











axial deformation and drop in load carrying capacity. The test was discontinued due
to serve out-of-plane buckling in the plate above the bolt and hole.

After the completion of the test, the failed gusset plate specimen was examined. It
was observed that the specimen failed in tension due a bearing failure of the plate
material between the bolt hole in the connection. The failed plate material is shown in
Figure 4.112(c). The bolt hole in the connection had elongated by 39.2 mm due to the

bearing of the bolts under load. The final length of hole was 77.3 mm.

(@) Test setup (b) LVDT location on angle

(c) Local buckling of plate (d) Elongation of the bolt hole
Figure 4. 112 — Plate bearing failure in bolted connection — Specimen GP-12

172



The angle was assumed to deform elastically. A compatibility of specimen
deformation was preserved at the top of the gusset plate. The displacement of the top
of the angle was assumed to be approximately equal to the in-plane displacement at
the top of the gusset plate free edges. Since the angle is relatively rigid compared to

the gusset plate, this assumption appears to be valid.

During the loading of specimen, strain gauges reading were recorded through data
acquisition system. As soon as local yielding occurred in the plate and the strains
localized and began to redistribute. Figure 4.113 and Figure 4.114 show the strain

distributions from 50 kN to 300 kN. The strain gauges values are in micro strain.
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Figure 4. 113 — Strain values for (top) row 2 of specimen GP-12 at different loads
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Figure 4. 114 — Strain values for (bottom) row 1 of specimen GP-12 at different loads

When the specimen load is increased beyond 230 kN level, strain values became non-
uniform. When the strain reading at the 300 kN load are analyzed, the strain level are
generally slightly more than one and half times those recorded at the 230 kN level.
Figure 4.115 and Figure 4.116 show the strain distribution at different levels on plate
surface. The strain gauges values are in micro strain. Due to the large out-of-plane
buckling of plate, the strain value of different row did not change and reached to a

constant limit about 1600 micro strain.

It is also observed that strain value never reached yield level (1900 micro strain)
though this doesn’t mean that plate did not yield elsewhere. In fact, the plate yielded
and experienced severs plastic deformation at and near the hole. Since no strain
gauges could be installed at those locations, strain values at those locations could not

be captured.
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Figure 4. 115 - Strain vs. load for (top) row 2 of specimen GP-12
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Figure 4. 116 — Strain vs. load for (bottom) row 1 of specimen GP-12
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417 Failure Mode

It has been found that the failure occurs either in the bolt by shear or due to tearing in
the angle if the sizes of the bolt (22 mm) and angle (75 x 75 x8.3 mm) are smaller and
very similar to what is used in real construction for communication tower (See
specimen GP-01 and its repeat test). However, the failure mode changes to bearing
failure of the plate if the bolt and angle sizes are made larger (150 x 150 x 10.2 mm
for angle and 38.1 mm for bolt) irrespective of one or two bolt connections (See
specimen GP-02 to GP-12). It has also been found that the clear distance between the
top hole and top edge of the plate does not change the failure mode. However, the
gusset plate softens earlier if this distance is reduced (See specimen GP-02, GP-03,
GP-11 and GP-12).

4.18 Load Balance

The strain-load curve for each test was used for load balance. The strain values in
elastic range almost change linearly and have relationship with applied load to
specimen. So, in order to check the strain value and validity of test, an applied load in
the elastic range of each specimen was selected and compared with calculated load.
Table 4.4 shows the load balance for each specimen in elastic range. It is worth
mentioning that load balance was checked at the top row of strain gauges (first row
below the hole for one-bolt connection and first row below the bottom hole for two-
bolt connections). The estimated load (column 6 of Table 4.4) was calculated using

the following formula.

P=A-E-t (4.1)

Where;

P = Estimated load on specimen

A = Area under the strain-plate width curve for top row of strain gauge
E = Modulus of elasticity of plate material
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t = Thickness of plate

The area under the curve was determined using Simpson’s method and a typical
calculation for specimen GP-08 is shown in Figure 4.117. It should be noted that the
total width of this plate specimen is 500 mm. The detailed calculations for estimated
loads for specimens GP-04, GP-08, GP-09, GP-10, GP-11, and GP-12 are shown in
Appendix.

