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1. RESEARCH BACKGROUND

Bridges have been impacted by over-height trucks, which causes damage and service
interruption of bridges. The application of intermediate diaphragms in concrete girders
may improve impact resistance and thus survivability of bridges. However, there is only
a limited study in the literature to address the effect of intermediate diaphragms to impact
damage protection of bridge girders, and the role of intermediate diaphragms in
improving the impact resistance is not well defined. There is an immediate need to
evaluate the effect of intermediate diaphragms in providing impact damage protection to
the bridge girders.

A great number of prestressed concrete bridge girders in the U.S. have been damaged
by the impacts of over-height trucks (Shanafelt and Horn, 1980). The reinforced concrete
intermediate diaphragms are usually provided to help minimize impact damage and
improve the impact resistance of prestressed concrete bridge girders. Only a few limited
studies are available to discuss the effect of intermediate diaphragms in impact protection
of bridge girders. Andrawes (2001) investigated lateral impact response for prestressed
concrete girder bridges with intermediate diaphragms. Comparisons of finite element
models and experimentally measured data for a large-scale, laboratory, model bridge
were made between the strain and displacement results, thus validating and calibrating
the finite element models used in the analyses of prestressed concrete bridge girders with
intermediate diaphragms. Finite-element models were then used for simulations of non-
skewed and skewed PC-girder bridges, and they were analyzed for lateral-impact loads
that were applied to the bottom flange of the exterior girders at the diaphragms location
and away from the diaphragms location. A comparison was made among the strains and
displacements induced in the girders with different types of intermediate-diaphragms.
Abendroth and Fanous (2003) studied the lateral impacts of prestressed concrete girders
in bridges with intermediate diaphragms. In their study, a comparison of steel vs.
concrete intermediate diaphragms was made, and they concluded that the reinforced
concrete intermediate diaphragms provide more protection for the girders than that by the
structural steel ones, when the lateral impact load is applied at the location of the
intermediate diaphragm; whereas there is no apparent difference in impact resistance of
two types of the intermediate diaphragms if the impact load is applied away from the
diaphragm location. Green, et al. (2004) studied the contribution of intermediate
diaphragms in enhancing the precast bridge girder performance, and their results
indicated that intermediate diaphragms have a modest positive effect of reducing the
maximum deflections for the chosen girder.

Though some preliminary studies on lateral impact of prestressed concrete bridges
with intermediate diaphragms were conducted by the researchers at lowa State University
(Andrawes 2001; Abendroth and Fanous 2003), there is no extensive evaluation on role
of intermediate diaphragms in enhancing the bridge impact resistance. Also in these
previous studies, only the strain and displacement results under the pulse impact were
considered. A thorough investigation from impact/contact mechanics and energy
absorption points of view should be adapted to study the effect of intermediate
diaphragms and develop proper design recommendations and guideline for intermediate
diaphragm design.




The effect of intermediate diaphragms to prestressed concrete bridge girders in over-
height truck impacts can be addressed by conducting dynamic numerical finite element
analysis (FEA) (e.g., using commercial software ABAQUS and/or LS-DYNA3D), and
the factors in intermediate diaphragm design can include, but not be limited to: (1)
location of intermediate diaphragms within span, (2) size of intermediate diaphragms
(e.g., height and width), (3) girder spacing, (4) different girder types (e.g., effect of wide
flange and girder height), (5) framing action (e.g., aspect ratio of the bridge, and number
of girders in the bridge), and (6) truck speed and impact force and types (e.g., the forces
by various types of over-height trucks and effect of bridge initial mass). Better
understanding of these influencing factors in design of intermediate diaphragms will
greatly reduce impact damage to bridge girders and promote the safety and integrity of
the bridge superstructure.

The standard specifications (AASHTO 2002) recommend that the intermediate
diaphragms should be used at the point of maximum positive moment for spans in excess
of 12 m (40 ft.), and the clear reasons for such requirements were not given. While the
LRFD specifications (AASHTO 2004) state that the intermediate diaphragms can
improve live load distributions, and this effect is not included in the calculation of load
distribution factors. Articles 8.12.1 for reinforced concrete and 9.10.1 for prestressed
concrete bridges in AASHTO (2002) allow omitting the intermediate diaphragms where
tests or structural analyses show adequate strength. Article 5.13.2.2 in AASHTO (2004)
has a similar statement allowing omitting the intermediate diaphragms if tests or
structural analyses show that they are unnecessary.

However, the benefits of using intermediate diaphragms are much debated and are
still controversial. There are many arguments in favor of using intermediate diaphragms,
because (Garcia, 1999): (1) they can transfer lateral loads to and from the deck; and (2)
they can distribute lateral impact loads from overheight trucks to all girders, thus
reducing the total damage. But, there are also some other reasons in favor of eliminating
the intermediate diaphragms, because instead of limiting damage from overheight trucks,
the intermediate diaphragms actually spread the damage. But this issue is more due to
the complicated behavior of impact of trucks and bridges. One issue is the maximal
impact force generated, and the other one is the maximal energy dissipated. For an
impact between the overheight truck and the bridge, if the stiffness of the bridge is
increased due to the intermediate diaphragms, the maximal impact force will be increased,
leading to more damage to the structure. However, this situation can be changed if a soft
layer is used over the impact girder flange to reduce the contact stiffness between the
overheight truck and the girder. Without considering the contact process and when the
bridges are under the same loading, the deflection and strain in the bridge with the
intermediate diaphragms must be small comparing with the one of no-intermediate
diaphragm cases. In terms of given kinetic energy, the case with intermediate
diaphragms will have larger safety margin comparing to the case without intermediate
diaphragms. In this study, the role of intermediate diaphragms in enhancing impact
protection and minimizing potential impact-associated damage is investigated.



2. OBJECTIVES OF THE STUDY

The objectives of this study are three-fold: (1) develop/validate dynamic numerical
finite element models to simulate the prestressed concrete bridge girders with
intermediate diaphragms, (2) perform numerical parametric study to evaluate the effect of
the critical factors on design of intermediate diaphragms, and (3) provide
recommendations and guideline to better design of intermediate diaphragms to impact of
over-height trucks. The conducted study aims to shed light on improved impact
protection of prestressed concrete bridge girders with intermediate diaphragms and aid
the WSDOT in design, analysis, and construction of prestressed concrete bridges.

3. DEVELOPMENT AND VALIDATION OF FINITE ELEMENT
MODEL

In this section, the validation of the numerical finite element (FE) model with the
existing available testing data (Abendroth, et al. 2004) and the preliminary quasi-static
and dynamic analyses of a three-girder PC bridge are presented.

3.1 Validation of FE Model

In order to validate the numerical finite element (FE) model used in this study, a
comparison of the proposed numerical FE model with the experiment conducted at Iowa
State University (ISU) (Abendroth, et al. 2004) is made.

3.1.1 Bridge in the experiment

The bridge used in the experiment is a one-span, two-lane PC bridge shown in
Figures 1 and 2, with the lane width of 6.0 ft., span of 40.4 ft., overhang of 3.0 ft on each
side, and supported by three PC I-girders. The size of I-girder is shown in Figure 3, the
size of intermediate diaphragm (ID) is extended to the top edge of the bottom flange in
the I-girder (Figure 3). The cross-section of the abutment is detailed in Figure 4. The
applied load locations in the experiment are shown in Figures 5 and 6.
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Figure 1. Cross-section view of the bridge in the experiment
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Figure 6. The details of applied loads on the girder

Material model and parameters

In the report of ISU (Abendroth, et al. 2004), an elastic model or an elastic brittle-
damage model was used since the linear load-displacement curve was shown. A close
comparison of the simulation results with the experimental data was found when the
elastic models with the material properties of E = 4.084 x 10° psi and v = 0.15 were used.
These material properties are adopted in the present study as well.

Load type and locations

The load simulated in the ABAQUS model is taken as the concentrated loads, applied
at two points at the bottom flange of either Girder I or II as shown in Figure 6, one for
horizontal forces and the other for vertical forces. For horizontal forces, each load
increases linearly from O kips to 37.5 kips (the total force at two loading points (see
Figure 6) thus increases from O kips to 75 kips). For vertical forces, each load increases
linearly from O kips to 12.5 kips (the total force thus increases at two loading points (see
Figure 6) from O kips to 25.0 kips).



3.1.2 Numerical finite element modeling

The numerical analysis is conducted using the commercial finite element software
ABAQUS, which is an integrated software for preprocessing, solution and post-
processing.

Preprocessing in ABAQUS is completed using ABAQUS CAE, which defines
material properties, material and geometrical modeling, boundary and loading conditions,
and connections between different component parts. Solution solver in ABAQUS is
divided into several options, from static general, static risk for post failure analysis, to
explicit dynamic analysis and implicit dynamic analysis (including eigenvalue analysis).
Post-processing is used to retrieve analysis results in various ways, and the stress or strain
contours can be obtained in the post-processing stage.

The same physical model as in the ISU study (Abendroth, et al. 2004) is set up in the
proposed numerical model in this study, and the numerical FE results are compared with
their experimental ones. The numerical model is shown in Figure 7 with the finite
element meshes refined along the contact regions of girders and the deck.
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Figure 7. Finite element mesh of the bridge without intermediate diaphragms

Definition of von Mises Stress

The von Mises stress is usually used to compare with the yield strength of the
material, and it includes all the principal stresses. It is defined as:
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where G;, 6, and o3 are the principal stresses. In this study, the von Mises stress is
considered as the representative stress in comparison and later used to compare with the
strength values of the material to indicate the failure state.

3.1.3 Comparisons and validation with experiment

The von-misses stress and displacement distributions under static loading are shown
in Figures 8 and 9. As aforementioned, the horizontal and vertical loads are applied
separately at location (1) or (2) shown in Figure 5. The horizontal and vertical
displacements are measured at the same point as the load is applied (see Figure 6). In all
these plots, the load is the total load of the two loading points (either horizontally or
vertically) (see Figure 6); while the displacement is taken as the average displacement of
the two loading points.
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Figure 8. Von Misses stress distribution without intermediate diaphragms
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Figure 9. Total displacement distribution without intermediate diaphragms

Vertical displacement

The comparisons of vertical load (applied at location (1) in Figure 5) versus vertical
deflection between the experimental and simulated results are shown in Figure 10, for the
cases with and without intermediate diaphragms. As indicated by the experimental
results, the intermediate diaphragms (IDs) have insignificant effects on the vertical
displacement, which is also shown in the finite element modeling. However, the
ABAQUS model predicts less displacement compared to the experimental results, and it
may be due to the reason that the effects of concrete cracking in ABAQUS modeling is
not included. The same pattern for the vertical load applied at location (2) is shown in
Figure 11. The maximum differences between the finite element modeling and the
experimental results for the case without IDs are 24% and 10% for the load applied at
locations 1 and 2, respectively. The maximum difference between the finite element
modeling and the experimental results for the case with IDs are 23.5% and 27% for the
load applied at locations 1 and 2, respectively. Again, the increased differences for the
case with IDs could have been resulted from the existence of cracks in the experimental
bridge deck after the case without IDs was tested as indicated in the ISU report.
However, compared to the ISU simulation results (in their comparison, the minimum
differences are 18% and 29% for the cases without and with IDs, respectively), the
current numerical FE results show improved correlations with the experiment. The
improved comparison in the current numerical FE simulation may be caused by the solid
elements used in the present study, compared to the shell element used in the ISU report
(Abendroth, et al. 2004).
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Horizontal displacement

Similarly, the comparison of horizontal load versus horizontal deflection of the
experimental bridge with the FE simulation results for the cases with the load applied at
location 1 is shown in Figure 12. The maximum differences between the modeling and
experiment results are 25.0% and 24.4% for the cases without and with intermediate
diaphragms (IDs), respectively. The comparison of the horizontal load versus horizontal
deflection of the experimental bridge with the simulation results for the cases with the
load applied at location 2 is shown in Figure 13, and an excellent agreement between the
numerical simulation and experiment is achieved with the maximum differences of 0.5%
0.1% for the cases without and with IDs, respectively.

