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assigned a zero stiffness and the overall material properties are modified accordingly.
Cracks may occur in three orthogonal directions. For post-processing convenience,
ANSYS plots the sequence of cracks at an integration point by colors: red (first), green
(second), and blue (third). The cracks are plotted as a circle oriented on the plane of the
crack. If a crack opens and then closes, it is plotted as a circle with an ‘X’ through it.

Much of the cracking predicted by the software was isolated to the center of the
panel beneath the applied load. Cracking initiated along the underside of the panel where
the bending moment and hence greatest tensile stresses were highest. As the load
increased shear cracks started to propagate in a conical fashion away from the applied
load. The boundary conditions included some degree of fixity at the girder supports and
therefore a small negative moment region was induced. At approximately 95% of the
applied load the negative moment region produced tensile cracks along the top of the
deck. Finally, at 657 kN (148 %) a complete failure surface was encountered through the

depth of the deck and failure was reached (Figure 48 and Figure 49).

a) b)

Figure 48. Punching shear failure comparison: a) experimental panel and b) FEM panel.
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Figure 49. Cracking sequence of continuous panel model (profile on left, plan on right).
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Figure 50. Load-deflection plot for panel punching shear.

Failure of the deck can be verified by examining a load-deflection plot. Figure 50
shows such a plot for a node that lies directly beneath the applied load. It can be seen
that at a certain point the deflection increases with a zero slope (i.e. zero stiffness). This
point coincides with the assumed ultimate load. The ultimate load predicted by the
continuous panel FEM was 8.3% lower than the average measured ultimate load.

The transverse joint model behaved considerably different than the continuous
panel model. There was much less concrete cracking throughout the failure sequence
(Figure 51). A much smaller failure surface throughout the depth of the deck was
reached at a much smaller load, 372 kN (83.6k), which is 4.1% smaller than the average
measured ultimate load. The failure surface was more cylindrical than conical. There
was also much de-bonding of the contact and target elements connecting the grouted key
to the concrete. The de-bonding was predicted towards the bottom portion of the joint.

This can be seen by plotting the deformed shape of the FEM (Figure 52).
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a) 194 kN (43.65)

b) 283 kN (63.65)

¢) 372 kN (83.65)

Figure 51. Cracking Sequence of transverse joint panel model.
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Figure 52

a) b)

. De-bonding of transverse joint comparison: a) experimental and b) FEM.
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Figure 53. Punching shear capacity comparison.



105
Both the continuous panel and transverse joint FEMs produced results consistent
with that of experimental findings (Figure 53). Results from finite element analysis on
the transverse joint model yielded an ultimate punching shear capacity that was 43%
lower than the continuous panel model. This compared very well to the 46% difference

in ultimate punching shear capacities witnessed in the laboratory.
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CHAPTER V

CONCLUSIONS

Full-scale bridge destructive testing is incredibly rare. Aside from requiring
funding and proper laboratory settings, the supply of in-tact, full-scale specimens is
extraordinary. Accordingly, the results from said testing are invaluable. Two full-scale
bridge specimens consisting of steel girders and precast deck panels were subjected to
three failure tests. The investigated failure modes were flexural, beam shear, and
punching shear. The bridge failures were replicated using ANSYS software.

A flexural failure was obtained in the laboratory by applying a point load to the
bridge specimen with a hydraulic ram. Recorded changes in strains on the girders
indicated that the elastic N.A. did not coincide with the theoretical N.A., which suggested
that the girders and deck were not acting completely composite. The primary failure
mechanism was concrete splitting due to insufficient development length of longitudinal
reinforcement. Subsequent analysis yielded an approximate compressive stress in the
concrete at the initiation of the splitting failure. A FEM was constructed using solid
elements for the deck and shell elements for the girders. The deck was modeled as a
monolithic feature rather than individual panels. An elastic- plastic material model was
implemented for concrete with a yield stress equal to the approximate concrete
compressive stress upon initiation of the splitting failure. The girders were connected to
the deck by contact elements that transferred 50% of the shear flow between them. The
deflection comparison between the experimental and analytical models showed great

correlation. The FEM predicted an ultimate load which was lower than the experimental
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ultimate load by 3.4%. In the experimental and analytical model, the unloaded girder
carried a maximum of -1.6% and -3.2 % of the applied load (uplift), respectively. The
average of the calculated maximum moments for the two experimental tests was lower
than the FEM approximated moment by 0.2%.

