E-04 

S -.5068E-04 

6 -.6234E-04 

7 -.6878E-04 

8 -.7376E-04 

9 -.7996E-04 

10 -.8727E-04 

11 -.9162E-04 

12 -.9472E-04 

13 -.9825E-04 

14 -.1053E-03 

15 -.1102E-03 

16 1142E-03 

17 -.1155E-03 

18 -.1158E-03 

19 -.1042E-03 

20 -.5561E-04 

21 0.4637E-04 

22 0.1885E-03 

23 0.2ag3E-03 

24 0.3517E-03 

25 0.2778E-03 

26 0.2679E-03 

27 0.2888E-03 

Strain Gages 

2 3 4 5 

0.0 0. 0 0. 0 0. 0 

, 1728E-•04 7647E-•05 9680E-•05 0. ,4588E--04 

, 209 IE--04 1994E-04 .2294E--04 0.3993E--04 

.3485E-•04 3887E-04 ,4196E--04 0. .2865E--04 

,5474E--04 S677E--04 .S132E--04 0. .3165E--04 

- .7207E-•04 .7S17E-04 .8010E-04 0 . 1771E--04 

- ,8751E--04 ,9201E-04 ,9748E-04 0, .5856E--05 

- .9583E--04 . 1001E--03 . 1061E--03 0 .2904E -05 

- . 1032E--03 . 1054E--03 . 1130E--03 0 .2420E' -05 

- . 1122E--03 , 1130E-P3 . 1219E-03 0 .7793E--05 

- . 1218E-•03 . 1178E-03 :1293E-03 - .1331E -04 

- . 1308E--03 . 12S1E-03 - .1391E-03 - .2401E' -04 

- .1367E-03 . 1325E--03 - .1476E-03 - .3378E -04 

- . 1448E--03 . 1393E--03 - .1S75E -03 T .3a09E -04 

- . 1569E--03 . 1486E-03 - .1717E -03 - .4772E -04 

- . f693E--03 , f606E-03 - .1868E -03 - .6002E -04 

- . 1795E--03 . 1699E -03 - .2000E -03 - .7275E -04 

- . 1972E--03 . 1811E -03 - .2191E -03 - .9114E' -04 

- .2272E -03 ,2032E -03 - .2581E -03 - .1321E -03 

- .2610E -03 - .ig39E -03 - .2859E -03 - . 1817E -03 

- .2950E -03 - . 1798E -03 - .2732E -03 - .2203E -03 

- .3006E -03 - .1678E -03 - .2757E -03 - .3134E -03 

- .2320E -03 - .1500E -03 - .2678E -03 - .5056E -03 

- . 1112.E -03 - .2824E -03 - .4577E -03 - .7165E -03 

0 .5614E -05 - .5711E -03 - . 1498E -02 - .7175E -03 

- .4579E -04 - .ia52E -02 - .9093E -03 - .3087E -03 

- .3659E -04 0 .386 IE -03 - .a4a4E -03 - .2383E -03 

_ .  1684E -04 0.4062E -03 - .8257E -03 - .2305E -03 



Table 1, Continued. 

Strain Gages 

Qhai^el Numbers: 13345 

L o a d  S t e p s ~  
28 0.3151E-03 0.6e24E-05 0.4239E-03 -.7998E-03 -.2325E-03 

29 0.3732E-03 0.5556E-04 0.4e08E-03 -.7448E-03 -.24S6E-03 

30 0.4823E-03 0.1323E-03 0.4896E-03 -.7033E-03 -.192eE-03 

31 0.4989E-03 0.1484E-03 0.5102E-03 -.6a77E-03 -.1857E-03 

32 0.5383E-03 0.1812E-03 0.5486E-03 -.6628E-63 -.1695E-03 

33 0.5590E-03 0.2004E-03 0.5715E-03 -.6448E-03 -.1676E-03 

34 0.6012E-03 0.2325E-03 0.6093E-03 -.6107E-03 -.1516E-03 
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Strain Gages 

Channel Numbers: 
6 7 8 9 10 

Load Steps 
10 

0 0.0 0.0 0.0 0.0 0.0 

1 -,3369E-04 0 .1104E-04 0. 7309E-05 -.3001E-04 -.2812E-04 
3 5014E-04 0 .1670E-04 0. 1583E-04 -.7807E-04 -.6626E-04 
3 436IE-04 0 .1675E-04 0. 1471E-04 -. 1283E-03 -.1141E-03 
4 3223E-04 0 . 1142E-04 - .  4304E-03 -. 1693E-03 1570E-03 
5 1762E-04 - .8809E-05 4388E-03 -.2108E-03 -.i982E-03 
6 1776E-04 - .48g8E-04 4512E-03 -.2544E-03 -.2409E-03 
7 2304E-04 - .6089E-04 4500E-03 -.2769E-03 -.2614E-03 
B 2783E-04 - .8519E-04 4406E-03 -.2982E-03 -.2803E-03 