In all the cases of static load vs. displacement, the FE predictions are higher than the
experimental results, excepted for the case of the bridge with IDs under the horizontal
loading (see Figure 12). The reason of this discrepancy compared to other cases might be
due to that the average displacement over the two loading points is used as the ABAQUS
FE prediction; while the experiment only measured one point using the hydraulic jacket
which was applied close to the upper surface of the bottom flange of the girder. Thus, the
experimental results showed a less displacement, resulting in a larger stiffness.
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Figure 12. Comparison of ABAQUS results with the experiment for the case of
horizontal load applied at location 1
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Strain comparison

The strain comparison between the experimental and numerical simulation results for
the case with intermediate diaphragms (IDs) and with the load applied at either the
location (1) or (2) is reported in Table 1. The comparison with the applied load at
location (1) exhibits a close trend. The comparison with the applied load at location (2)
shows the similar pattern, except with the strain measured at the middle of diaphragm 1,
which may be due to the inappropriate measurement of the strain during the experiment.

Table 1. Strain comparison between the experiment (exp.) and finite element
modeling (FEM) (in microstrain)

Location Exp. with load | FEM with load | Exp. with load | FEM with load
at Location 1 at Location 1 at Location 2 at Location 2

1R -8.9 5.34 3.9 16.8

1L 110.7 98.2 21.8 87.7

2R -59.0 -50.1 -42.5 -57.7

2L 12.1 20.5 140.2 63.0

3R -38.9 -68.6 -90.6 -81.7

3L 7.8 -12.3 -7.0 -16.1

ID -159.9 -153.8 3.9 67.5
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Validation summary

As indicated by the above results, the predictions by the finite element modeling
(FEM) relatively emulate the experimental measured data (Abendroth, et al. 2004), thus
validating the proposed numerical FE model and providing confidence of applying the FE
model to the dynamics/impact analysis of the PC bridges.

3.2 Quasi-static Modeling of Bridge Considering Plasticity
3.2.1 Geometrical and material model

The elastic-plastic quasi-static modeling for concrete damage plasticity is considered
in the present study. The material properties of concrete considered are E; = 4.084 x 10°
psi and v = 0.15. To include the effect of plasticity of concrete, the plastic strain under
the different yielding stress in compression is given in Table 2; while the tensile behavior
of concrete is included with the tensile strength and cracking strain shown in Table 3, and
it is adapted in this study to simulate the tensile damage-induced softening, i.e., when the
cracking strain increases, its tensile strength reduces considerably.

Table 2. The effect of concrete plasticity in compression

Yielding stress (psi) Plastic strain
3900.49 0
4495.41 0.001
5823.56 0.0012
6932.8 0.002
6932.8 0.2

Table 3. Tensile behavior of concrete to account for tensile damage-induced

softening
Tensile strength (psi) Cracking strain
481 0
252 0.5

3.2.2 Finite element modeling

The bridge model is shown in Figure 14 with the I-girder type of W42G and a deck of
4 in. thick. The intermediate diaphragm (ID) is 8 in. thick extended to the up-surface of
the bottom flange of the bridge girder (it is defined as full-depth ID in this study, see
Figure 3), and located in the middle of the span. The abutment detail is not included, and
a simply supported boundary condition is considered (see the FE mesh and boundary
condition shown in Figures 15 and 16, respectively). The horizontal loads are applied at
the two points (each point with a load of 60 kips) along the bottom flange of I-girder,
with a total magnitude of 120 kips (Figure 17). The load duration of 0.1 s and magnitude
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of 120 kips shown in Figure 17 is defined as for a full design load in this study to emulate
the impact load from the overheight truck.
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Figure 14. Geometry of FE simulation of the bridge

Figure 15. FE mesh of the one-span, three-girder bridge
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Figure 16. Boundary and loading conditions of the simulated bridge (the horizontal
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Figure 17. The total load magnitude and type
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3.2.3 Numerical results

The load vs. displacement relation at the loading point under the quasi-static loading
of Figure 17 is shown in Figure 18. While the displacement and strain histories are
shown in Figures 19 and 20, respectively.
displacement reaches to 0.42 in. with a permanent deformation of 0.15 in. As shown in
Figure 20, the maximal tensile strain of 359.0 pe is observed at the opposite side of the
loading bottom flange of girder I (shown in Figure 21). Thus, the quasi-static model
showcases the plastic damage effect in the simulation and better mimics the actual
situation during the impact event of the bridge.

present proposed model in simulation of concrete plastic damage.

70000

60000

50000

40000

30000

Load (Ibs)

20000

10000

-10000

Figure 18. Load vs. displacement curve at point 1 with the load applied at location 1
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Figure 21. The locations of strain measurement

3.3 Dynamic Simulation of Three-girder Bridge System

The geometrical and material properties as well as the boundary conditions used for
the dynamic simulation are the same as the ones in the quasi-static simulation. But, in the
preliminary study, only the elastic material with E = 4.084 x 10° psi and v = 0.15 is
considered. The load still employs the impact pulse load shown in Figure 17, and the
bridge system is solved using ABAQUS/Explicit considering large deformation.

The displacement history at the mid-span of Girder I is shown in Figure 22, and the
maximal displacement reaches to 0.19 in. While the strain history at the mid-span of the
three girders is shown in Figure 23, and the maximal strain reaches 298.0 pe. Also as
shown in Figure 23, the strains decay from Girder I (the load-applying point) to Girder III.
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Figure 26. Strain time history of the two sides of the bottom flange for the case of
point 1 with the load applied at location 1

The von Mises stress distribution under the dynamic load is shown in Figure 27,
which shows the stress concentration near the loading points and the supports. While the
total displacement distribution, maximum principal strain, and vertical displacement are
shown in Figures 28 to 30, respectively. From the deformed shape, it is observed that
due to the impact loading applied at the bottom flange, the deck is bent into a crust shape
with the far side deformed upward and the near side sunk down.
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The preliminary dynamic analysis illustrates the capabilities and analytical aspects of
the FE model. In the next section, the detailed analyses with consideration of influential
factors are performed.

4. ROLE OF INTERMEDIATE DIAPHRAGMS IN IMPACT
PROTECTION

After the validated numerical FE models are established in the above section, an
extensive numerical parametric study to evaluate the effect of the critical factors on
design of intermediate diaphragms (IDs) is conducted. The factors considered in the
analysis for ID design include: (1) Location of IDs within the span, (2) Size of IDs (e.g.,
thickness and depth), (3) Girder spacing, (4) Girder types, (5) Framing action, and (6)
impact types and contact interface.

The dynamic numerical analysis is performed for each case, and the analytical results
and comparisons among different factors/models are provided. The following analytical
results and data are considered and compared:

(1) Stress distribution, such as the von Mises stress, longitudinal (along the bridge

length direction) stress, and/or transverse stress (along the loading direction).

(2) Strain distribution along the longitudinal and/or transverse direction, including the

plastic strain.

(3) Displacement distribution, such as the vertical displacement and horizontal

displacement.

(4) Deflection and strain history of girders.

(5) Energy distribution in the bridge system and plastically dissipated energy.

In this study, the 3" direction is defined as the longitudinal (bridge span) direction;
while the 1* direction is considered as the transverse (horizontal) direction, coinciding
with the loading direction. A 0.1-s duration and 120-kips quasi-static pulse load (Figure
17) is applied in the analysis, and it is considered as the full design load.

4.1 Locations of Intermediate Diaphragms within Span

The effect of the location of the intermediate diaphragms (IDs) is first evaluated. The
loading point is located at the middle location of the span and acted on the bottom flange
of the girder (as shown in Figure 6). The bridge in the similar configuration as shown in
Figures 1 and 2 is simulated, i.e., a one-span PC bridge supported by three PC I-girders.
The type of I-girder is I-girder type of W42G, and the size of intermediate diaphragm (ID)
is extended to the top edge of the bottom flange in the I-girder (Figure 3) with ID
thickness of 8” and girder spacing of 6 ft. The locations of IDs within span as well as
the impact load locations with respect to (e.g., at or away from) the locations of IDs are
investigated. In this section, the effect of the number of intermediate diaphragms used in
a 100 ft bridge is studied, and two cases are evaluated: (a) IDs at ¥2 point of span, and (b)
IDs at 1/3 points of span.
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The bridge with only one intermediate diaphragm (ID) location at 2 span as well as
the bridge with two intermediate diaphragms (IDs) location case at 1/3 span and 2/3 span
between two adjacent girders are simulated and compared. The impact load is still
applied at the mid-span, and the bridge is simply supported. A summary of key
performance responses is shown in Table 4. Comparing these two cases, it is noted that
the case with two IDs between two adjacent girders (i.e., at 1/3 spans) distribute the load
more evenly, and the local bending effects are reduced significantly. In addition, the
damage area is greatly reduced. As shown in Figure 31, the bridge with the ID at %2 span
shows significantly larger area of damage than the one with the IDs at 1/3 and 2/3 span.