A beam shear failure was obtained in the laboratory by applying a point load with
a hydraulic ram near a reaction. Strain gages mounted on the girder web recorded the
first yield at a load level that was extremely close to the ultimate sustained load. At this
load level, the web began to buckle. A post-tension buckling strut formed and grew in
out-of-plane deflection for the remainder of the test. A FEM was conducted using the
same modeling criteria as the flexural model (solid elements for the concrete deck and
shell elements for the girders). The only difference between the models was a mesh
refinement in the area near the applied load. To predict the failure mode witnessed in the
laboratory, it was necessary to conduct a nonlinear buckling analysis. For this type of
analysis, the program incrementally applied load until the model became unstable, which
was determined to be a buckling failure. The buckling load predicted by the FEM was
5.3% greater than measured in the experimental model. Furthermore, the ultimate
reaction force nearest the applied load (i.e. the approximate shear force on the cross
section) predicted by the FEM was 4.6% greater than the experimentally measured shear
force at buckling failure. Also, the load-deflection curves for both the experimental and
analytical models show good agreement up to the buckling failure.

The last failure mode investigated in the laboratory was punching shear of the

deck panels. In all, four punching shear tests were conducted. For two of the tests, point
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loads were applied near the middle of a deck panel and approximately mid-way between
the girders. For the other two tests, point loads were applied directly above a transverse
joint between two panels and approximately mid-way between the girders. The two types
of tests produced different failures. For the continuous panel test, the predicted failure
surface was conical in shape and radiated outward from the applied load. For the
transverse joint model, the failure surface was very isolated near the applied load. There
was less concrete cracking compared to the continuous panel model. There was also de-
bonding of the grout/concrete interface along the transverse joint. There was an average
46% difference in the measured ultimate punching shear capacities between the two types
of tests, with the transverse joint tests yielding the lower capacities. Two FEMs were
created and analyzed: one with loading at the center of the deck panel and one with
loading at the transverse joint of the panel. The models consisted of solid elements with
a brittle concrete material model, which predicts cracking and crack propagation.
Reinforcement was modeled as smeared membrane elements layered within the solid
elements. The concrete-grout bond was modeled with a cohesive zone material which
fails upon a user-specified tensile stress. The shear key was modeled with simple link
elements. The continuous panel FEM predicted an ultimate shear capacity which was
8.3% lower than the average measured shear capacity. The transverse joint FEM
predicted an ultimate shear capacity which was 4.1% lower than the average measured
shear capacity. The punching shear FEMs predicted a 43% difference in punching shear
capacities, with the transverse joint model yielding the lower capacity. Also, the failures

predicted in the FEMs closely resemble those observed in the laboratory. For the
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continuous panel model, a conical failure surface was formed through the depth of the
deck surrounding the applied load. For the transverse joint model, there was
comparatively less cracking, and the cracking was more isolated near the applied load.
The FEM also predicted de-bonding of the grout/concrete along the transverse joint. All
of these predicted failures agree with experimental observations.

The final objective of this research was to examine changes in dynamic behavior
throughout flexural yield and failure. This was done by incrementally applying point
loads and conducting modal analysis between each load increment. Velocity transducers
were mounted to the bridge deck and a forced excitation was provided by a vertical
shaking device. The signals were processed and the frequency response spectrum was
analyzed. Three natural frequencies and corresponding mode shapes were monitored for
each dynamic test. It was found that progressive yield of the girders corresponded to a
slight increase in natural frequencies. The first recorded yield of the system resulted in
an average increase in the three monitored natural frequencies of 1.3%. The next two
load increments also resulted in increases in natural frequencies, although to a lesser
extent. In other words, the system became stiffer as the degree of flexural yield was
increased. At one load increment, a horizontal crack developed in the concrete deck
which followed the top layer of reinforcement. This produced a decrease in average
natural frequencies of 1.0%. Deck damage was increased during the next two load
increments which resulted in decreases in average natural frequencies of 1.3 and 5.8%,
respectively. Fifteen dynamic tests were conducted total, and there was an overall

decrease in average natural frequencies of 5.4%. It is also expected that temperature
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effects were a factor among all natural frequencies recorded as the testing was performed

over a two day time period.
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