9 5673E-04 - .97geE-04 4373E-03 -.3329E-03 -.3097E-03 

10 6578E-04 - .1189E-03 4505E-03 -.37G3E-03 -.3468E-03 

11 784IE-04 - .1316E-03 4651E-03 -.4495E-03 -.4139E-03 

12 .9685E-04 - .1418E-03 4758E-03 •-.5173E-03 -.4747E-03 

13 , 1200E-03 - .1462E-03 4819E-03 -.5987E-03 -.5471E-03 

14 . 1421E-03 - .1488E-03 4874E-03 -.6854E-03 -.6184E-03 

15 , 1740E-03 - .1551E-03 4970E-03 -.7836E-03 -.6972E-03 

16 2023E-03 - .1584E-03 5017E-03 -.8383E-03 -.8019E-03 

17 .2420E-03 - .1631E-03 5138E-03 -.9290E-03 -.8637E-03 

18 ,3040E-03 - .1693E-03 .5209E-03 -.1018E-02 -.1096E-02 

IS .3550E-03 - .1696E-03 .9806E-04 -.1159E-02 -.1479E-02 

20 - .3592E-03 - .1676E-03 - . 1073E-03 129aE-b2 1712E-02 

21 .3785E-03 - .1802E-03 - . 1069E-03 -.1570E-02 -.2258E-02 

22 - .3928E-03 - .ig37E-03 - . 1056E-03 1337E-02 -.3468E-02 

23 - .4384E-03 - .2119E-03 - . 1029E-03 -.2783E-03 -.6266E-03 

94 - .6733E-03 - .2401E-03 - . 1181E-03 -.2233E-03 -.2270E-03 

25 0 .1573E-03 - .2737E-03 - .9603E-04 -.2088E-03 -.1464E-03 

26 0 .1571E-03 - .3039E-03 - .1210E-03 -.1875E-03 -.7759E-04 

27 0 . 1656E-03 - .3041E-03 - .1237E-03 -.1767E-03 -.6442E-04 



Table 1, Continued. 

Strain Gages 

Channel Numbers: 
^ 1 6 7 8 9 10 

Load Steps ^ 

28 0. , 1701E-03 -.3009E -03 -.1216E-03 -.1693E -03 .G103E-04 

29 0, . 1745E-03 -.2853E -03 1069E-03 -.1618E -03 ,5469E-04 

30 0. 1817E-03 -.3414E -03 -.5953E-04 1495E -03 4332E-04 

31 0. ,2030E-03 -.3353E -03 -.6219E-04 -.1377E -03 0. , 15B8E-04 

32 0. .2090E-C3 -.3S2gE -03 -.7G9eE-04 1317E -03 0. ,2S27E-04 

33 0. .2114E-03 -.3731E -03 -.7947E-04 -.1273E -03 0. ,2919E-04 

34 0. ,2177E-03 -.3923E -03 -.B117E-04 1044E -03 0. .3272E-04 
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Strain Gages 

Channel Numbers: 
11 12 13 14 15 

Load Steps" • 

0 0. 0 0.0 0 .0 0. 0 0. 0 

1 0. 0 0.0 - .6244E-04 0. 2614E-05 57e0E-05 

2 0. 0 0.0 - .2471E-03 ,5329E-04 0. 5324E-05 

3 0. 0 0.0 - .4151E-03 .  144aE-03 0. 1510E-04 

4 0. 0 0.0 - .5347E-03 ,2313E-03 0. 3591E-04 

5 0. 0 0.0 - .652eE-03 .3197E-03 0. 1037E-03 

6 0. 0 0.0 - .7265E-03 ,3993E-03 0. 1219E-03 

7 0. 0 0.0 ,7352E-03 - .4351E-03 0. 1159E-03 

8 0. 0 0.0 .7268E-03 .4494E-03 0. 1039E-03 

9 0. 0 0.0 - .7296E-03 - .4654E-03 0. 1044E-03 

ID 0. 0 0.0 - .7266E-03 - .4651E-03 0. 1080E-03 

11 0. 0 o.o - .7506E-03 - .4783E-03 0. 1093E-03 

12 0. 0 0.0 -.7e66E-03 - .4807E-03 0. 1064E-03 

13 0. 0 0.0 - .7918E-03 - .4991E-03 0. 9520E-04 

14 0. 0 0.0 - .8113E-03 - .519BE-03 0. 8364E-04 

IS 0. 0 0.0 - .8404E-03 - .5424E-03 0. 6016E-04 

16 0. 0 0.0 - .869SE-03 - .5600E-03 0. 4400E-04 

17 0. 0 0.0 - .9129E-03 - .5874E-03 0. ,2817E-04 

16 0. ,0 0.0 - .1050E-02 - .7108E-03 0. ,5953E-05 

19 0. ,0 0.0 - .1225E-02 - .9346E-03 . 1481E-04 

20 0. .0 0.0 - .4258E-02 - .6608E-02 .3524E-04 

21 0, .0 0.0 - .5189E-02 - .1977E-02 .5581E-04 

22 0 .0 0.0 - .2231E-02 - .1723E-02 - .7023E-04 

23 0 .0 0.0 - .2026E-02 - .1679E-02 - .BOOSE-04 

OA 0 .0 0.0 - .1966E-02 - .1665E-02 - .8567E-04 

25 0 .0 0.0 - .1952E-02 - .1666E-02 - .7463E-04 

26 0 .0 0.0 - .1877E-02 - .1616E-02 - .4138E-04 

27 0 .0 o.o - .1909E-02 - .1658E-02 - .2043E-04 
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Strain Gages 