Table 4. Effect of spacing of intermediate diaphragms under full design load

Location Totally Maximal Maximal Maximal | Maximal | Maximal
and No. of | damaged horizontal vertical Principal tensile plastic
IDs area displacement | displacement strain stress dissipative
(in?) (in.) (in.) (psi) energy
(Ibs-in)
One ID at | 15000.0 4.27 1.42 4.15E-3 497.0 120,663.0
2 span
Two IDs 180.0 4.38 1.45 4.15E-3 494.0 120,663.0
at 1/3 and
2/3 span
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All the numerical analysis results are provided in Appendix A. Both the von Mises
and longitudinal stress distributions for the two cases are presented in Figures Al and A2,
respectively, and the stress distributions in two cases are in comparative ranges with the
142 span ID showing a little large stress concentration at the loading point. The transverse
displacement distribution along the long span bridge with a large displacement observed
at the loading area is shown in Figure A3. According to beam theory, by increasing the
span of length 2 times, the deflection will increase 8 times for a simply-supported beam.
As shown in Figure A3(a), a 7.07 time increase of deflection along the loading direction
is observed for a fully nonlinear analysis, when compared to the maximal deflection 0.56
in. for a 50 ft span bridge (see Table 5). The longitudinal strain distributions of the two
cases are shown in Figure A4, with similar maximal strain for the case of the bridge with
12 span ID and the case of the bridge with 1/3 and 2/3 span IDs. The transverse plastic
strain distributions (along the loading direction) of the bridge for the two cases are shown
in Figure AS, and the case with %2 span ID shows similar induced plastic strain under
impact load with the case of IDs at 1/3 and 2/3 spans; while the longitudinal plastic strain
distributions are shown in Figure A6. The transverse displacement history at the loading
location is shown in Figure A7, and a larger displacement is observed at the loading
location for the bridge with IDs at 1/3 and 2/3 spans. It is observed that for a long span
bridge of 100 ft., one ID is not enough in preventing impact loading with much larger
damaged areas, since a local stiffness is increased for the case of ID at Y2 span, leading to
small deformation, higher maximal stress, and more damaged areas. Compared with the
one-ID case, the intermediate diaphragms (IDs) at the multiple locations are better in
transferring loads to decks and the other girders with large horizontal displacement along
the loading direction at the back girder (Girder 3) observed (Figure A8), verifying that
one of the primary functions of intermediate diaphragms is to transfer loads to deck and
other girders. Even though a large energy dissipation (Figure 32) and similar maximal
plastic strain (Figure A9) is observed for both the cases, the bridge with two diaphragms
has experienced less damage area (see Figure 31).

In summary, the bridge with multiple and distributed IDs is better in resisting impact
and transferring large deformations to other girders and decks, thus reducing the damaged
areas and absorbing more kinetic energy. Based on the simulation, a suitable distance of
ID spacing can be determined for a particular loading, and it is recommended that a
spacing of 25 to 40 feet for 100 ft. or longer span of the bridges is better in impact
protection.
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Figure 32. Plastic energy dissipation of the bridge
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4.2 Size of Intermediate Diaphragms

The effect of height and thickness of the intermediate diaphragms (IDs), such as
partial height vs. full height of ID and 8 in. vs 12 in. thickness of ID, are studied. The
cases of different ID thickness with different ID depth are simulated. The impact load is
applied at the middle location of the bridge span of 50 ft. and acted on the bottom flange
of the girder, and only the case with the IDs at the mid-span is simulated.

4.2.1 Effect of thickness of intermediate diaphragms

The effect of thickness of intermediate diaphragm (ID) on the impact response of
bridges is first addressed, and two different thicknesses of ID (i.e., 8 in. vs. 12 in.) with
full depth (i.e., the depth of ID to the top edge of bottom flange, see Figure 3) are
considered and compared. The numerical results are summarized in Tables 5 and 6, for
the full design (120 kips) and one half design (60 kips) loads, respectively.

Table 5. Effect of thickness of intermediate diaphragms under full design load
Thickness of | Totally Maximal Maximal Maximal | Maximal Maximal
IDs damaged | horizontal vertical Principal tensile plastic
area displacement | displacement strain stress dissipative
(in) (in.) (in.) (psi) energy
(Ibs-in)
No IDs > 700.00 > 8.800 > 6.000 >0.0530 | >518.1 | >400,000.0
8 in. thick 26.25 0.56612 0.4187 0.03553 5244 15,955.7
12 in. thick 22.50 0.23773 0.2401 0.01520 534.9 Not-
(not recorded
convergent)

Note: Element size is approximated about 1.25 in” each for the impacted area of the
girder. For the 12 in. thick ID case, the analysis is not converged due to large distortion
of some elements. So the results in this case cannot be taken into consideration.

Table 6. Effect of thickness of intermediate diaphragms under half design load

Thickness | Totally Maximal Maximal Maximal Maximal Maximal
of IDs damaged | horizontal vertical Principal | tensile stress plastic
area displacement | displacement strain (psi) dissipative
(inz) (in.) (in.) energy
(Ibs-in)
8 in. thick 2.5 0.16913 0.1326 0.0001844 530.0 507.272
12 in. thick 2.5 0.16397 0.1213 0.0001817 528.9 251.808

Note: The size of elements is about 1.25 in”.

In the numerical analysis, the 12 in. thick ID case under the full design load of 120

kips is not convergent due to large local distortion of some elements. When the load is
reduced by a half, the convergence is reached for both of the cases (i.e., 8 in. and 12 in.
IDs, see Table 6), the damage area is reduced considerably (from about over 20 in*to 2.5
in?) from the full to a half design load.
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From Table 5, it is observed that even though the 12 in. thick ID case under full
design load is not convergent due to large local distortion of some elements, it still shows
that the larger thickness of ID increases the stiffness of the bridge system, leading to less
maximal horizontal and vertical displacement at reduced strain. The total damage area is
also reduced. However, the effect of increasing thickness of ID is not obvious based on
the results of bridge system under a half design load (See Table 6).

Based on the results in Table 6, under a half design load, the bridge with 12 in.
thickness ID endures a 3% less horizontal displacement and a 9.3% less vertical
displacement. Both the damaged elements and plastic dissipated energy are significantly
reduced. Please note that the totally-damaged area is different from the damaged
elements defined (partially damaged). The damaged elements in this study are associated
with the elements with the plastic dissipative energy, and more damaged elements mean
more plastic energy dissipated in the system.

The failure patterns of the bridges with 8 in and 12 in thick IDs are shown in Figure
33(a) and 33(b), respectively. The spalling damage near the bottom flange of the girder
at the load applied location is observed for both the cases. Similar damage scenario is
observed in the actual bridge (see Figure 33(c)). The side view of bridge (along the span
length direction) is shown in Figure 34, and both the tensile failure of the girder in the
face opposite to the loading applied front and the compression failure of the ID between
the 1% and 2™ girders are observed. A field photo (Figure 34(c)) also shows the tensile
failure at the bottom flange on the back of the girder, though the impact load was not
exactly applied at the location of ID.

For the case of the bridge without the intermediate diaphragms (IDs), the bridge is not
capable of sustaining the full design load, and large areas of damage are observed (see
Table 5). All the numerical analysis results for the bridges without the intermediate
diaphragms (IDs) are presented in Appendix H. As a comparison, the case of the bridge
of 6 ft. girder spacing with the IDs at the mid-span is also given in Appendix H. As
demonstrated in the figures of Appendix H and comparisons of the two cases (i.e., with
and without IDs), a significantly large damage area is induced for the bridge without IDs.
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Figure 34. Side view of failure pattern in the girder bridge system with failure
developed in the intermediate diaphragm near the loading location
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All the numerical analysis results with respect to two different thicknesses of IDs are
provided in Appendix B. Both the von Mises and longitudinal stress distributions for the
two cases of 8 in. vs. 12 in. thick IDs are presented in Figure B1 and B2, respectively,
and the stress distributions in the two cases are in comparative ranges with the 12” thick
ID showing a little large stress concentration at the loading point, due to increased local
stiffness. The transverse (horizontal) displacement distribution along the long span
bridge with a large displacement observed at the loading area is shown in Figure B3, and
a larger transverse displacement is induced in the bridge girder with 8 in thick ID.
Similarly, a larger vertical displacement in the bridge girder with 8 in thick ID is
observed in Figure B4. The displacement history of the bridge girder with two different
thicknesses of IDs is shown in Figure BS, and under the same impact load, the bridge
with thicker (12 in.) ID exhibits less deformation and higher stiffness. The strain history
under impact load is shown in Figure B6, and due to large distortion of some element in
the bridge system with 12 in. thick ID, the numerical analysis is not converged.

The failure areas in term of failed elements (red colored) are illustrated in Figure B7,
and only small areas of damage around 26 in” and 23 in* for the respective 8 in. and 12 in.
thick IDs are observed. Again, the displacement and strain at the loading point are
shown in Figures B8 and B9, respectively. Though no major difference of deformation
within two ID thicknesses, the bridge with 8 in. thick ID shows a slight larger
displacement and strain. Please note that the strains in Figures B6 and B9 are for the full
design and the half load, respectively. The plastically dissipated energy is shown in
Figure B10, and the bridge with the 8 in. thick ID dissipates more plastic energy leading
to more damage in the system.

As expected, the bridge with a thicker ID lead to high stiffness and reduced
deformation in the system. However, the performance differences between two thickness
of ID are not apparent (see Tables 5 and 6), particularly for the case of one half design
load, which means that the thickness of ID is not a sensitive factor considerably
influencing the impact behavior of the bridge.

4.2.2 Effect of depth of intermediate diaphragms

In order to analyze the depth effect of intermediate diaphragms (IDs) on the impact
response of the bridge, three different cases with the ID thickness of 8 in. under a full
design load of Figure 3 are analyzed, and they correspond to (1) the full depth case (to the
top edge of bottom flange, Figure 35(a)), (2) partial depth case (to the bottom of web,
Figure 35(b)) and (3) the almost half depth case (to 2/3 web depth, Figure 35(c)). The
numerical results of the analysis for the three cases are shown in Table 7.
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(c) Partial depth of diaphragms (to the 2/3 depth of web)
Figure 35. Side view of the bridge system showing different depths of IDs

Table 7. Effect of depth of intermediate diaphragms
Depth of Totally Maximal Maximal Maximal | Maximal Maximal
IDs damaged horizontal vertical Principal tensile plastic
area displacement | displacement strain stress dissipative
(in”) (in.) (in.) (psi) energy
(Ibs-in)
No IDs > 700.00 > 8.800 > 6.000 >0.0530 | >518.1 | >400,000.0
Full 26.25 0.56612 0.4187 0.0071376 524.4 15,955.7
Partial 50.00 0.56928 0.6991 0.0083508 528.5 26,268.5
2/3 web > 625.00 8.2560 in. 5.4220 in. 0.0483 518.0 400,000.0

The full design load is applied. The plastic dissipative energy is described as the
dissipated energy through damage or failure of elements, including partially damaged
elements. More plastic dissipative energy means more damage developed in the bridge.
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In Table 7, it is observed that the depth of ID has a great influence on the maximal
horizontal displacement and the maximal vertical displacement. The large deformation in
the bridge with reduced ID depth is primarily caused by the increased rotation of bottom
girder flange. Reducing depth of ID increases the plastic dissipative energy significantly,
which means more damage to the bridge system in order to generate the dissipated energy.

Different from the effect of the thickness of IDs, the influence of the depth of ID is
quite pronounced (see Table 7), and the shallower of the ID depth, the more vulnerable
(more induced damage) the system becomes, due to relatively large deformation and
rotation of the girder associated with a shallower depth of ID. As demonstrated in
Figures 36 to 37, the respective horizontal (transverse) displacement, longitudinal strains,
and plastically-dissipated energy are significantly increased for the case of a shallow
(partial) depth of ID (i.e., 2/3 web depth). Thus, a full depth of ID is recommended to
maximize the impact resistance.