‘SG-31 to SG-37 for Different Loads
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Figure 4. 117 - Calculation of area under the strain distribution curve based on

Simpson’s method for Specimen GP-08

It should be noted that the load balance was calculated when the specimen is in elastic
range (global behaviour is still elastic). No attempt was made to check the load
balance in the elastic-plastic (once the specimen global behaviour became non-linear)
range because the strains localizes and thus, the load balance at a particular section of

the plate does not work. For example, for specimen GP-04, at load 170 kN, the
estimated load is 135 kN.
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Table 4. 4 — Load balance calculation for Specimen GP-01 to GP-12

Yield

Area under

Specimen | Load S e Thickness of | Selected Estimated
(KN) curve (mm) plate (mm) Load (kN) | Load (kN)
GP-01 135.0 0.0357 12.8 100 91.8
GP-02 95.0 0.0369 6.4 50 47.5
GP-03 110.0 6.4
GP-04 152.9 0.0736 6.4 100 94.7
GP-05 --- 0.0608 7.0 100 85.5
GP-06 296.7 0.1010 7.0 150 142.1
GP-07 250.0 0.0916 7.0 150 128.9
GP-08 316.6 0.1052 7.0 150 148.0
GP-09 278.0 0.1268 6.9 200 175.9
GP-10 270.0 0.1350 6.9 200 187.2
GP-11 2915 0.1319 6.9 200 182.9
GP-12 230.3 0.0726 6.5 100 94.9
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419 Effective Width Calculation

Failure in the gusset plate occurred either due to bolt shear or due to bearing of plate
above the top bolt and/or out-of-plane bending of the plate portions above the top
bolt. It is expected the shear failure in the bolt will govern for usual size bolts of this
type of gusset plate connections. However, to preclude shear failure of bolts, much
larger diameter bolts were used in this investigation. None of the specimens

experienced gross section yielding or nor net section failure.

However, for convenience in design, if the concept of effective width is used, the
following procedure can be adopted. For gusset plate with one bolt, the angle of load
dispersion and effective plate width has no physical meaning because Whitmore’s
model can not be applied. This is because many lines can be drawn through one bolt
hole. For gusset plate connection with two bolts, the angle of load dispersion and

effective plate widths were calculated as shown by the following equation.

P =w-t-f (4.1)

y y

Therefore,

w=—2 (4.2)

Where;

Py = Yield load of gusset plate connection

t = Thickness of the gusset plate

w = Effective gusset plate width

fy = Yield stress obtained from coupon test of gusset plate

The values of Py (yield load) were found from the global load-deformation plots. The

thickness of steel plate, t, was measured. Therefore, the effective gusset plate width,
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w, was calculated from above equation and also the angle of load dispersion was
determined. Table 4.5 compares the w values obtained from this study using above
equation and based on Whitmore’s model. It can be noticed that for gusset plate
connection with two bolts, the angle of dispersion is approximately one half of angle
(60 degree) as suggested by Whitmore. This is because the failure mode is not due to
yielding of plate, rather due to bearing failure of the plate.
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Table 4. 5 - Calculation of effective width for one and two bolt connection with ultimate load method - Specimen GP-01 to

GP-12
Yield ) ) Distance Angle Whitmore’s )
Yield Plate | No. Effective ) Total ; Whitmore’s
) Load ) ) from bolt | with bolt wit effective ) _
Specimen Stress (f;) | Thick. | of plate width ) angle ) ) dispersion
(Py) (MPa) mm) | Bolt (w) (mm) center axis (Deg) ratio width le (Deg.)
a mm olts | (w) (mm eg. angle (Deg.
(kN) (mm) (Deg.) (Deg.)
GP-01 135.0 12.8 1 60.0
GP-02 95.0 358.9 6.4 1 41.4 75.0 6.5
GP-03 110.0 358.9 6.4 1 47.9 20.0 7.5
GP-04 224.4 358.9 6.4 1 98.0 19.3 15.3
GP-05 364.4 7.0 1 70.0
GP-06 296.7 364.4 7.0 1 116.3 70.0 16.6
GP-07 250.0 364.4 7.0 1 98.0 70.0 14.0
GP-08 316.6 364.4 7.0 1 124.1 70.0 17.7
GP-12 278.0 362.0 6.5 1 118.1 70.0 18.2
GP-09 270.0 378.1 6.9 2 103.5 200.0 14.5 29.0 | 15.0 230.9 60.0
GP-10 291.5 378.1 6.9 2 111.7 200.0 15.6 31.2 16.2 230.9 60.0
GP-11 230.3 378.1 6.9 2 88.3 200.0 12.4 24.9 12.8 230.9 60.0
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4.20 Summary

The following items are presented as a summary of this chapter:

1. The test matrix shows details of the changes in experimental factor such as:
plate size, plate thickness, far-end boundary condition, number of bolts and
number of LVDTs. The information about bolt size and bolt grade was also
presented in this table. The plate size was varied from 350 x 300 to 850 x 500
and the thickness was also varied from 6.4 to 7.0 mm.