Charge! Numbers: 
11 12 13 14 15 

Load Steps 

28 0.0 0.0 1794E-02 -.1647E-02 0.1452E-05 

29 0.0 0.0 -.1819E-02 -.16G7E-02 0.4458E-04 

30 0.0 0.0 -. 18ieE-02 -.ie98E-02 0.343SE-05 

31 0.0 0.0 1715E-02 -.1606E-02 -.1379E-04 

32 0.0 0.0 1737E-02 -.1658E-02 0.2255E-04 

33 0.0 0.0 1716E-02 -.1624E-02 0.4888E-04 

34 0.0 0.0 -.1651E-02 -.1561E-02 0.1368E-03 



Table 1, Continued. 

Strain Gages 

Channel Numbers: 
_ IS 17 18 19 20 

Load Steps 

0 0, ,0 0. 0 0. 0 0. 0 0. 0 

1 ,1065E-05 0. 934 IE-05 0. 1951E-04 - .  7260E-0G 0. 9487E-05 

2 0. ,4501E-05 6728E-05 0. 7778E-04 0. 1496e-04 0. 3804E- 04 

3 0. ,7212E-05 0. 3490E-04 0. 4593E-04 0. 5a7GE-04 0. 9414E-•04 

A 0 .9293E-05 0. 3983E-04 0. 5077E-04 0. 1 182E-03 0. 1522E-•03 

5 0 .7889E-05 0. 5823E-04 6399E-04 0. 29S7E-03 0. 2705E-•03 

€ - .2420E-05 0. 1207E-02 6934E-03 0. 1971E-03 0. 1274E-•03 

7 - .4453E-05 0. 1853E-02 - .  4448E-03 - .  1843E-03 - .  1144E-•03 

B - .2S14E-05 0. 1463E-02 0. 1534E-03 3999E-03 2715E-•03 

9 - .1558E-04 0. 1228E-02 0. 1017E-02 4893E-03 2816E-•03 

10 - .3015E-04 0. 1127E-02 0. 186GE-02 4670E-03 2754E-•03 

11 - .4356E-04 0. 1037E-02 0. 26S5E-02 4805E-03 2444E-•03 

12 - .5721E-04 0. 1041E-02 0. 3I94E-02 ,5G14E-03 2147E--03 

13 - .6321E-04 0. 1033E-02 0. ,3478E-02 ,573GE-03 1818E--03 

14 - .6578E-04 0. 9265E-03 0, 3557E-02 ,5743E-03 1447E-•03 

15 - .7100E-04 0. 9343E-03 0. ,370IE-02 ,5474E-03 1183E-•03 

16 - .7618E-04 0. 9376E-03 0. ,3814E-02 .5120E-03 .1118E--03 

17 - .8625E-04 0. ,9442E-03 0 .3957E-02 - .4699E-03 . 1050E--03 

18 - .1024E-03 0. .9453E-03 0 .4011E-02 - .40G0E-03 .7497E--04 

19 - . i1S9E-03 0, .9445E-03 0. .3853E-02 - , 3704E-03 .6452E -04 

20 - .1252E-03 0. ,935 IE-03 0 .3G35E-02 - .30G2E-03 - .3862E -04 

21 - .1362E-03 0 .9300E-03 0 .3529E-02 - .20G5E-03 0 .1379E -04 

22 - .1442E-03 0 .9248E-03 0 .3434E-02 - .7730E-04 0 .8417E -04 

23 - .1486E-03 0 .9169E-03 0 .3328E-02 0 .9070E-04 0 .1329E -03 

51 - .1529E-03 0 .9317E-03 0.3226E-02 0 .4298E-03 0 .2734E -03 

25 - .15B5E-03 0 .9199E-03 0 .3008E-02 0 .5364E-03 0 .G109E -03 

26 - .1329E-03 0 .9104E-03 0 .3205E-02 0 .3198E-03 0 .1391E -02 

27 - .1122E-03 0 .9155E-03 0 .3257E-02 0 . 1727E-03 o .1632E -02 



Table 1, Continued. 

Strain Gages 

Channel Numbers: 
16 17 18 19 20 

Load Steps 

28 

U
J CO O

 
CD CO 

-04 0, .91G7E -03 0, .3290E -02 0. .2187E -03 0, . 1803E-02 

29 .3127E -04 0, .9119E -03 0. ,3339E -02 0. .2354E -03 0. .2077E-02 

30 .1273E -04 0. .8892E -03 0. ,3439E -02 0, ,175eE -03 0. 2615E-02 

31 ,2125E -04 0. .9076E -03 0. ,3429E -02 - .  1888E -04 0. 2778E-02 

32 0. .2280E -04 0. .9572E -03 0. 8945 0. 2055E -03 0. 3273E-02 

33 0. .4845E -04 0. .9856E -03 0. .8948 0. .26ieE -03 0. ,2623E-02 

34 0. .1475E -03 0. .90g8E -03 0. ,8896 0. 1375E -03 0. .1242E-02 
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Table 1, Continued. 