All the additional numerical analysis data related to the effect of ID depth of partial
and 2/3 web cases are given in Appendix C; while the data in Appendix B is related to
analysis of the ID with full depth. The failure elements are shown in Figures B1, B2, C1
and C2, for the three cases, and the failure area are increased due to the decreased depth
of IDs (a decreased depth means that the diaphragm depth decreases from the full depth
(to the top of bottom flange), to the bottom of web, eventually to the 2/3 web depth).
The von Mises and longitudinal stress distributions are shown in Figures C3 and C4,
respectively. The horizontal (transverse) and vertical displacement distributions of the
bridge system are shown in Figures C5 and C6, respectively. The comparisons of the
maximum horizontal (transverse) displacement and longitudinal strain for the cases of
full and partial ID depth are provided in Figures C7 and C8, respectively, showing the
enlarged deformation with the partial ID depth case. The plastically dissipated energy
in the partial ID depth is also larger than the one of the full depth (Figure C9), indicating
more failure-dissipated energy associated with the case of partial ID depth and more
vulnerable of the system under impact.

Again for the case of the bridge without the intermediate diaphragms (IDs), similar
conclusions are reached for the case of the effect of ID depth (see Table 7). The bridge
without IDs is not capable of sustaining the full design load, and large areas of damage
are induced (see Table 7). All the numerical analysis results for the bridges without the
intermediate diaphragms (IDs) are presented in Appendix H.
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4.2.3 Summery on size effect of intermediate diaphragms

In summary, both the thickness and depth of the IDs have some effect on the impact
protection of the PC girder bridge from impact. The effect of thickness (e.g., in the cases
of 8” vs. 12 thicknesses) to impact protection is not significant, and thus a moderate
thick ID (e.g., 8”) is adequate. The thickness of ID is primarily associated with the axial
stiffness of the ID, and the ID is usually under axial loading during the horizontal impact
event to transfer the load to the adjacent girder. The increase of the axial stiffness could
also be realized by adding more steel reinforcement. Thus, based on the thickness effect
analysis, it may be concluded that the axial stiffness of ID does not much influence the
capacity of ID in impact protection. On the other hand, the effect of depth of ID on
impact protection is quite detrimental: the deeper the ID, the less rotation of the girder
and the better the impact protection to the bridge system. It thus recommends that a full-
depth ID should be implemented in the construction to maximize the capacity of ID in the
impact protection.
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4.3 Girder Spacing

Girder spacing is also a very important parameter when designing and implementing
the intermediate diaphragms (IDs) in the bridge construction. In this section, for a bridge
of 50 ft. span and considering one diaphragm at 1/2 span, the cases of different girder
spacing are evaluated.

The bridge with a girder spacing of 8 ft. and 10 ft. is modeled. A summary of the
analysis for the two cases of 8 ft and 10 ft girder spacing is given in Table 8. Comparing
the results from the cases of 8 ft and 10 ft girder spacing, the case of 10 ft. girder spacing
generates more failed elements and spread the energy dissipation into large areas. As
aforementioned, the plastic dissipative energy combines all the energy dissipation from
the total damaged elements and partially damaged elements, and the maximal plastically-
dissipated energy between two cases is almost identical (see Figure 39). All the
numerical analysis data for the study of girder spacing are included in Appendix D. The
maximal horizontal (Figure D1) and vertical (Figure D2) displacements are increased
more as well for the 10 ft. girder spacing than the ones with the 8 ft. girder case. The
longitudinal plastic strain history is presented in Figure D3; while the transverse plastic
strain history is given in Figure D4. In the plastic strains, both the cases show similar
longitudinal plastic strain, but the front girder with 8 ft. girder spacing shows a
significantly larger transverse plastic strain, depicting the strengthened effect of the
shorter girder spacing. The von Mises stress distributions are plotted in Figure D5, and
the similar results exhibit for the two cases of girder spacing. The damaged areas
(elements) are shown in Figure D6. The transverse and longitudinal stress distributions
are presented in Figures D7 and D8, respectively, and as expected, the narrower girder
spacing of 8 ft. produces a better load transfer to the adjacent girders (see Figure D8(a)).
The displacements along the horizontal (transverse) and vertical directions are shown in
Figures D9 and D10, respectively. The transverse and longitudinal plastic strains are
given in Figures DI1 and D12, respectively, demonstrating the plastic strains
concentrated around the loading point. In general, the girder spacing introduces 20 to
30% difference in terms of deflection and strain. The smaller the girder spacing, the less
the deflection, displacement and plastic strain will be generated.

Also as shown in Table 8, with a lesser girder spacing (e.g., the 6 ft. or 8 ft. spacing),
the maximal horizontal and vertical displacements are reduced. While the total damaged
area and stress distributions become more complex due to the strengthening effect of
closely spaced intermediate diaphragms, which could lead to increased damage areas and
energy dissipation. In general, the close spacing of girders is beneficial in controlling
deformation; however the stress distributions are much more complicated. Fortunately,
all the bridges are designed to perform in elastic range. In the elastic range, the
displacement has a direct proportion to the stress. Thus, when displacements are
controlled, the stresses will be controlled as well.

The same situation is applicable to bridges with end intermediate diaphragms. The

end intermediate diaphragms (IDs) as shown in most of existing bridge construction in
the state of Washington reduce the displacements (see Table 8). But the end ID effect
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(i.e., with and without end IDs) is not significant. In term of reduced damage with
respect to the end IDs, it will more depend on the layout of bridges, loading applied
position, and other factors.

All the numerical results for the bridge of 12 ft. girder spacing with and without the
end intermediate diaphragms (IDs) are provided in Appendix I. In both the case of with
and without the end IDs, the IDs are provided in the central span and at the location of
applied load.

In summary, the girder spacing in the relationship to ID is not a critical factor in the
bridge impact resistance (little difference between the total damaged area and the
maximal plastic dissipative energy), when the impact load is around the location of ID.
The narrower the girder spacing, the shorter the ID, leading to better load transfer of IDs
from the girder to the subsequent girder as well as to the bridge deck.

Table 8. Effect of girder spacing under full designed load

Girder | Totally Maximal Maximal Maximal Maximal Maximal
spacing | damaged | horizontal vertical Principal tensile plastic
area displacemen | displacement | plastic strain | stress (psi) | dissipative
(in) t (in.) (in.) energy (Ibs-
in)
No IDs > 700 > 8.800 > 6.000 > 0.0530 >518.1 > 400,000.0
6 ft 60 0.256 0.0691 3.97E-3 483.6 14,832.5
8 ft 45 0.298 0.138 1.95E-4 443.8 6245.28
10 ft 48 0.384 0.158 2.08E-4 4443 6128.29
12 ft 54 0.405 0.181 5.25E-3 460.4 5451.35
12 ft 54 0.275 0.169 2.71E-3 395.0 4329.33
with
end IDs
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4.4 Girder

Types

In this section and Appendix E, the effect of girder types on the responses of bridges
under impact is investigated. The bridges with three different girder types of W42G,
WF74G and WF42G are simulated, and the effect of flange width (e.g., W42G vs.
WF42G and web depth (e.g., WF74G vs. WF42G) are considered. A concentrated
impact load is still applied at the mid-span, and the span of 50 ft with a girder spacing of
8 ft. and a full depth ID of 8” thick located at the central span is considered. A summary
of comparisons among three types of girders is given in Table 9.

Table 9. Effect of girder types under full designed load

Girder Totally Maximal Maximal Maximal Maximal Maximal
type damaged horizontal vertical Principal tensile plastic
area displacement | displacement plastic stress (psi) | dissipative
(in”) (in.) (in.) strain energy (Ibs-
in)
W42G 45 0.298 0.138 1.95E-4 443.8 6245.28
WF74G 0 0.557 0.312 9.67E-5 481.2 6290.47
WF42G 0 0.352 0.360 5.14E-5 424.5 2365.76

Comparing the results from the cases of different girder types, the case of W42G will
generate more failed elements; however WF74G is better in spreading the energy
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dissipation into large areas. While the maximal horizontal and vertical displacements are
increased for the WF42G and WF74G girder type comparing with the girder case of
W42G. In general, the girder types with wider flange will increase the vertical deflection
of the deck due to the enhanced coupling between the girders and the deck. Increasing
the web height of girders will increase the girder stiffness as well as the total bridge
stiffness; however, the local displacement at the loading point is also increased due to the
increase of web height.

In particular, the performance parameters of the bridges with the respective WF74G
and WF42G girders are analyzed. The plastically-dissipated energy history for WF74G
and WF42G girders are shown in Figure 40, and the large web height of WF74G girder
dissipates more plastic energy than the small height of WF42G. The horizontal
displacement of the bridges with two different girders is shown in Figure 41, and the
WEF74G exhibits a larger horizontal deformation compared to the WF42G. Similarly, the
vertical displacement of the bridges is given in Figure 42, and both the points of the front
and back of the bridges are plotted. As expected, due to a large bending stiffness of
WF74G, the bridge with WF74G girders shows a smaller downward deflection in the
front and upward deflection in the back than its counterpart (WF42G girder). The
transverse plastic strain is shown in Figure 43, and due to large deformation induced in
WF74G girder, the plastic strain is immediately picked up once the load makes the
impact; while it takes time for WF42G to reach the plastic strain owning to its smaller
deformation under impact.

All the additional numerical data for the bridge systems with WF74G and WF42G are
given in Appendix E for the effect of girder type analysis. The von Mises, transverse,
and longitudinal stress distributions are shown in Figures E1 to E3, respectively, and a
high stress concentration at the loading point appears in the WF74G girder.  The
horizontal (transverse) and vertical displacement distributions are plotted in Figures E4
and ES5, respectively, and it is shown that a larger horizontal displacement is prompted in
the WF74G, due to its deeper web. The maximum principal, transverse, and longitudinal
plastic strain distributions are given in Figures E6 to E8, respectively, and a larger plastic
strain is shown for the bridge with WF74G girders. Finally, the transverse and
longitudinal strain distributions are shown in Figures E9 and E10, respectively, and the
strain spreads more around the loading point for the bridge with WF74G girders.

In summary, the girder types have some effect on the impact resistance of the bridge
with consideration of IDs. A wider flange of the girder promotes a higher bending
stiffness in the horizontal (transverse) direction (i.e., the direction of loading) and thus
imparts a better impact resistance. The larger girder with a higher web induces more
horizontal deformation, leading to more spread damage on the web.
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4.5 Framing Action: Aspect Ratio

In this section, the effect of framing action is evaluated, and two cases of a simple
span bridge are considered and compared: one narrow bridge with 3 girders at 6 ft.
spacing, and the other wide bridge with 10 girders at 6 ft. spacing. Apparently, the bridge
with more girders is much stronger than that of fewer girders. Under the same impact
load, the total damaged area is reduced to zero for the case of wide bridge of 10 girders;
while the localized minor damage is induced in the bridge of 3 girders. A summary of
the aspect ratio effect in term of narrow (3 girders with L/b = 50 ft/24 ft = 2.08; the width
of the bridge = 6 ft x no. of girders + 6 ft) vs. wide (10 girders with L/b = 50/66 = 0.76) is
provided in Table 10.