2. The modules of elasticity for plate with 6.4, 6.5, 6.9 and 7.0 mm thickness
was about 210, 212 and 200 GPa, respectively. The tensile strength for these
plates was 515, 500 and 520 MPa.

3. The ultimate tensile load was related to the size of the plate, bolt hole position

and plate thickness which was varied between 143.0 to 621.0 kN.

4. Specimens GP-01 to GP-08 and GP-12 were used for one bolt connection and
specimens GP-09 to GP-11 were used for two bolt connections. The far-end

boundary condition for different test were either fixed or hinged.

5. The amount of strain during the test was determined by installing strain
gauges on plate surface in different rows. One of the rows was near the bolt

hole and the others indicated the strain variation on plate surface.

6. In all the specimens, the plate remained in the elastic range until the yield load
and after which plastic deformation began to occur. The elongation of the hole
indicated that the plastic deformation continued until ultimate rupture and

tearing occurred.
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7. The displacements were recorded by the LVDTs attached to the plate surface
or angle. The deformation of the gusset plate, the angle and the slip in the

angle to gusset plate connection were recorded as total displacement.

8. During the loading of the specimen, strain gauges reading were recorded
through data acquisition system. As soon as local yielding occurred in the

plate and the stresses began to redistribute and the strains were localized.

9. For gusset plate with one bolt, the angle of load dispersion and effective plate
width has no physical meaning because Whitmore’s model can not be applied.
This is because many lines can be drawn through one bolt hole. For gusset
plate connection with two bolts, the angle of load dispersion and effective

plate widths were calculated as shown by the equation.
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5. FINITE ELEMENT ANALYSIS AND VALIDATION

5.1 Introduction

In this chapter, a numerical investigation of the behaviour of gusset plate connected to
a splice member with one or two bolt performed using the finite element program
ABAQUS (2004), version 6.6 is described and the results of the investigation is
presented. The investigation comprised of two phases. In the first phase, finite
element models were developed predict the behaviour of gusset plate connection
under monotonic tension loading with one bolt. In this phase, the models were
validated with data from experimental investigations which performed for gusset
plate under monotonic tension loading. In second phase of the investigation, the finite
element models expanded to include the two bolt connection and the validation of

finite element model was conducted.

This chapter focuses on the development of the finite element models used in the first
phase of the investigation. The validation of these models will be presented and
discussed in the second phase. The basic steps involved in the first phase of the

investigation were as follows:

(1) A linear elastic mesh study of a gusset plate connection was preformed to
determine the level of mesh refinement required to ensure convergence.

(2) Inelastic behaviour was incorporated in the gusset plate connection model
from step (1) and the models were loaded monotonically in tension well
beyond first yield. In this step, the effects of mesh refinement, material strain

hardening, contact and bolt model were studied.

The results of finite element analysis were validated by comparing to the test result

from monotonic tension loading for one and two bolt connection. The amounts of
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displacement were measured in the tests and the variation of axial load vs.
displacement behaviour is used as a basis for comparison. The numerical models are

validated by comparison with the experimental results.

5.2 Linear Elastic Mesh Study

The main purpose of the linear elastic mesh study was to determine the level of mesh
refinement required to ensure convergence. In this step, four different finite element
meshes were used to model the experimental specimen result (see Figure 5.1). For
each mesh, the ABAQUS solid element with 8-node and incompatible mode (C3D8I)
was used to model the gusset plate and angle which is splice to gusset plate with
bolts. Since the bolt did not deform or shear, it was modeled as analytical rigid,
connecting the holes in gusset plate and angle that corresponded with the bolt
locations. Linear elastic material properties were assigned to all gusset plate and
angle elements. The modulus of elasticity used in the linear elastic material was
201,000 MPa, based on results obtained from the coupon test. The rotational and
translational degrees of freedom at the nodes along the connected edge of gusset plate
and angle were applied based on the different condition of experiment. The load was
applied through the reference node 115 mm away from angle surface and is retrained
with the surface of angle. This reference node is also used for applying the desired
displacement to model. Figure 5.2 shows a typical gusset plate model used for the
linear elastic mesh study. The finite element model of angle member is also shown in
Figure 5.3. Figure 5.4 and 6.5 shows the complete model of angle and gusset plate

connection with one bolt and two bolts, respectively.
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(@) Mesh 1 (b) Mesh 2
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(c) Mesh 3 (d) Mesh 4