Strain Gaqes 

nel Numbers ' 21 22 23 24 25 

1 Steps ^ 

0 0.0 0. 0 0 .0 0 .0 0. 0 

1 1792E-01 O. 1113E-05 0 .86G4E-05 - .843GE-04 3272E-04 

2 -.7335E-02 0. 107gE-04 - .6G12E-04 - .6186E-04 6239E-04 

3 -.9013E-02 O. 2807E-04 - . 1845E-03 0 . 1S71E-04 B277E-04 

4 0,19S6E-01 3465E-04 - .2588E-03 0 .2327E-04 ,1022E-03 

5 0.1953E-01 1510E-03 - .3221E-03 0 .2327E-04 1221E-03 

€ 0.1971E-01 3303E-03 - ,3550E-03 -.g464E-04 . 1516E-03 

7 0.1975E-01 3831E-03 - .3712E-03 - .1829E-03 , 1673E-03 

B 0.1976E-01 .4475E-03 - .3BB3E-03 .2795E-03 , 1797E-03 

9 0.1977E-01 4gB4E-03 - .4271E-03 - .3gB3E-03 . 1965E-03 

10 0.19B1E-01 5272E-03 - .4826E-03 - ;5255E-03 .2119E-03 

11 0.ig&1E-01 .5397E-03 - .5540E-03 - .63B2E-03 - .22B6E-03 

12 0.1983E-01 ,5392E-03 - .6225E-03 - .739IE-03 - .2464E-03 

13 0.1982E-01 .5240E-03 - .6804E-03 - .B101E-03 - .2616E-03 

14 0.1985E-01 .5070E-03 - .7334E-03 - .8664E-03 - .2757E-03 

IS 0.1990E-01 ,4B23E-03 -.7g07E-03 - .933 IE-03 - .2936E-03 

16 0.'1990E-01 .4680E-03 - .8266E-03 - .9626E-03 - .3058E-03 

17 0.1995E-01 .4569E-03 - .85g6E-03 - .1009E-02 - .3197E-03 

16 0.1996E-01 - .4365E-03 - .8663E-03 - .9Bg0E-03 - .3213E-03 

19 0.2000E-01 - .4137E-03 - .B799E-03 - .9754E-03 - .3181E-03 

20 0.2006E-01 - .3947E-03 - .8771E-03 - .9564E-03 - .3132E-03 

21 0.2012E-01 - .3614E-03 - .8951E-03 - .9750E-03 - .3218E-03 

22 0.2015E-01 - .3177E-03 - .9722E-03 - .1075E-02 - .3331E-03 

23 0.201GE-01 - .2S77E-03 - .9B94E-03 - .1146E-02 - .3468E-03 

54 0.2022E-01 - .1829E-03 - .9a95E-03 
• 

- .1131E-02 - .3760E-03 

25 0.2019E-01 - .8B33E-04 - .9723E-03 - .1104E-02 - .4014E-03 

26 0.2014E-01 - .2662E-04 - .305 IE-02 - .1428E-02 - .4555E-03 

27 0.2011E-01 - .4947E-04 . .3263E-02 - .1451E-02 - .4802E-03 
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Table 1, Continued. 

Chanel Numbers 

Load Steps 

28 0.2008E-01 

2B 0.2005E-01 

30 0.2010E-01 

31 0.2007E-01 

32 0.20ieE-01 

33 0.200SE-01 

34 0.195BE-01 

Strain Gages 

22 23 24 25 

,7647E -04 -.3337E -02 1462E -02 -.5113E -03 

, 1719E -03 -.3275E -02 1345E -02 -.5756E -03 

.6238E -03 -.2802E -02 -.4643E -03 -.5407E -03 

.6285E -03 -.2825E -02 -.6646E -03 U
J C
O

 C
O

 10 1 -03 

.6454E -0"3 -.30S9E -02 1091E -02 -.6959E -03 

.6557E -03 -.3214E -02 1279E -02 -.7480E -03 

.SB54E -03 U
J 0

 
0) to 1 -02 -. 1714E -02 -.8921E -03 



Table 1, Continued. 