Table 10. Effect of aspect ratio on responses of the simple span bridge

No. of Totally Maximal Maximal Maximal | Maximal Maximal
girders and | damaged | horizontal vertical Principal tensile plastic
aspect ratio area displacement | displacement strain stress dissipative

(in?) (in.) (in.) (psi) energy
(Ibs-in)
No IDs > 700 > 8.800 > 6.000 >0.0530 >518.1 | >400,000.0
3 girders
(L/b=2.08)
3 girders 26.25 0.56612 0.4187 in. 0.03553 5244 15955.7
(L/b=2.08)
10 girders 0 0.04533 0.0036 in. | 7.8311e-7 143.8 0.17
(L/b=0.76)

Since the data for the bridge of 3 girders is already presented in the previous sections,
only the results for the bridge with 10 girders are provided in this section. The plastic
dissipative energy history is shown in Figure 44, though only a small amount of plastic
energy dissipation is observed. The displacement history at the front and back of the
front (1) girder in the bridge is shown in Figure 45. The von Mises stress distribution is
shown in Figure 46, showing a small area of stress concentration around and near the
loading point. The horizontal and vertical displacement distribution contours are
provided in Figures 47 and 48, respectively, and the only pronounced deformation of the
1** (front) girder in the bridge of 10 girders is observed. The longitudinal and transverse
strain distributions are shown in Figures 49 and 50, respectively, and the local
concentrated area of strains near the loading point is observed. Different from the bridge
with 3 girders, the bridge with 10 girders exhibits a significantly large stiffness in the
horizontal direction (i.e., along the loading direction), and the local effect (e.g., the
deformation and stress) is very pronounced in the first girders, especially the 1* girder in
the front.
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As expected, the small aspect ratio (i.e., for the cases with more girders) results in a
larger stiffness of the bridge system which is significantly larger than the stiffness of
individual girder, leading to pronounced local concentration at the front girder near the
loading point. While the bridge with few girders more exhibits a global response (i.e.,
the front and back girders in the bridge system have comparable deformation magnitude),
and the load is better transferred from the front to the back girder with aid of IDs.

In summary, the aspect ratio in term of the number of the girders with an equal
spacing in a bridge has a significant effect on the impact resistance of the bridge in
association with IDs. The larger the aspect ratio, the more important the IDs in the load
transfer and the bridge composite action with the effect of IDs.
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Figure 44. Plastic dissipated energy in the bridge with 10 girders
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4.6 Impact Types and Contact Interface

Both the impact types (e.g., quasi-static vs. fully dynamic) and contact interface (e.g.,
concentrated load vs. distributed load) may have some influence on the IDs to promote
the impact protection for the bridge girders, and they are hereby evaluated.

4.6.1 Concentrated load vs. distributed load

The effect of concentrated point load vs. distributed wide load on the responses of
bridge is analyzed and compared in this section. The bridge with span 100 ft. of three
girders with spacing of 6 ft. and two full depth intermediate diaphragms (IDs) at 1/3 and
2/3 with thickness of 8" are considered. The full design load is applied at the mid span,
and it is considered as either a concentrated load at one point or a distributed wide load
acting over an area of 12 in” near the bottom flange of the girder at the mid span.
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A summary of the comparison between the concentrated and distributed load cases is
provided in Table 11. As expected, the concentrated load case produces more damage to
the girder than the one of distributed load, since the bridge and its IDs are better utilized
to transfer load when the applied load is more uniformly distributed (spread). More
plastic energy is dissipated for the distributed load case (see Figure 51) than the
concentrated load one. The horizontal displacement of the front and back sides of the
front girder for the two loading cases are shown in Figure 52, and the displacement in the
distributed load case is larger than the one with the concentrated load. Also, the
difference of deformation between the front and back girders is quite significant,
indicating a more pronounced local effect in the front girder. It is primarily caused by the
location of the loading which is not directly at the location of the IDs. Thus, the IDs
play an important role in transferring the impact load from the front to the back girders
and secure a better composite action of the bridge in the horizontal direction (in the
direction of impact loading). The longitudinal plastic strain history is shown in Figure
53, and a significantly large plastic strain is present in the case of concentrated load,
leading to large plastic dissipative energy.

All the numerical analysis results for the bridge under distributed load case are given
in Appendix F. From the results compared with the case of concentrated loading, the
case of distributed load generates few failed elements (Figure F1) and spread the energy
dissipation into large areas, as shown in the von Mises stress distribution (Figure F2).
The longitudinal strain, the transverse and longitudinal plastic strain distributions are
presented in Figures F3 to F5, respectively. While the transverse and longitudinal stress
distributions are shown in Figures F6 and F7, respectively. Finally, the transverse and
vertical displacement distributions are shown in Figures F8 and F9, respectively. The
maximal horizontal and vertical displacements are increased for the distributed load
comparing with the concentrated loading case, due to the plasticity involved. In general,
the loading type introduces 20 to 30% difference in terms of deflection and strain;
however, the distributed loading does reduce the total damaged area.

In summary, a concentrated load at a point prompts more damage in the bridge; while
a distributed impact load over a certain area better spread the load and results less
damage, though it dissipates more plastic energy in the system.

Table 11. Effect of impact loading distribution

Load action Totally Maximal Maximal Maximal | Maximal | Maximal
type damaged horizontal vertical Principal tensile plastic
area displacement | displacement strain stress dissipative
(in?) (in.) (in.) (psi) energy
(Ibs-in)
Distributed 18.0 5.46 1.59 1.44E-4 478.3 143830.0
load
Concentrated 180.0 4.38 1.45 9.15E-4 494.0 120663.0
load
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4.6.2 Dynamic impact load vs. quasi-static load

In all the above analysis, a quasi-static pulse impact load of 0.1-second duration and
120-kips magnitude (considered as a full design load) (see Figure 17) is considered to
simulate the impact effect of overheight truck to the birdge. While to better mimic the
transient dynamic effect and to capture the effect of inertial mass of the bridge, the
explicit simulation of the bridge is adopted. A 150 ft. span bridge with three WF47G
girders at 8 ft spacing and with intermediate diaphragms of 8” thick and full depth at
quarter (¥4) points is considered. A summary of comparison between the dynamic and
quasi-static loads is presented in Table 12. As shown in Table 12 and also all the
comparisons of dynamic vs. quasi-static impact cases given in Appendix G, the total
displacement and strain are reduced with consideration of the mass inertia of the bridge.
Using the quasi-static solution only produces the design in the safe side since this case is
more conservative. Therefore, the solution based on the quasi-static simulations provides
validated results for the impact analysis.
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Table 12. Effect of dynamic impact on responses of the simple span bridge
Load type Totally Maximal Maximal Maximal Maximal Maximal
damaged | horizontal vertical Principal tensile plastic
area displacement | displacement strain stress dissipative
(in?) (in.) (in.) (psi) energy
(Ibs-in)
Dynamic 0 1.35 0.75 1.00e-4 482.3 25,000
Quasi-static 16.0 2.62 1.02 1.02e-3 482.3 44,000

The energy components in the dynamic analysis is shown in Figure 54, and the
energy conservation is observed, i.e., the external applied work equals to the sum of total
kinetic energy, plastically-dissipated energy, and total strain energy. The horizontal and
vertical displacement history at the front and back girders at the loading point is shown in
Figure 55, and due to the bending effect of the bridge, the front girder is bent downward
and the back girder is bent upward, leading to a positive vertical deflection. However, for
the horizontal displacement, all the girders are pushed along the loading direction, and
the displacements in the front and back girders are all negative. The plastic strain energy
is presented in Figure 56, and it is interesting to observe that the horizontal and
longitudinal plastic strain at the front and back girders are only produced at a later time of
higher loading. In comparison, the damage elements and plastic strain distribution of the
bridge under quasi-static load are shown in Figures 57 and 58, respectively.

Additional comparisons between the dynamic and quasi-static analyses are provided
in Appendix G. The von Mises, transverse and longitudinal stress distributions are
shown in Figures G1 to G3, respectively, and the stress concentration is more pronounced
in the quasi-static analysis. While the horizontal and vertical displacement distributions
are presented in Figures G4 and G5, respectively, and the deformation produced by the
quasi-static analysis is larger than the one in the dynamic analysis. Similarly, the
longitudinal strain distribution is shown in Figure G6, and a large strain and its
distribution are observed in the quasi-static analysis.

In summary, the quasi-static impact analysis provides conservative results and thus
promotes a safer design in all the associated analyses. Though it may deviate from the
real dynamic scenario, the quasi-static load provides a simple analysis and more easy-to-
interpret results.
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S. RECOMMENDATIONS AND GUIDELINE

Based on the numerical parametric study conducted in Section 4, the effects of
studied factors associated with the role of intermediate diaphragms (IDs) are summarized
and discussed, and recommendations of intermediate diaphragm design for improving
impact protection and resistance is provided. A step-by-step design guideline useful for
decision making and practice of the prestressed concrete girder bridge construction is
proposed.

5.1 Discussions and Recommendations

Quasi-static and explicit dynamic numerical finite element analyses of prestressed
concrete girder bridges with intermediate diaphragms (IDs) are conducted, and the key
factors (i.e., location and size of ID, spacing and types of girders, frame action and
dynamic load types) involving the role of IDs in the impact protection are evaluated. For
the bridge without the IDs at all, the bridge is not capable of sustaining the full design
load of 120 kips, thus demonstrating the important role of IDs in impact protection and
performance enhancement of the bridges under impact. Thus, it is worth investigating
the role of IDs in collision protection of PC bridges. The following discussions and
recommendations for the effects of these key factors and their corresponding design in
impact resistance are provided:

¢ Location and spacing of IDs: A single span bridge of 100 ft. span with the ID at
12 span and at 1/3 span is analyzed, and the location and spacing of IDs within the
span has an influential effect on impact protection. For the relatively long span
bridge, multiple and distributed IDs resist impact better by effectively transferring
large deformations to other girders and decks, reducing the damaged areas and
absorbing more kinetic energy. Based on the observation from the simulation, a
suitable distance of ID spacing can be determined for a particular loading, and it
is recommended that a spacing of IDs of 25 to 40 feet for 100 ft. or longer span of
the bridge is better in impact protection.

e Thickness and axial stiffness of IDs: The thickness effect of the IDs is studied,
in which the axial stiffness of the ID increases with the increase of the ID
thickness. The thickness of IDs has minor effect on the impact protection of the
PC girder bridge from impact. So does the axial stiffness of ID. The axial
stiffness of the ID is proportional to the thickness of ID, and the ID is usually
under axial loading during the horizontal impact event to transfer the load to the
adjacent girders. The increase of the axial stiffness could also be realized by
adding more steel reinforcement. Though the effect of steel reinforcement ratio in
IDs is not investigated in the present study, it can be analogously concluded that
the axial stiffness of ID does not much influence the capacity of ID in impact
protection, based on the observation from the ID thickness effect analysis. In
conclusion, a moderate thick ID (e.g., 8”) is adequate for the function of ID to
impact protection.
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Depth of IDs: The effect of depth of IDs on impact protection is quite detrimental,
and the deeper the ID, the less rotation of the girder and the better the impact
protection to the bridge system. It thus recommends that a full-depth ID (the
depth of ID to the top edge of the bottom flange of girder, see Figure 3) should be
implemented in construction to maximize the capacity of ID in the impact
protection.