Figure 5. 1 - Gusset plate meshes used for linear elastic mesh study
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Figure 5. 2 - ABAQUS gusset plate connection model with one bolt connection

2

A

3 1

Figure 5. 3 — ABAQUS splice member (angle) model with one bolt connection
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X RP

Figure 5. 4 — ABAQUS complete model of gusset plate and angle connection with

one bolt connection
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Figure 5. 5 — ABAQUS complete model of gusset plate and angle connection with

two bolt connection

A mesh study was conducted using linear elastic model to investigate the stress
distribution in a gusset plate and to determine the level of mesh refinement that would
be required for modeling the gusset plate connection under monotonic loading. For
the linear elastic mesh study, a predetermined load in elastic range was applied to
each model. Axial displacement and VVon Mises stress output at the element below the
hole was compared for the various meshes. Axial displacement output was used
primarily, however, in selecting the sufficient level of mesh refinement.
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Four different meshes with the number of solid elements ranging from 394 to 1071

were investigated. Table 5.1 and Figure 5.6 compare axial displacement, U (in-plane),

and Von Mises stress, VM (max), for four levels of mesh refinement. The axial

displacement was illustrated to converge to a constant value as the level of mesh

refinement is increased. The third finest mesh (Mesh 3 in Figure 5.1(c)) appears to be

adequate for predicting displacements in the elastic range. Refinement beyond this

point appears to have little effect on axial displacement.

Table 5. 1- Linear elastic mesh study — summary of results

In-Plane
Finite Element Number of Von Mises )
Mesh Number Displacement
Model Elements Stress (MPa)
(mm)

MS1 Mesh 1 394 4963.12 51.29

MS2 Mesh 2 598 5463.00 51.92

MS3 Mesh 3 916 5735.84 53.28

MS4 Mesh 4 1071 5758.52 53.39
Note: VM = Von Mises stress value

U (in-plane) = in-plane displacement

Mesh numbers correspond to gusset plate meshes shown in Figure 5.1
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Figure 5. 6 — Linear elastic mesh study — Summary of results.

The Von Mises stress contour plots for each level of mesh refinement, shown in
Figure 5.7 and 5.8, indicate that the highest stresses and maximum stress gradients
occurs near the last rows of bolt in case of two bolt and near the bolt hole in case of

one bolt, respectively.

In Table 5.1 (or Figure 5.6), Von Mises stress can be seen to be increasing as the
mesh is refined. In Figure 5.7 and 5.8, it is apparent that the Von Mises stresses away
from the bolts are converging. Since analytical rigid were used to model the bolt(s), it
was felt that a precise value of Von Mises stress (determined using this bolt model)
would not be a value that could be related directly to the stress in actual connection.
Since it was the general load versus displacement behaviour of the gusset plate that
was of most interest in this study, several attempts was made to refine the mesh to
achieve convergence of VVon Mises stress.
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Figure 5. 7 — Von Mises stress contour plots from linear elastic mesh study for one

bolt connection.

192



85, Mipem
(Aveg: T5%)

+
+
+
+
+
+
+
+
+
+
+
+
+

Applying 35 mm Dieplacement to Angle
Bpplying 35 mm Dieplacement to Angle ;
CoDB: M¥3_Dec_z5.odb BERQUE/STRNDARD Vereion 6. = e ABRQUS/2TANDARD Vereion 6.6-1

(@) —Mesh 1 (b) — Mesh 2

5, Mieee
(Bwver:

2
Applying 235 mm Dieplacement to Angle Z Bpplying 35 mm Dieplacement to Angle
‘ ODB:” M¥7_Dec_25.odb ABRQUS/STANDARD Vereion 6.t | ODE:” M28_Dec_25.odb ABAQUS/STANDARD Vereion 6.6-1

(c) —Mesh 3 (d) — Mesh 4
Figure 5. 8 — Von Mises stress contour plots from linear elastic mesh study for two

bolt connection.

193



5.3 Inelastic Analysis

For this portion of the analysis, nonlinear material behaviour was considered so that
the behaviour of the gusset plate was investigated beyond the elastic range. Isotropic
strain hardening materials model was developed based on the results from tension
coupon tests. True stress versus plastic strain material properties used in ABAQUS
(See Figure 5.9(a) and 5.9(b)).

In order to investigate the behaviour of the gusset plate connection loaded
monotonically in tension up to and beyond yield, the models developed for the linear
elastic mesh study were modified to incorporate nonlinear material behaviour. At this
level, the effects of mesh refinement, material strain hardening, analytical rigid (bolt)

and contact surface on model were studied.