Strain Gages 

Chanel Numbers: 
^ 26 27 28 29 30 
Load Steps 

0 0 . 0  0 . 0  0 . 0  0 . 0  0 . 0  

1 -.3470E-04 -.3190E-04 -.3277E-04 -.5387E-04 -.7807E-0-1 

2 -.ei03E-04 -.5779E-04 -.6574E-04 -.1187E-03 -.16I7E-03 

3 -.8170E-04 -.7943E-04 -.9076E-04 -.178eE-03 -.249BE-03 

4 -.1020E-03 -.1009E-03 -.1156E-03 -.2432E-03 -.3443E-03 

5 -.1232E-03 -.1223E-03 -.1319E-03 -.3289E-03 -.456aE-03 

6 -.1550E-03 -.1486E-03 -.1G83E-03 -.4439E-03 -.5B34E-03 

7 -.t7i2E-03 -.1624E-03 -.1821E-03 -.4962E-03 -.6363E-03 

8 -.1857E-03 -.1730E-03 -.1908E-03 -.5596E-03 -.ee99E-03 

9 -.2043E-03 -.1867E-03 -.2116E-03 -.6695E-03 -.7094E-03 

10 -.2197E-03 -.1985E-03 -.2385E-03 -.7381E-03 -.7595E-03 

t1 -.2394E-03 -.a088E-03 -.2568E-03 -.7615E-03 -.7576E-03 

12 -.2568E-03 -.2174E-03 -.2731E-03 -.8017E-03 -.784eE-03 

13 -.2730E-03 -.2265E-03 -.2901E-03 -.8090E-03 -.8801E-03 

14 -.2878E-03 -.2379E-03 -.3062E-03 -.8139E-03 -.9903E-03 
I  

15 -.30S9E-03 -.260SE-03 -.3481E-03 -.8342E-03 -.1243E-02 

16 -.3184E-03 -.2B72E-03 -.3801E-03 -.9289E-03 -.1509E-02 

17 -.3319E-03 -.3284E-03 -.4377E-03 -.1036E-02 .-.1768E-03 

^8 -.3358E-03 -.352SE-03 -.4575E-03 -.2S24E-02 -.47eiE-02 

,g -.3339E-03 -.3570E-03 -.4594E-03 -.a924E-02 -.1366E-02 

20 -.3317E-03 -.3864E-03 -.4794E-03 -.lOlOE-02 -.969eE-03 

21 -.3448E-03 -.3841E-03 -.53a5E-03 -.9062E-03 -.9127E-03 

22 -.3590E-03 -.4140E-03 -.6062E-03 -.8288E-03 -.8692E-03 

23 -.3760E-03 -.4500E-03 -.6S54E-03 -.74S2E-03 -.7917E-03 

OA -.4062E-03 -.5025E-03 -.76S0E-03 -.6002E-03 -.S473t-03 

25 -.4313E-03 -.1118E-02 -.1087E-02 -.2121E-03 . -^7419E-03 

26 -.4793E-03 -.18G7E-02 -.9691E-03 0.91G7E-04 -.1010E-02 

27 -.5005E-0d -.2240E-02 -.9501E-03 0.9148E-04 -.1420E-02 
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Table 1, Continued. 

Channel Numbers: 

Load Steps " 

28 -.5259E-03 

29 -.58B1E-03 

30 -.5504E-03 

31 -.6013E-03 

32 -.7134E-03 

33 -.7551E-03 

34 -.8703E-03 

Strain Gages 

27 28 29 30 

2401E -02 -.8672E -03 0. 1129E -03 -.3137E -02 

2508E -02 -.7270E -03 0. 84a5E -04 -.8701 

2451E -02 -.6499E -03 0. 7575E -04 -.8710 

2430E -02 -.6243E -03 0. 2118E -03 -.8640 

2510E -02 -.6663E -03 0. 2o31E -03 -.8748 

2553E -02 -.6481E -03 0. .3109E -03 -.2384E -01 

2927E -02 -.5217E -03 0 .4236E -03 -.5e04E -02 



Table 1, Conti nued. 
86 

£hann£l Numbers: 

Load Steps 

0. 0 
1 0. 1583E-04 
2 0. 9525E-04 
3 0. 1970E-03 
A 0. 2817E-03 
5 0. 3518E-03 
6 0. 4069E-03 
7 0. 4217E-03 
8 0. 4232E-03 

9 0. 4268E-03 

10 0. 4479E-03 

11 0. 44e5E-03 

12 0. 4507E-03 

13 0. 4413E-03 

14 0. 4384E-03 

15 0. 4677E-03 

16 0. ,4737E-03 

17 0. ,4944E-03 

18 0. 5236E-03 

19 0, .5229E-03 

20 0, .4229E-03 

21 0. ,4836E-03 

22 0, .1550E-02 

23 0. .1079E-02 

34 0. ,9904E-03 

25 0. .8929E-03 

26 0. .5394E-03 

27 0. .5290E-03 

Strain Gapes 

32 33 34 35 

0. 0 0 .0 0.0 0. .0 

6292E' -OG -. 1035E--03 -. 1393E--03 .4932E--04 

0. 3916E -04 - .2432E--03 -.2e79E--03 .2220E' -03 

0. 7217E -04 .3558E' -03 -.4086E--03 .3902E' -03 

0. 1051E -03 - .4472E -03 -.5331E -03 .5236E -03 

0. 145eE -03 -.5346E -03 -.6575E--03 ,6560E' -03 

0. 2117E -03 -.5963E -03 -.7630E -03 .7515E -03 

0. 2529E -03 -.e375E -03 -.7993E -03 .7813E -03 

0. 00
 

m
 

-03 -.e730E -03 -.8180E -03 .7975E -03 

0. 3229E -03 -.7288E -03 -.8474E -03 -.8230E -03 

0. 3631E -03 -.7713E -03 

U
J 0

 
0

) (0 C
D

 1
 -03 -

U
l 

C
O

 10 C
O

 