Girder spacing: The spacing of girder in the relationship to ID design (i.e., the
length of ID) is not a critical factor in the bridge impact resistance when the
impact load is around the location of ID. As expected, the narrower the girder
spacing, the shorter the ID, leading to better load transfer of IDs from the girder to
the subsequent girders as well as to the bridge deck. Though the spacing of girder
is not an important factor in the ID design, it recommends that a bridge with
closer girders connected by the IDs has a better composite action and load transfer
in the loading (horizontal) direction, thus leading to higher impact resistance.
With a smaller girder spacing (e.g., the 6 ft. or 8 ft. spacing), the maximal
horizontal and vertical displacements are reduced. While the total damaged area
and stress distributions become more complex due to the strengthening effect of
closely spaced IDs, which could lead to increased damage areas and energy
dissipation. In general, the closer spacing of girders is beneficial in controlling
deformation; however the stress distributions are much more complicated.
Fortunately, all the bridges are designed to perform in elastic range. In the elastic
range, the displacement has a direct proportion to the stress. Thus, when
displacements are controlled, the stresses will be controlled as well.

Girder_types: The types of girders in the bridge system have some noticeable
effect on the impact resistance of the bridge with consideration of IDs. A wider
flange type of girder promotes a higher bending stiffness in the horizontal
(transverse) direction (i.e., the direction of loading) and improved composite
action with the bridge deck, and it thus results in better impact resistance. The
higher web type of girder induces more horizontal deformation in the girder,
leading to more spread damage on the web. A girder type with a wider flange and
a moderately deep web is thus recommended, when the IDs are considered to
transfer and resist the bottom girder horizontal impact loading.

Frame action: The aspect ratio in term of the number of the girders with an equal
spacing in a bridge has a significant effect on the impact resistance of the bridge
in association with IDs. The larger the aspect ratio, the more important the IDs in
the load transfer and the bridge composite action. Thus, the IDs play an important
role in impact protection, particularly when the global response of the bridge
system is significant.

Types of applied impact loads: A concentrated load at a point prompts more
damage in the bridge; while a distributed impact load over a certain area better
spreads the load and results in less total damaged elements, and it dissipates more
plastic energy in the system. Thus, the girder bridge system with IDs is better in
resisting the distributed impact than a concentrated point load impact.
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e Types of impact analysis: Both the quasi-static impact and dynamic impact
analyses are considered and compared. The quasi-static impact analysis offers
larger performance predictions than the explicit dynamic impact analysis. The
conservative nature of quasi-static analysis thus promotes a safer design in all the
associated analysis of ID effects. Though it may deviate from the real dynamic
scenario, the quasi-static load provides a simple and conservative analysis
procedure and is recommended in the ID design analysis.

e Effect of end IDs: As demonstrated for the bridge cases of 12 ft. girder spacing
with and without the end IDs, the effect of end IDs to the bridge performance
under impact is not significant, though the end IDs help reduce stress and
deformation in the bridge.

5.2 Step-by-step Design Guideline

Based on the above discussions and recommendations, the following step-by-step
design guideline for implementing the intermediate diaphragms (IDs) in impact resistance
and protection of the prestressed concrete girder bridges is provided:

(1) Site_investigation of girder types, spacing and span length: Girder types,
spacing and span length shall be first determined based on the site and
construction requirements.

(2) Design of ID size: The size of the IDs shall be then designed. A full depth of IDs
(to the top edge of the bottom flange of the PC girders) should be chosen, and the
thickness of IDs can be selected as the minimum allowed. Even though
reinforcement ratio is not critical, a standard reinforcement ratio shall be followed
for the ID design.

(3) Design of ID location and placement: The IDs should be placed with a spacing
of 20 to 40 ft. within a span of 100 ft. or longer. For a short span of less than 50
ft., one ID at the center is sufficient. For the bridge with a small aspect ratio (i.e.,
the width to length ratio), the IDs placed among the first three or four rows of
girders facing the traffic are adequate in load transfer and impact protection.

(4) Protection of girder flanges: In order to significantly reduce the dynamic contact
effect from the impact of over-height trucks (not the inertia effect of bridge itself),
a soft buffer layer (for example, a foam or sandwich material), is suggested for
exterior girders.

6. CONCLUSIONS

In this study, the numerical finite element model for impact analysis of prestressed
concrete girder bridges with inclusion of intermediate diaphragms (IDs) is first developed
and validated with the existing experimental data. The numerical model is then
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implemented in analyzing the effects of IDs on several key performance parameters in
the impact event. The effects of ID size and location, girder spacing and types, frame
action, applied load, and analysis types are investigated, and the impact resistance
reflected in term of damaged area and plastically-dissipated energy are compared. Based
on the analysis and observation from the numerical results, several conclusions and
recommendations of ID design and analysis with aim to improve impact protection of PC
girder bridges are made.

The developed dynamic numerical modeling and analysis and resulting findings
reveal the intriguing behavior of the bridges under impact, shed light on impact
protection provided by intermediate diaphragms (IDs), and provide recommendations and
guideline for ID design. They can also be used to aid the American Association of State
Highway and Transportation Officials (AASHTO), the Federal Highway Administration
(FHWA), or the Washington State Department of Transportation (WSDOT) (particularly,
WSDOT’s Bridge Office) in their design and construction practice. The findings of this
study assist in developing the specific standard of practice (such as, amendments to
AASHTO standard specifications, WSDOT standard specifications, policy directives,
implementation manuals, or operating procedures) for design of prestressed concrete
bridge girders with intermediate diaphragms. More importantly, the proposed
recommendations and guideline help the bridge engineers to make better design decision
for prestressed concrete bridges.
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APPENDICES

Appendix A. Effect of Location of Intermediate Diaphragms within Span
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Appendix B. Effect of Size of Intermediate Diaphragms — Thickness Effect
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Appendix C. Effect of Size of Intermediate Diaphragms — Depth Effect

The numerical analysis data for the ID of full depth (i.e., the depth of the ID to the top
edge of the bottom flange, see Figure 3) is provided in Appendix B. In this section, the
cases of (a) partial depth (ID of the depth to the bottom of web) and (b) 2/3 web depth
(ID of the depth to 2/3 of web) are presented, as some comparison between the cases of
full and partial ID depth.
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Appendix D. Effect of Girder Spacing

0.35
0.30 -
s = = = =
0.25
< ,
= 0.20
c
[
£
[}]
& 0.15
°
2
a
0.10
4
—e— Front point
0.05 ¢ —a— Back point
0.00 ‘ ‘ ‘ ‘ T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)
(a) 8 ft. girder spacing
0.45
0.4
\ 4 !
0.35 X
_. 03
E !
= 0.25 % - - - - -
[}]
E %
S 02
B, \
]
a 0.15
—e— Front point t
0.1 % —=— Back point oo
0.05 &“:“
0 T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)

(b) 10 ft. girder spacing

Figure D1. Horizontal displacement of the bridge girder at the loading point and at
the opposite girder point along the loading direction
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Figure D2. Vertical deflection of the bridge at the loading point and at the opposite
girder point along the loading direction (the front portion bended downward, while
the back portion bended upward)
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Figure D3. Longitudinal plastic strain of the bridge at the loading point and at the
opposite girder point
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Appendix E. Effect of Girder Types
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Step: Step-1
3 1 Increment 20: EBtep Time = 0.1z00
Primary Var: 5, Miees
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E1. Von Mises stress distribution under the full design loading
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ABAQUE S STANDARD Vereion 6.6-1 Sat MNowv 17 Z1:55:048 Central

Step: Step-1
3 1 Increment Zd: Btep Time = 0.10z0
Primary Var: 5, 511
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E2. Transverse stress distribution along the loading direction
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Model-WF

ODE: Mew-Gin ABRQUE STANDARD Vermion 6.6-1 Hat Mowv 17 21:55:068 Central

Htep: Btep-l
3 1 Increment 24: Btep Time = 0.10z0
Primary Var: &, 3
Deformed Var: T Deformation Scale Factor: +1.000=+00

(b) WF42G

Figure E3. Longitudinal stress distribution
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ODE: -3IED JSTANDARD Vereion 6.6-1 Sat Nowv 17 18:20:01 Central St

Step: Step-1l
3 1 Increment Time = 2.3503E-02
Primary Var: U,
Deformed WVar: U

eformation Scale Factor: +1.000e+00

(a) WF74G

CoOoooOooooooo
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Model -WF
ODE: New-3ir 4z2%.odb ABAQUE fSTANDARD Vereion &.6-1 Sat Nov 17 Z1:55:068 Central

Step: Step-1

1 Increment 24: Step Time = 0.1020

Primary Var: 1,

Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E4. Transverse displacement distribution along the loading direction
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ODE: {BTANDARD Vereion 6.6-1 Hat MNow 17 18:20:01 Central 5t

Btep: Btep-1
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Model -WF

ODE: New-GZin ABARQUS,/STANDARD Vereion 6.6-1 Sat Mov 17 21:55:06 Central
3 Step: Step-1l

Increment 24: Step Time = 0.10z0

Primary Var: T,
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure ES. Vertical deflection distribution
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+1.412e-03
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ODE: -GIED [STANDAED Vereion &6.6-1 Sat Mow 17 18:20:01 Central St

Btep: Btep-1l

1 Increment Time = Z.3505E-03

Primary Var: P
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Deformed Var: T eformation ®cale Factor: +1.000e+00

(a) WF74G
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julu]
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Model-WF

Hﬂ\lj)} ODE: Mew-Zirder-WF42E.odb ABAQUS,/STANDARD Vereion 6.6-1 Sat Nowv 17 21:55:06 Central
1 3

Step: Step-1

Increment 10: Step Time = 2.2Z913E-03

Primary Var: PE., Max. Principal

Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E6. Maximal principal plastic strain distributions

105



PE., PEll
(Avg: 75%)
+9,822e-0
+58.783e-0
+7.7432-0
+h, T04e-0
+5.6642-0
+4,625=-0
u]
u]
o]
u]
o]
u]