ABAQUS models that were constructed to study the behaviour of gusset plate
connections loaded monotonically in tension were designated MT1 to MT28.
Descriptions of these models can be found in Table 5.2. This resulted in four levels of
mesh refinement and different size of plate. The strain hardening model was
performed for plastic behaviour of material property. The boundary and loading

conditions were the same as those described in the test matrix section.
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(b) — Typical true stress versus true strain for plate used in ABAQUS

Figure 5. 9 — Material properties for finite element models
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Table 5. 2 — Summary of finite element models for different size of plate with one

and two bolt connection

Test No. | Model Specimen Mesh Material Shape Note
Model
(a) Linear Elastic Mesh Study Models
MS1 | PL_720 500 1 1 elastic Rectangular
one MS2 | PL_720 500 2 2 elastic Rectangular
Coni:::ttion MS3 | PL_720 500 3 3 elastic Rectangular
MS4 | PL_720 500 4 4 elastic Rectangular
Two MS5 | PL_640 500 1 1 elastic Rectangular
Bolt MS6 | PL_640 500 2 2 elastic Rectangular
Connection MS7 | PL_640 500 3 3 elastic Rectangular
MS8 | PL_640 500 4 4 elastic Rectangular
(b) Monotonic Tension Loading Models
MT1 | PL_710 305 1 1 strain hardening | Rectangular
Test #4 MT2 | PL_710 305 2 2 strain hardening | Rectangular
(One Bolt) | MT3 | PL_710 305 3 3 strain hardening | Rectangular
MT4 | PL_710 305 4 4 strain hardening | Rectangular
MT5 PL_720 500 1 1 strain hardening | Rectangular
Test #7 MT6 | PL_720 500 2 2 strain hardening | Rectangular
(One Bolt) | MT7 | PL_720 500 3 3 strain hardening | Rectangular
MT8 | PL_720_500 4 4 strain hardening | Rectangular
MT9 | PL_585 500 1 1 strain hardening | Rectangular
Test #8 MT10 | PL_585 500 2 2 strain hardening | Rectangular
(One bolt) | MT11 | PL_585 500 3 3 strain hardening | Rectangular
MT12 | PL_585 500 4 4 strain hardening | Rectangular
MT13 | PL_640 500 1 1 strain hardening | Rectangular
Test #9 MT14 | PL_640 500 2 2 strain hardening | Rectangular
(Two bolt) | MT15 | PL_640 500 3 3 strain hardening | Rectangular
MT16 | PL_640 500 4 4 strain hardening | Rectangular
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Table 5.2 — Summary of finite element models for different size of plate with one and

two bolt connection (continued)

Test No. | Model Specimen Mesh Material Shape Note
Model
(b) Monotonic Tension Loading Models
MT17 | PL_620 500 1 1 strain hardening | Rectangular
Test #10 MT18 | PL_620 500 2 2 strain hardening | Rectangular
(Two bolt) | MT19 | PL_620 500 3 3 strain hardening | Rectangular
MT20 | PL_620 500 4 4 strain hardening | Rectangular
MT21 | PL_635 500 1 1 strain hardening | Rectangular
Test #11 MT22 | PL_635 500 2 2 strain hardening | Rectangular
(Two Bolt) | MT23 | PL_635 500 3 3 strain hardening | Rectangular
MT24 | PL_635 500 4 4 strain hardening | Rectangular
MT25 | PL_490 200 1 1 strain hardening | Rectangular
Test #12 MT26 | PL_490 200 2 2 strain hardening | Rectangular
(One Bolt) | MT27 | PL_490 200 3 3 strain hardening | Rectangular
MT28 | PL_490 200 4 4 strain hardening | Rectangular

Subsequent to the investigation of mesh refinement, the third finest mesh (Mesh 3 in

Figure 5.1) was adopted and modified to evaluate the effects of fixed or pinned far

end and bolt

model.

The effect of friction between angle and plate surface was simulated by surface-to-

surface contact. This surface-to-surface contact could carry out the load through angle

to plate and is affected on the area below and top of the hole in plate. To study the

effect of the bolt on plate and angle the tie contact was developed between the outer

peripheral surface of bolt and inner peripheral surface of holes in plate and angle,

respectively. Figure 5.10 and 5.11 shows the different contact and far-end boundary

condition for one and two bolt connection, respectively.
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Figure 5. 10 - ABAQUS gusset plate with one bolt connection model including

contact and far-end boundary condition
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Figure 5. 11 - ABAQUS gusset plate with two bolt connection model including

contact and far-end boundary condition.