-03 

0. 3894E -03 -.8263E -03 -.9061E -03 -.9085E -03 

0. 403 IE -03 -.8758E -03 -.9155E -03 -.9417E -03 

0. 4008E -03 -.9315E -03 -.9347E -03 -.9730E -03 

0. 4058E -03 -.9823E -03 -.9517E -03 - .996 IE -03 

0. 4491E -03 -.1101E -02 -.1019E -02 -.1007E -02 

0.4608E -03 - . iieiE -02 1045E -02 -.1006E -02 

0. 4758E -03 -.1284E -02 -.1098E -02 -. 1002E -02 

0. 8564E -03 -.4S71E -02 -.1007E -02 -. 1057E -02 

0. 1368E -02 -.6382E -02 -.6047E -03 .1107E -02 

0. 2809E -02 - .1088E -01 -.3456E -03 -.1132E -02 

O. 2344E -02 -.365 IE -02 -.3095E -03 - . 138gE -02 

0. 9253E -03 -.2807E -02 -.3108E -03 -. 1985E -02 

0. 8397E -03 -.2e97E -02 -.3241E -03 -.1527E -02 

0. 5978E -03 - .2654E -02 -.3336E -03 -.1457E -02 

0. 5434E -03 -.2591E -02 -.3212E -03 -.1373E -02 

0. 5230E -03 -.2543E -02 -.3346E -03 -.1340E -02 

0« 5181E -03 - .2325E -02 -.3357E -03 - .1330E -02 



Table 1, Continued. 

Strain Gages 

Channel Numbers: 
31 32 33 34 35 

Load Steps 

28 0.5209E-03 0.5174E-03 -.2S25E-02 -.3406E-03 -.1331E-02 

29 0.5047E-03 0.4879E-03 -.2534E-02 -.3464E-03 -.1344E-02 

30 0.4748E-03 0.4312E-03 -.2563E-02 -.3593E-03 -,1342E-02 

3^ 0.4558E-03 0.3903E-03 -.2502E-02 -.3136E-03 -.1270E-02 

32 0.4S52E-03 0.3759E-03 -.2537E-02 -.3095E-03 -.128aE-02 

33 0.4704E-03 0.3879E-03 -.2530E-02 -.3091E-03 -.1272E-02 

34 0.47B4E-03 0.4009E-03 -.2495E-02 -.3116E-03 -.1247E-02 



Table 1, Continued. 
88 

Strain Gages 

Channel Numbers: 
—•— 36 37 38 39 40 

Load Steps ^ 

0 0.0 0. 0 0. 0 0.0 0.0 
1 1151E-03 0. 6942E-03 0. 3966E-03 0.0 0.0 

2 -.2512E-03 2875E-02 ,2875E-02 0.0 0.0 
3 -.4025E-03 2875E-02 ,2875E-02 0.0 0.0 
4 -.5390E-03 , 4 i e 4 E -02 .4164E-02 0.0 0.0 

5 -.6737E-03 ,9912E-03 ,1190E-02 0.0 0.0 

6 -.7895E-03 .2875E-02 .2875E-02 0.0 0.0 

7 -.8327E-03 . 1883E-02 .2280E-02 0.0 0.0 

B -.8644E-03 0 .9915E-03 0 .7932E-03 0.0 0.0 

9 -.9069E-03 - .9900E-04 0 .0 0.0 0.0 

10 -.9424E-03 - .3470E-02 - .3371E-02 0.0 0.0 

11 1008E-02 - .3470E-02 - .3668E-02 0.0 o.o 

12 1055E-02 - .3965E-02 - .4064E-02 0.0 0.0 

13 1090E-02 - .3172E-02 - .2677E-02 0.0 0.0 

14 -.1120E-02 - . 1685E-02 - .1685E-02 0.0 0.0 

15 -.1128E-02 - .4461E-02 - .4263E-02 0.0 o.o 

16 1127E-02 - .37S7E-02 - .3866E-02 0.0 0.0 

17 -.1128E-02 - .92206-02 - .9220E-02 0.0 .0.0 

18 1094E-02 - .66426-02 - .674fE-02 0.0 0.0 

IS 1096E-02 - .6246E-02 - .6246E-02 o.o 0.0 

20 -.9487E-03 - .a030E-02 - .8030E-02 0.0 0.0 

21 1207E-02 - .5552E-02 - .565 IE-02 0.0 0.0 

22 -.2973E-03 - .e940E-02 - .6840E-02 0.0 0.0 

23 -.2156E-03 - .4461E-02 - .4560E-02 0.0 0.0 

54 1539E-03 - .862SE-02 - .8823E-02 0.0 0.0 

25 1316E-03 - .5849E-02 - .6047E-02 0.0 0.0 

26 1465E-03 - .8922E-02 - .8922E-02 0.0 0.0 

27 1546E-03 - .6741E-02 - .6741E-02 0.0 0.0 



Table 1, Continued. 