+3.585e-
+2.5d6e-
+1.507e-
+1.671e-
-5.724e-
-l.6l3e-

-2.8651e-04

ODE: - ZIRD [STANDARD Vereion A.6-1 Bat Nowv 17 18:20:01 Central 5t

Step: Step-1
3 1 Increment

Primary Var: P

Deformed Var:
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i} eformation 2cale Factor: +1.000e+00

(a) WF74G
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+l.23de-
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ODE: Mew-3ir RERQUE /ITANDARD Vermion 6.6-1 Hat MNow 17 21:55:04 Central
Step: Htep-1l
3 Irncrement 24: Step Time = 0.10z0

Primary Var: PE, PELl
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E7. Transverse plastic strain distribution
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ODE: -3IRD FSTANDAED Vereion &.6-1 8at Mov 17 18:20:01 Central 5t

Htep: Step-l
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Model-WF
ODE: New-Zir 425, odb AERQUS /STANDARD Vereion 6.6-1 Hat Mow 17 Z21:55:06 Central

Step: Step-1
3 Increment 24: Step Time = 0.10z0
Primary Var: PE, PE33
Deformed Var; U Deformation 3cale Factor: +1.000e+00

(b) WF42G

Figure E8. Longitudinal plastic strain distributions
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ODE: - ZIED /STANDARD Verpion &.6-1 Hat Nov 17 12:20:01 Central 2t

Step: Btep-l
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Primary Var: L
Deformed Var: U eformation #cale Factor: +1.000e+00
(a) WF74G
LE. LEll
(Avg: 75%)

+1.706e-02

Model-WF
ODB: MNew-Gir 420G, adh ABRQUE STANDARD Vermion 6.6-1 Hat Mow 17 21:55:06 Central

Step: Sktep-1
3 1 Increment 24: Htep Time = 0.10z0
Primary Var: LE, LE1ll
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E9. Transverse strain distributions
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LE, LE22
(Pvg: T5%)
+6.2252-04

ODE: -ZIED [STANDARD Vereion 6.6-1 Sat Nowv 17 18:20:01 Central St

Btep: Htep-1l
1 Increment 2.3505E-03
Primary Var: L
Deformed Var: U eformation Scale Factor:

(a) WF74G
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Model -WF

ODE: MNew-3in ABAQUE fSTANDARD Verepion &.6-1 Sat Novw 17 Z21:55:068 Central

Step: Step-1
3 Increment 24: Step Time = 0.10z20
Primary Var: LE, LE33
Deformed Var: T Deformation Scale Factor: +1.000e+00

(b) WF42G

Figure E10. Longitudinal strain distribution
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Appendix F. Effect of Impact Types and Contact Interface

AC YIELD

[Bovers 75%)
+1.000e+00
+9.167=-01
+2.333e-01
+7.500e=-01
+G.667e-01
+5.833e-01
+5.000e-01
+4,167e-01
+3.333=-01
+2.500e-01
+1l.667e-01
+2,333e-02
+0.000e+00

2 dietributed-load
ODE: long-bridge-digtributed. odb AERQUE/ITANDARD Vermion 6.6-1 Mon Oct 01 00:19:53 Centra

§tep: Step-1

Increment 26: Btep Time = 0.l1loz:2

Primary Var: AC ¥IELD

Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure F1. Failed element distribution of the bridge under distributed loads

8, Mipem

(Boveg: T5%)
+7.45Te+03
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+d,397le+02
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+2.486e+03
+1l.864e+03
+l.2d3e+02
+6.214e+02
+3i.363e-11

2 dietributed-load
ODE: lorng-bridge-dietributed.odb ABAQUS /ITANDARD Vermion 6.6-1 Mon Oct 01 00:1%:53 Cenktral D

@tep: Step-1

Increment 97: Step Time = 0.1200

Primary Var: 8, Miees

Deformed Var: U Deformation ®cale Factor: +1.000e+00

Figure F2. Vons Mises stress distribution of the bridge under distributed loads
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LE. LE:iz3
(Awe: 75%)
+1.503=-02
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+5.439e2-03
+3.5841e-03
+2.242e-03
+f.441e-04
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diptributed-load
ODE: long-bridge-dietributed.odb ABRQUS /STANDARD Vereion 6.6-1

Btep: Step-1l

Tricrement 97: Htep Time = 0.1z00

Primary Var: LE. LEZ3

Deformed Var: U Deformation 2cale Factor: +1.000=+00

Figure F3. Longitudinal strain distribution of the bridge under distributed loads
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digtributed-load
ODE: lorng-bridge-digtributed.odhb ABRQUS/YTANDARD Veremion &.6-1

Btep: Btep-1

Increment 97: Htep Time = a.1za0

Primary Var: PE, PELl

Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure F4. Transverse plastic strain distribution of the bridge under distributed
loads
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FPE, PE33
[Bovgr: 75%)
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+1.210e-02
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+9.183=-03
+7.724e-03
+H.26da-03
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+d,268=-04
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digtributed- load
ODE: long-bridge-diptributed.odhb BAERQUS/ STANDARD Vereion A.6-1

Step: Step-l

Increment 97 Htep Time = 0.1200

Primary Var: PE, PE33

Deformed Var: T Deformation Hcale Factor: +1.000e2+00

Figure F5. Longitudinal plastic strain distribution of the bridge under distributed
loads
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digtributed- load
ODE: long-bridge-dieptributed.odhb ABAQUS/ITANDARD Vermion 6.6-1

Btep: Step-1l

Increment 97: Htep Time = 0.1za0

Primary Var: &, 211

Deformed Var: U Deformation H#cale Fackor: +1.000e+00

Figure F6. Transverse stress distribution of the bridge under distributed loads
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digtributed- load
ODE: long-bridge-diegtributed.odb AERQURBTANDARD Vereion 6.6-1

Ftep: Step-1

Increment 37y Btep Time = 0.1z00

Primary Var: &, 533

Deformed Var: T Deformation ®cale Factor: +1.000=+00

Figure F7. Longitudinal stress distribution of the bridge under distributed loads

U, Ul
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-d.642e-02

2 diptributed-load
LEH—HODB: long-bridge-dietributed. odb ABAQUS /STANDARD Vereion 6.6-1

Step: Step-1

Increment 97: HBtep Time = 0. 1200

Primary Var: U, 71

Deformed Var: T Deformation #¥cale Factor: +1.000e+00

Figure F8. Transverse displacement distribution of the bridge under distributed
loads
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diptributed- load
ODE: long-bridge-dietributed.odhb ARERQUS/STANDARD Veremion 6.6-1

Btep: Ztep-l

Increment 47: Btep Time = 0.1z00

Primary War: T, T2

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure F9. Vertical deflection distribution of the bridge under distributed loads
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Appendix G. Effect of Dynamic Load vs. Quasi-static Load

L 318e+00

&-impact
-bridge- impact.odb AEAQUE/EXPLICIT Vereion §.6-1 Mon Nov 12 00:27:48 Central

tep: Step-1
3 1 Increment 39935: Btep Time = 0.1z200
Primary Var: ¥, Miepee
Deformed Var: U Deformation Scale Factor: +1.000e+00

(a) Dynamic simulation

3, Miper

(Rvg: 75%)
+4.356=2+03
+3.993e+03
+3.630e+03
+3.268e+03
+2.905=+03
+2.543=+03
+2.180e+03
+1.817=+03
+1.455=+03
+1.032=+03
+7.293e+02
+3.667Te+02

. 057e+00

long-bridge- 150ft, odh ABAQUS/ STANDARD Veremion 6.6-1 Mown Moow 12 07:3Z2:!

Step: Step-1l

3 1Increment 15: Htep Time = 5.9121E-04

Primary Var: 8, Mipee

Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) Quasi-static load simulation
Figure G1. Von Mises stress distribution
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-impact
-bridge- inpact.odhb REAQUS/EXPLICIT Veremion 6.6-1 Mon Mowv 12 00:27:42 Central

ep: Step-1
3 | Increment 39335: Step Time = 0.1z00
Primary Var: 3, 1
Deformed Var: U Deformation Scale Factor: +1.000e+00

(a) Dynamic simulation

5, 511

(Avg: 75%)
+4.58%7e+02
+3.235e+02

ODE: long-bridge- 150ft.odb ABAQUESTANDARD Vermion 6.6-1 Mon Mow 12 07:32
a 18tep: Btep-1

Increment 15: Etep Time = 5.3121E-04

Primary Var: &5, 211

Deformed Var: U Deformation Scale Factor: +1.0002+00

(b) Quasi-static load simulation
Figure G2. Transverse stress distribution along the loading direction

116



3, 833

¥
[L+]
-1
5]
o

e
LA LU LRI B B bl
w
-1
w
'

T
=
e

Glle+03
383e+03

e - impact

g-bridge- impact.odb ABRQUE /EXPLICIT Vereion &.6-1 Mon Hov 12 00:27:4%2 Centr:

epi Step-1l
3 1 Increment 22395; Ztep Time = 0. 1200
Primary Var: =, 233
Deformed Var: U Deformation Zcale Factor: +1.000e+00

(a) Dynamic simulation

9, B3I

[Avg: T5%)
+4,8323e+02
+5. 207e+01

ODE: long-bridoe- 1508t.odhl AEAOUS/ITANDARD Vereion 6.6-1 Mon Mow 12 07:3:
3 18tep: Step-1
Iricrement 15: &Btep Time = 5.9181E-04

Primary Var: &, #33
Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) Quasi-static load simulation
Figure G3. Longitudinal stress distribution
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2 33le+00

o-bridge- impact.odb AEAQUE/EXPLICIT Vereion 6.6-1 Mon Mov 12 00:27:4%8 Centra

; Btep-1

1 Increment 33335: Btep Time = 0.1200

Primary Var: U, Ul

Deformed Var: T Deformation 3cale Factor: +1.000=+00

(a) Dynamic simulation

+2.662e+00
+2.440=+00
+2.218e+00
+1.399d=+00
+1.774de+00
+1.5352=+00
+1.330e+00
-l0ge+00
-565e-01
-6d5e-01
sd2de-01
s206e-01
. 36de-03

ODE: long-bridge-150ft.odb ABRQUH/ITANDARD Vereion 6.6-1 Mon MNow 12 07:3Z
] 18tep: Step-1

Increment 15: Step Time = 5.9181E-04

Primary Var: U, U

Deformed Var: U Deformation Scale Factor: +1.000e+00

(b) Quasi-static load simulation
Figure G4. Horizontal displacement distribution along the loading directions
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e - impact
g-bridge- impact.odh ABRQUE/EXPLICIT Vereion &6.6-1 Mon Mow 12 00:27:42 Centra

2tep: Ztep-1l
3 1 Increment 33395: ZStep Time = 0.1zo0
Primary Var: T,
Deformed Var: U Deformation Scale Factor: +1.000e+00