Figure 5.12 to 5.18 shows the deformed configuration of seven gusset plate models
loaded monotonically in tension. As can be seen in these figures, most of the element
distortion is occurring in the elements just beyond the bolt in one bolt connection and
it was occurred in last row of bolts in two bolt connection of gusset plate. The upper
surface of the plate has out-of-plane buckling during the loading. This was also

indicated in finite element model and has a good agreement with test condition.
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The tearing of the plate occurred in several test and it was determined that the
location of the bolt from plate edge affected the tearing but the bearing of the plate

near the bolt hole was observed in all tests.
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Figure 5. 12 — Deformed configuration of gusset plate model with one bolt connection
(MT-3) loaded monotonically in tension (Model of Test #4)
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(a) Finite element model of Test #7 (b) Deformed specimen Test #7

Figure 5. 13 — Deformed configuration of gusset plate model with one bolt connection
(MT-7) loaded monotonically in tension (Model of Test #7)
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Figure 5. 14 — Deformed configuration of gusset plate model with one bolt connection
(MT-11) loaded monotonically in tension (Model of Test #8)
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Figure 5. 15 — Deformed configuration of gusset plate model with one bolt connection
(MT-27) loaded monotonically in tension (Model of Test #12)

203



, Magnitude
+7.270e+01
+i.A65e+01
+§,05%e+01
+5,453e+01
+4,847e+01
+4,24le+0l1
+3.635e+01
+3.02%e+01
+2.423e+01
+1l.8l8e+01
+l.2l2e+0l
+6.059e+00
+0.000e+00

i Bpplying 35 mm Dieplacement to

Bngle
| ODE: MT1S_Cct_l7.odb BBRQUS/STANDARD Verei

(a) Finite element model of Test #9 (b) Deformed specimen Test #9

Figure 5. 16 — Deformed configuration of gusset plate model with two bolt

connection (MT-15) loaded monotonically in tension (Model of Test #9)
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Figure 5. 17 — Deformed configuration of gusset plate model with two bolt
connection (MT-19) loaded monotonically in tension (Model of Test #10)
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(a) Finite element model of Test #11 (b) Deformed specimen Test #11

Figure 5. 18 — Deformed configuration of gusset plate model with two bolt

connection (MT-23) loaded monotonically in tension (Model of Test #11)

For the levels of mesh refinement investigated, the effect of mesh refinement on
monotonic tension load-displacement behaviour appears to have some difference and
then begin to converge. Figure 5.19 shows that as the mesh are refined, the ultimate
tensile capacity of the model decrease slightly. The difference between subsequent
refinements appears to diminish as the mesh is refined. The third finest mesh (Mesh 3

in Figure 5.2(c)) was selected for the remaining monotonic tension analysis.
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Figure 5. 19 — Effect of mesh refinement for plate 710 x 305 x 6.4 mm with one bolt

connection (GP-04)

In studying the effects of mesh refinement along with detailed, surface-to-surface

contact, tie contact and analytical rigid (bolt) with inelastic material properties were

constructed. In Figures 5.20 to 5.25, the models that used the isotropic strain

hardening material for different size of plate are shown. There is a good convergence

in mesh refinement in all finite element models.
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Figure 5. 20 — Effect of mesh refinement for plate 720 x 500 x 7.0 mm with one bolt

connection (GP-07)
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Figure 5. 21 — Effect of mesh refinement for plate 590 x 500 x 7.0 mm with one bolt
connection (GP-08)
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Figure 5. 22 — Effect of mesh refinement for plate 490 x 200 x 6.5 mm with one bolt
connection (GP-12)
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Figure 5. 23 — Effect of mesh refinement for plate 640 x 500 x 6.9 mm with two bolt
connections (GP-09)
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Figure 5. 24 — Effect of mesh refinement for plate 620 x 500 x 6.9 mm with two bolt
connections (GP-10)
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Figure 5. 25 — Effect of mesh refinement for plate 635 x 500 x 6.9 mm with two bolt
connections (GP-11)

Table 5.3 compares ultimate loads obtained from the monotonic tension loading
analysis using finite element analysis with ultimate tensile loads obtained from the

tests. The ratio of finite element analysis to test load value is varied from 1.02 to 1.37.