Channel Numbers: 

Load Steps 

36 

Strain Gages 

37 38 39 -JO 

28 - .  1584E-03 -.8030E-02 -.8030E-02' 0 .0 0 .0 

29 - .3596E-04 -.7237E-02 -.7336E-02 0, .0 0, .0 

30 .4438E-04 -.8328E-02 -.8427E-02 0. .0 0, .0 

31 .8131E-05 1586E-02 1586E-02 0. ,0 0. .0 

32 .1341E-04 -.1200E-01 1200E-01 0. ,0 0. ,0 

33 .5760E-05 1160E-01 1170E-01 0. 0 0, .0 

34 0. .6098E-05 -.6543E-02 -.G543E-02 0. 0 0. .0 



Table 1, Continued. 
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Reacti ve 

inel Numbers: Load Load 
4 1 42 43 44 45 

1 Steps~~~~ 

0 0. 9 0. 0 0. 0 0.0 0.0 

1 0. 0 0. 0 0. 0 10, 37 10.01 

2 0. 0 0. 0 0. 0 20.33 20.28 

3 0. 0 0. 0 0. 0 30. G4 30.39 

4 0. 0 0. 0 0. 0 40. 19 40.31 

5 
0. 0 0. 0 0. 0 49.91 49.94 

6 
0. 0 0. 0 0. 0 60.34 60.69 

7 0. 0 0. 0 0. 0 65.44 66.05 

8 
0. 0 0. 0 0. 0 70. 18 70.60 

9 
0. 0 0. 0 0. 0 75.63 75.59 

10 
0. 0 0. 0 0. 0 80.26 80.04 

11 
0. 0 0. 0 0. 0 85.89 85.84 

12 
0. 0 0. 0 0. 0 90.51 90.70 

13 
0. 0 0. 0 o. 0 95.43 95.08 

14 
0. 0 0. 0 0. 0 100.4 100.2 

15 
0. 0 0. 0 0. 0 106. 1 106.3 

ie 0. 0 0. 0 0. 0 110.4 110. 1 

17 
0. 0 0. 0 0. 0 114.5 114.9 

18 
0. 0 0. 0 0. 0 120.3 120. 1 

19 
0. 0 0.0 0. 0 125.4 125.2 

20 
0. 0 0, .0 0. 0 130.5 130.6 

21 
0. 0 0. ,0 0. 0 135.6 135.7 

22 
0. 0 0. ,0 Q. 0 140.2 140.5 

23 
0. 0 0, .0 0, 0 144 .0 144.8 

54 • 0. 0 0 .0 0. 0 149.5 150.8 

25 
0. 0 0, ,0 0. 0 154.3 154.5 

26 .0. 0 0. ,0 0, 0 158.4 159.3 

27 0. 0 0, .0 0. .0 155.7 158.4 



Table 1, Continued. 