(a) Dynamic simulation

LU

+1.002e+00
+3.057e-01
+6.0332e-01
+4.127e-01
+2.163e-01
+1.37%e-02
-l.76Te-01

ODE: long-bridge-150ft.odh ABRAQUI/ITANDARD Vereion 6.6-1 Mon How 12 07:32
i 18tep: HBtep-1l
Increment 15: Step Time = S5.9181E-04

Primary Var: U, TzZ
Deformed Var: U Deformation %cale Factor: +1.000e+00

(b) Quasi-static load simulation

Figure GS. Vertical deflection distribution along the bridge
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-bridege- impact.odh ABAQUS /EXPLICIT Vereion 6.6-1 Mon Mow 12 00:Z27:48 Central

39985;: Btep Time = 0.1z00
Primary Var: PE, PE33
Deformed Var: T Deformation Scale Factor: +1.000e2+00

(a) Dynamic simulation

PE, PEz32

[Fovegrs 75%)
+9.027=-03
+8.208e-03
+7.388=-023
+hA.569=-03
+5.7439=2-03
+4.930=-03
+d.110=-03
+3.291=-03
+2.471e-03
+1.6852=-03
+58.322e-04
+1.2732-05
-8.068e-04

ODE: long-bridege- 150ft.odhb ABAQUE /S TANDARD Vereion 6.6-1 Mon Now 12 07:3
a3 18kep: Step-1

Increment 15: Btep Time = 5.%181E-04

Primary Var: PE, PE3:

Deformed Var: U Deformation Scale Facktor: +1.000e+00

(b) Quasi-static load simulation
Figure G6. Longitudinal strain distribution along the bridge
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Appendix H. Analysis of Bridge without Intermediate Diaphragms
Bridge of 6 ft girder spacing without IDs

The numerical analysis results for the bridge with a girder spacing of 6 ft. without the
intermediate diaphragms (IDs) are given in Figures H1 to H10. While as a comparison,
the corresponding results for the case of the bridge of 6 ft. girder spacing but with the IDs
in the central span and at the location of the applied load are also provided in Figures
H11 to H20. The damage area in the bridge without IDs is significantly increased, so are
their displacements and strains.

AC YIELD
[Rvg: 75%)

- o -diaphragme . odb ABAQUE/STANDARD Vereion 6.6-1 Thu Dec 27 12:07:22 Central 2tand
Step: Step-1l
3 Increment 4: Btep Time = 3.3063E-04

Primary Var: AC YIELD
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure H1. Damage area in the bridge of 6 ft girder spacing without IDs
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sdiaphragme . odb ABAQUE /STANDARD Vereion 6.6-1 Thu Dec 27 12:07:22 Central 2t
Step: Step-1
3 Increment 4: Step Time = 3.9063E-04

Primary Var: 3, Mieee
Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure H2. von-Misses stress of the bridge of 6 ft girder spacing without IDs
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no-diaphragme . odhb ABRQUS/STANDARD Vermion 6.6-1 Thu Dec 27 12:07:23 Central 5t

Btep: Step-1

Increment 4: Step Time = 3.9063E-04

Primary Var: 5, 511

Deformed Var: T Deformation Scale Factor: +1.000=+00

Figure H3. Transverse stress distribution of the bridge of 6 ft girder spacing without
IDs
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ODE: no-diaphragme.odhk ABAQUS /STANDARD Verepion 6.6-1 Thu Dec 27 12:07:23 Central 2t

3 Step: Step-1
Increment 4: Btep Time = 3.3063E-04
Primary Var: &, #32
Deformed Var: U Deformation ®cale Factor: +1.000e+00

Figure H4. Longitudinal stress distribution of the bridge of 6 ft girder spacing
without IDs
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ODE: no-diaphracme.odb ABAQUS/ITANDARD Vereion 6.6-1 Thu Dec 27 lZ:07:23 Central 2t
3 Step: Step-1
Increment 4: Step Time = 3.9063E-04

Primary Var: T,
Deformed Var: T Deformation 2cale Factor: +1.000e+00

Figure HS. Transverse displacement distribution of the bridge of 6 ft girder spacing
without IDs
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ODE: no-diaphracme.odb ABEAQUE fSTANDAFD Verepion 6.6-1 Thu Dec 27 12:07:23 Central Sta
5 Step: Step-1
Increment 4: Step Time = 3.9063E-04

Primary Var: T,
Deformed Var: U Deformation #cale Factor: +1.000e+00

Figure H6. Vertical deflection of the bridge of 6 ft girder spacing without IDs
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Figure H7. Logarithm transverse strain of the bridge of 6 ft girder spacing without
IDs
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Figure H8. Logarithm longitudinal strain of the bridge of 6 ft girder spacing without
IDs
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ODE: no-diaphragme.odbh ABAQUS /STANDARD Vereion 6.6-1 T Dec 27 12:07:23 Cenktral Sta

Btep: Step-1

Increment 4: Htep Time = 2.9063E-04
Primary War: PE. FPEll
Deformed Var: T Deformation Scale Factor: +1.000e=+00

Figure H9. Transverse plastic strain of the bridge of 6 ft girder spacing without IDs
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Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure H10. Longitudinal plastic strain of the bridge of 6 ft girder spacing without

IDs
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Bridge of 6 ft girder spacing with IDs at central span

In comparison, the numerical results for the bridge of 6 ft girder spacing with IDs at
the central span and location of the applied load are shown in Figures H11 to H20, and
they correspond to Figures H1 to H10 for the case of the bridge without IDs.
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Deformed Var: O Deformation Scale Facktor: +1.000=+00

Figure H11. Damage area of the bridge of 6 ft girder spacing with IDs
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Figure H12. von Misses stress distribution of the bridge of 6 ft girder spacing with
IDs
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Figure H13. Transverse stress distribution of the bridge of 6 ft girder spacing with
IDs
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ODE: ppacing-dft.odb ABRQUE /ITANDARD Vereion &6.6-1 Fri Dec 28 23:22:00 Central Star
1 3
Step: Step-1
Increment 29: Step Time = 0.111%

Primary Var: &,
Deformed Var: U Deformation Zcale Factor: +1.000e+00
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Figure H14. Longitudinal stress distribution of the bridge of 6 ft girder spacing with
IDs

+2.553e-01

EEHLHT#-ODB: ppacing-6ft. odhb ABAQUS /STANDARD Vereion 6.6-1 Fri Dec 28 23:Z2:00 Central Star
1

Step: Htep-1

Increment 29: Htep Time = 0.111%&

Primary Var: T,

Deformed Var: U Deformation Scale Factor: +1.000e+00

Figure H15. Transverse displacement distribution of the bridge of 6 ft girder
spacing with IDs
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Figure H16. Vertical deflection distribution of the bridge of 6 ft girder spacing with

IDs
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Step: Step-1l

Increment 291 Btep Time = 0.111%

Primary Var: LE, LEll

Deformed Var: T Deformation Scale Facktor: +1.000e+00

Figure H17. Transverse strain distribution of the bridge of 6 ft girder spacing with

IDs
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ODE: ppracing-&ft.odb ABARQUS ITANDARED Vereion 6.6-1 Fri Dec 28 Z23:122:00 Central Ztan
3

Htep: Step-1

Increment Z23: EBtep Time = o.111%

Primary Var: LE, LE33

Deformed Var: U Deformation Scale Factor: +1.000=+00

Figure H18. Longitudinal strain distribution of the bridge of 6 ft girder spacing with

IDs
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ODE: epacing-éft.odb ABRQUE/STANDARD Vereion 6.6-1 Fri Dec 28 23:22:00 Central Stan
1 3
Step: Step-1
Increment 29: 8tep Time = 0.111%8

Primary Var: FE, PEll
Deformed Var: T Deformation ZScale Facktor: +1.000e+00

Figure H19. Transverse plastic strain distribution of the bridge of 6 ft girder
spacing with IDs
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1 3
Step: Step-1l
Increment 29: 8tep Time = 0.111s
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Deformed Var: T Deformation Scale Factor: +1.000=+00

Figure H20. Longitudinal plastic strain distribution of the bridge of 6 ft girder
spacing with IDs
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Appendix 1. Effect of the End Intermediate Diaphragms
Case without end IDs

The numerical analysis results for the bridge of 12 ft. girder spacing of 6 ft. without
the end intermediate diaphragms (IDs) are given in Figures I1 to I10. While as a
comparison, the corresponding results for the case of the bridge of 12 ft. girder spacing
but with the end IDs are also provided in Figures I11 to 120. For both the case, the
intermediate diaphragms (IDs) in the central span and at the location of the applied load
are included. The purpose of the analysis is to study the effect of the end IDs. The
bridge with the end IDs shows a reduced damage area as the bridge is strengthened with
the end IDs; but the effect of the end IDs to the bridge performance under impact is not
significant.
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Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure I1. Damage area of the bridge of 12 ft girder spacing without end IDs
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Figure 12. von Misses stress distribution of the bridge of 12 ft girder spacing without
end IDs
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Figure I3. Transverse stress distribution of the bridge of 12 ft girder spacing
without end IDs
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1 ODE: epacing 12ft.odb ABRQUS fSTANDARD Vereion 6.6-1 Wed Dec 24 10:09:10 Central Stan

increaping epacing

é%ep: Btep-1

Increment 33: Step Time = 0.1111

Primary Var: =, 533

Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure I4. Longitudinal stress distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I5. Vertical deflection distribution of the bridge of 12 ft girder spacing
without end IDs
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Deformed Var: T Deformation Scale Factor: +1.000e+00

Figure 16. Longitudinal deflection distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I7. Transverse strain distribution of the bridge of 12 ft girder spacing
without end IDs
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1 ODE: ppacing l2ft.odb ABRQUESTANDARD Vereion &6.6-1 Wed Dec 26 10:03%:10 Central Star
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Figure I8. Longitudinal strain distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure 19. Transverse plastic strain distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure 110. Longitudinal plastic strain distribution of the bridge of 12 ft girder
spacing without end IDs

Case with end IDs

While for the case of the bridge of 12 ft. girder spacing with the end intermediate
diaphragms (IDs), the numerical results are presented in Figures 111 to 120. Though the
damage area is slightly reduced, the effect of the end IDs to the bridge performance under
impact is not obvious.
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Figure I11. Damage area of the bridge of 12 ft girder spacing with end IDs
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Figure I12. von Misses stress distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I13. Transverse displacement distribution of the bridge of 12 ft girder
spacing without end IDs
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tep: Step-1
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Figure I14. Vertical displacement distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I15. Transverse stress distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure 116. Longitudinal stress distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I17. Transverse strain distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I18. Longitudinal stress distribution of the bridge of 12 ft girder spacing
without end IDs
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Figure I19. Transverse plastic strain distribution of the bridge of 12 ft girder
spacing without end IDs
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Figure 120. Longitudinal plastic strain distribution of the bridge of 12 ft girder
spacing without end IDs
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