This ratio has some discrepancy in specimens GP-07 and GP-08 due to the
imperfection of simulation. The specimen GP-07 had a failure at the bottom of the
plate since the weld ruptured at the far-end and made some rotation in specimen
during the test which did not simulate in finite element model. The specimen GP-08

had also a tearing in the left side of the bolt hole during the test condition which did
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not simulate in finite element model. However, it seems that there is a good
agreement between the result of finite element model and test results for other

specimens.

Table 5. 3 — Comparisons of finite element analysis with test results

Test FEA FEA/
Test Plate Size (mm) | Measured FE Mesh : Ultimate | Test
: _ Material Model :
Specimen | (No of bolts) Capacity | Model | No. Capacity | Load
(kN) (kN) Ratio
710 x 305 x 6.4 isotropic strain
GP-04 323.2 MT3 3 ) 344.4 1.06
(1) hardening
720x500x 7.0 isotropic strain
GP-07 349.5 MT7 3 ) 477.3 1.37
1) hardening
590 x 500 x 7.0 isotropic strain
GP-08 422.6 MT11 3 ] 507.9 1.20
(1) hardening
490 x 200 x 6.5 isotropic strain
GP-12 304.7 MT27 3 . 310.7 1.02
1) hardening
640 x 500 x 6.9 isotropic strain
GP-09 549.3 MT15 3 ) 545.9 0.99
(2) hardening
620 x 500 x 6.9 isotropic strain
GP-10 612.4 MT19 3 . 623.0 1.02
(2) hardening
635 x 500 x 6.9 isotropic strain
GP-11 566.0 MT23 3 . 611.4 1.08
(2) hardening
Note: Mesh numbers correspond to gusset plate meshes shown in Figure 5.1.

In this investigation, no attempt was made to model the tearing of the gusset plate
observed in the specimens tested. Again, although this may account for some of the
difference, it is believed tearing only occurred in the later stages of the tests, after the

ultimate capacity of the gusset plate was reached.
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Figures 5.26 to 5.32 show the comparison of axial load versus displacement plots for
finite element models with strain hardening model and load versus deformation plot
which is obtained from different test. In these figures, it has seen that the curves have
a good agreement in elastic range. Due to the local buckling, bolt slip and contact

between the surfaces, there is some discrepancy between the graphs in plastic area.
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Figure 5. 26 - Comparison with test results of specimen GP-04 (plate 710 x 305 x 6.4

mm) and finite element model with one bolt connection
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Figure 5. 27 - Comparison with test results of specimen GP-07 (plate 720 x 500 x 7.0

mm) and finite element model with one bolt connection
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Figure 5. 28 - Comparison with test results of specimen GP-08 (plate 590 x 500 x 7.0

mm) and finite element model with one bolt connection
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Figure 5. 29 - Comparison with test results of specimen GP-12 (plate 490 x 200 x 6.5

mm) and finite element model with one bolt connection

600 -
500 -
400
P
3
®
o 300
—
<
x
< 200 - —=— MT15 (FEA)
—<Test #9
100
0 T T T T T T 1
0 5 10 15 20 25 30 35

Axial Displacement (mm)

Figure 5. 30 - Comparison with test results of specimen GP-09 (plate 640 x 500 x 6.9

mm) and finite element model with two bolt connections
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Figure 5. 31 - Comparison with test results of specimen GP-10 (plate 620 x 500 x 6.9

mm) and finite element model with two bolt connections
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Figure 5. 32 - Comparison with test results of specimen GP-11 (plate 635 x 500 x 6.9

mm) and finite element model with two bolt connections
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5.4 Summary

The following items are presented as a summary of this chapter:

1. A linear elastic mesh study of a gusset plate connection was preformed to
determine the level of mesh refinement required to ensure convergence.
The main purpose of the linear elastic mesh study was to determine the

level of mesh refinement required to ensure convergence.

2. The ABAQUS solid element with 8-node and incompatible mode (C3D8I)
was used to model the gusset plate and angle which is splice to gusset
plate with bolts. The bolts were modeled as analytical rigid, connecting
the holes in gusset plate and angle that corresponded with the bolt
locations. Linear elastic material properties were assigned to all gusset
plate and angle elements.

3. Inelastic behaviour was incorporated in the gusset plate connection model
from linear elastic mesh study and the models were loaded monotonically
in tension well beyond first yield. Isotropic strain hardening materials
model was developed based on the results from tension coupon tests

4. The results of finite element analysis were validated by comparing to the
test result from monotonic tension loading for one and two bolt
connection. The amounts of displacement were measured in the tests and
the variation of axial load vs. displacement behaviour is used as a basis for

comparison.