Qhannel Numbers: 
^ 41 42 

Load Steps ^ 

28 6.0 0.0 

29 0.0 0.0 

30 0.0 0.0 

31 0.0 0.0 

32  0 .0  0 .0  

3 3  0 . 0  0 . 0  

34 0.0 0.0 

Reacti ve 
Load Load 

43 44 45 

0.0 151.5 157.0 

0.0 137.2 150.5 

0.0 8S.48 120.7 

0.0 90.21 91.06 

0.0 91.16 91.62 

0.0 91.99 92.27 

0.0 92.05 92.90 



Table 1, Continued. 
92 

Reacti ve 
^nnel Numbers: Load 

Load Steps 
46 47 

LVDT Data 

48 49 50 

0 0.0 0. 0 0.0 0.0 0, .0 

1 0.9916 0. 2805E-01 -  . 3572E-0'1 -  .7226E -02 0. 7372E -02 

2 2.539 0. 3837E-01 -.6495E-04 -.7509E -02 0, ,5614E -02 

3 3.981 0. 4507E-01 -.1104E-03 -.8530E -02 0, .2831E -02 

4 4.643 0. 4770E-01 -.9093E-04 -  . 1632E -01 - .6298E -02 

5 5.289 0. 5147E-01 -.5878E-03 -.3688E -01 - .2036E -01 

6 6.280 0. 5546E-01 1663E-02 -.5747E -01 - .4075E -01 

7 6.821 0. 5741E-01 1984E-02 -.6650E -01 - .5020E -01 

8 7.362 0. 6075E-01 -.2263E-02 -.7723E -01 - .5993E -01 

9 7.317 0. 6129E-01 -.3065E-02 -.9228E -01 - .71 18E -01 

<0 7.512 0. 6224E-01 -.3316E-02 -.1083 - .8392E -01 

11 7.662 0. 6378E-01 -.3520E-02 -.1201 - .9605E -01 

12 8.008 0. .6488E-01 -.3754E-02 -.1363 - .  1088 

13 8.008 0. ,6676E-01 -.3910E-02 -.1488 - .  1 189 

14 8.308 0. ,6793E-01 -.4498E-02 -.1602 - .  1281 

15 8.849 0, .6949E-01 -.4407E-02 -.1747 - .  1404 

16 8.714 0 .7060E-01 -.4537E-02 -.1875 - .  1500 

17 9.375 o, .7198E-01 -.4631E-02 -.2047 - .  1613 

18 9.571 0 .7296E-01 -.4692E-02 -.2291 - .  1759 

19 9.571 0 .7453E-01 -.7105E-02 -.2561 - .  1890 

20 10.28 0 .7604E-01 -.7047E-02 -.2969 v .2120 

21 10.68 0 .7728E-01 -.7040E-02 -.3446 - .2390 

22 11 .07 0 .7853E-01 -.7027E-02 -.3986 - .2696 

23 11 .58 0 .7973E-01 -.7076E-02 -.4567 - .3033 

?4 12.32 0 .8194E-01 -.7034E-02 -.545 1 - .3531 

25 
12.29 0 .8282E-01 -.6677E-02 -.6638 - .4156 

26 12.80 0 .8398E-01 -.6673E-02 -.8303 - .5283 

27 
13.64 0 .8427E-01 -.6582E-02 -.8660 - .5678 



Table 1, Continued. 

Channel Numbers:. 

Reactive 
Load 

LVDT Data 
Channel Numbers:. 

—'— 46 47 48 49 50 

Load Steps 

28 14.84 0 .8501E-01 -.6638E-02 -.8909 -.6005 

29 20.87 0. .8899E-01 -.7040E-02 -.9281 - .6217 

30 42.47 0. . 1060 -.9609E-02 -.8997 -.5080 

31 13.25 0. .7915E-01 -.97e8E-02 -.9065 -.5539 

32 12.89 0. .7912E-01 -.1082E-01 -.9278 -.5850 

33 12.55 0. .7915E-01 1145E-01 -.9518 - .5852 

34 12.74 0. 7924E-01 -.1334E-01 - .9539 -.5852 
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Table 1, Continued. 

Channel Numbers; 

Load Steps 

0 
1 
2 
3 
4 
5 
6 
7 
B 
9 

10 
11 
12 
13 
14 
15 
16 
17 
I B  

19 
20 
2 1  
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 

51 52 

LVDT Data 

53 54 55 

0.0 0. 0  0 .0 0.7609 -. 1897 
-.8285E-02 0. 1340E-02 0.1597E-03 1.082 -. 1515 
-.1275E-01 0. 4195E-02 0 .5573E-03 1.767 -.5605E -01 
-.2019E-01 0. 7370e-02 0 .6893E-03 2.529 -.2439E -01 
-.2539E-01 0. 9748E-02 0 .6206E-03 3,100 -.4086E -01 
-.2a55E-01 0. 12Bt£-01 0 .39G3E-03 3.834 -.9467E -01 
-.3627E-01 0. 1848E-01 -.7gi2E-03 5. 195 -.3794 
-.3906E-01 0. 2062E-01 -.8930E-03 5.709 -.4040 
-.4058E-01 O .  2318E-01 -.g524E-03 6.324 -.4183 
-.4058E-01 O. 2782E-01 -.9379E-03 7.438 -.4149 
-.4354E-01 0. 3144E-01 -.8611E-03 8.303 -.3963 
-.4487E-01 0. 3410E-01 -.1158E-02 8.944 -.4677 
-.4885E-01 0. 3572E-01 -.1807E-02 9.333 -.6234 
-.5084E-01 0. 3726E-01 -.2178E-02 9.703 -.7124 
-.5280E-01 0. ,38B4E-01 -.2885E-02 10.08 -.8820 
-.555BE-01 0. ,39G9E-01 -.3287E-02 10.28 -.9786 
-.5750E-01 0. ,3969E-01 -.35B4E-02 10.28 -1.050 
-.ei18E-01 0, .396gE-01 -.3a38E-02 10.28 -1.111 
-.63B6E-01 0. .3969E-01 -.404gE-02 10.28 -1. 161 
-.7925E-01 0. .3969E-01 -.4715E-02 10.28 . 1.321 
-.7926E-01 0. .3969E-01 -.46a6E-02 10.28 • 1.314 
-.7931E-01 0. 3969E-01 -.4700E-02 10.28 1.318 
-.7934E-01 0. 3g6gE-01 -.470gE-02 10.28 -1.320 
-.7921E-01 0. ,396gE-01 -.4e57E-02 10.28 -1.307 
-.7925E-01 0. .396gE-01 -.447 IE-02 10.28 -1.263 
- .a585E-01 0. .396gE-01 -.35S5E-02 10.28 - 1 .043 
-.8580E-01 0. .3969E-01 -.3202E-02 10.28 -.9583 
-.a580E-01 0, ,396gE-01 -.3214E-02 10.28 -.9611 
-.8580E-01 0. .396gE-01 -.323aE-02 10.28 -.9668 
-.B894E-01 0 .3969E-01 -.3786E-02 10.28 -1.099 
-.G678E-01 0. .3969E-01 -.9250E-02 10.28 -2.413 
-.6678E-01 0 .3969E-01 -.1271E-01 10.28 -3.241 
-.6677E-01 0. .3969E-01 -.1407E-01 10.28 -3.570 
-.6682E-01 0 .sgegE-oi -. 1727E-01 10.28 -4.333 
-.6693E-01 0 .  .3g6gE-oi 0.22S7E-02 10.28 0 1.3518 
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