5. The effect of friction between angle and plate surface was simulated by
surface-to-surface contact. This surface-to-surface contact could carry out
the load through angle to plate and is affected on the area below and top of

the hole in plate. To study the effect of the bolt on plate and angle the tie

219



10.

11.

contact was developed between the outer area of bolt and inner area of

holes in plate and angle, respectively.

A mesh study was conducted using linear elastic model to investigate the
stress distribution in a gusset plate and to determine the level of mesh
refinement that would be required for modeling the gusset plate

connection under monotonic loading.

For the linear elastic mesh study, a predetermined load was applied to
each model. Axial displacement and Von Mises stress output was
compared for the various meshes. Axial displacement output was used

primarily, however, in selecting the sufficient level of mesh refinement.

From the finite element analysis, it was found that most of the element
distortion is occurring in the elements just around the bolt in one bolt
connection and it was occurred in last row of bolts in two bolt connection
of gusset plate. The upper surface of the plate has out-of-plane buckling

during the loading.

In studying the effects of mesh refinement, surface-to-surface contact, tie
contact and analytical rigid (bolt) with inelastic material properties were
constructed. There is good convergence in mesh refinement in all finite

element models.
Comparison of ultimate loads from the monotonic tension loading analysis
with ultimate tensile loads from the test which was done. The ratio of

finite element analysis to test load value is varied from 1.02 to 1.3.

Axial load versus displacement plots for finite element models with strain

hardening model and load versus displacement of test are compared. It
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seems that there is a good agreement between the result of finite element
model and test results.
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6.1

6. CONCLUSIONS AND RECOMMENDATIONS

Introduction

In this chapter, conclusions and recommendations are presented, based on the results

of the experimental and numerical investigation in Chapter 4 and 5.

6.2 Conclusions

In the first phase of this investigation, test specimens of gusset plate connections with

one bolt and two bolts were made and tested.

Eight specimens were built with one bolt and three specimens were built with
two Dbolts. The results of these tests provided strain distributions and global
load-deformation behaviours. The load-deformation curves were also used to
determine the ultimate capacity of the gusset plate connections and to validate

finite element models.

The effective width for two bolts connections were calculated based on yield
load of the gusset plate. The comparison of this method shows that the
effective width varies from 88.3 mm to 111.7 mm for two-bolt connections.

The angle of load dispersion and effective width have no significance for one-
bolt connection because a large number of references line for measuring the
load dispersion angle, can be drown through one bolt hole. The total angle of
load dispersion for two-bolt connections varies from 25 degree to 31 degree.
This angle is approximately one half of angle (60 degree) as suggested by
Whitmore.
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In the second phase of this investigation, finite element models were developed and
validated using test results of one bolt and two bolts specimens. The finite element

models can be used for further study and detailed parametric study.

6.3 Recommendations

The following recommendations can be made based on the results of this

investigation:

e More tests need to be undertaken for various thicknesses of plate, bolt
diameters, and angle dimensions. For gusset plate connection with two bolts,

the plate width needs to be varied as well.

e A detailed parametric study needs to be undertaken to investigate the effect of
various parameters such as (i) number of bolts: one and two, (ii) bolt diameter,
(iii) angle dimensions, (iv) far-end boundary condition: pinned and fixed, (V)
material strength, (vi) plate width, and (vii) plate thickness on the effective
width.
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APPENDIX - DETAILS OF LOAD BALANCE CALCULATIONS

The area under the strain distribution curve was found out using Simpson’s method.
The calculation was performed in elastic range. The detailed calculations for
estimated loads for specimens GP-04, GP-08, GP-12 with one bolt connection are
shown in Figure A.1 to A.3. Figure A.4 to A.6 shows the detailed calculation of
specimen GP-09, GP-10 and GP-11 with two bolt connection.
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Figure A. 1 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-04
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Figure A. 2 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-08
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Figure A. 3 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-12
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Micro Strain
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Figure A. 4 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-09
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Figure A. 5 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-10
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Figure A. 6 - Calculation of area under the strain-load curve based on Simpson’s

method for Specimen GP-11

231




VITA AUCTORIS

NAME: Hassan Abbasi

PLACE OF BIRTH: Tehran, Iran

EDUCATION: Islamic Azad University, Tehran, Iran

1988-1992, B.Sc., Civil Engineering

Islamic Azad University, Tehran, Iran

1993-1995, M.A.Sc., Civil Engineering (Hydraulic Structure)

University of Windsor, Windsor, Ontario, Canada

2007-2009, M.A.Sc., Civil Engineering (Structure)

232



