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4 Hoan Bridge Study 

4.1 Introduction  

This chapter describes one of the two cases that are used as the primary case studies in this 

research. The Hoan Bridge is located on I-794 over the Milwaukee River in the city of 

Milwaukee, Wisconsin. The bridge was opened for traffic in 1974 and carried three lanes of 

traffic in each direction to and from the city. The main span is a three span tied arch crossing the 

river. The main span has three span continuous three girder approach spans on both sides of arch. 

The south approach spans, shown in Figure 4-1, consist of two parallel, three-span continuous 

plate girder systems with a non-composite concrete deck slab.  A cross section of the bridge is 

shown in Figure 4-2. The structural system consists of three 10 ft deep plate girders spaced at   

24 ft - 6 in. and connected with floor beams supporting intermediate stringers under the slab.  On 

December 13th, 2000, bottom flange and full web depth fractures were found in two out of the 

three steel girders (Figure 4-3 and Figure 4-4). Visual inspection of the northbound bridge by 

WisDOT revealed a depressed area approximately 4 ft deep by 25 ft long, by about 50 ft wide 

across the roadway. The depression sloped out toward the outside lane. The fracture opened up 

several inches resulting in a kink in the girder. There was a separation between the                 

non-composite concrete deck and steel girders. Localized concrete crushing in the deck and 

parapet was also observed. Partial depth web fractures were also found at three locations in 

Girder D as shown in Figure 4-3. Stringers are omitted from Figure 4-3 for clarity. Figure 4-4 

shows the fracture in the exterior girder F and the center girder E. Figure 4-5 through Figure 4-7 

shows close up of the fracture in girder D through F. 

The fracture occurred around 4 AM when the ambient temperature was about -11°F and the 

traffic on the bridge was sparse (Fisher, et al., 2001). The load that caused the fracture is 

unknown but it was estimated to be a tractor-trailer salt truck with a weight of approximately 100 

kips. This estimate is based on the weigh-in-motion study that was carried out following the 

collapse by University of Michigan (Fisher, et al., 2001). Because the large deflection was 

readily apparent to motorists, authorities were alerted almost immediately and the bridge was 

closed quickly.  It is not known if any truck loads crossed the bridge in the damaged condition. 
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The entire roadway was immediately closed to traffic and on December 28, the damaged section 

was removed by explosive demolition to allow for rapid reconstruction. 

All three girder web fractures initiated from high triaxial stresses at the crack-like geometric 

condition at the intersection of the gusset plate and transverse connection plate welded 

connections with intersecting and overlapping welds. Figure 4-8 shows the schematic of the 

connection detail at lateral gusset plate with the transverse connection plate. Investigation by 

Fisher et al. (2001) revealed brittle fractures at the web crack without any detectable fatigue 

crack extension or ductile tearing at the crack origin. All of the flange and web steel satisfied the 

mechanical properties and Charpy V-Notch toughness that satisfied the AASHTO requirements 

at the time the structure was built (Connor, et al., 2007). Investigation by Fisher et al. (2001) also 

revealed that plates had sufficient toughness to tolerate through plate thickness cracks under 

normal condition without the high constraint condition. Fisher et al. (2001) provide detailed 

information about the findings from the forensic investigation of the Hoan Bridge. 

 

Figure 4-1: South approach Unit S2A showing location of fractured span (Not to scale).  
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Figure 4-2: Typical Hoan bridge cross-section (Not to scale).  

 

 

Figure 4-3: Framing plan and elevation of fractured span (Not to scale).  
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Figure 4-4: Visible fracture in exterior girder F and center girder E  (Wright, 2000). 

 

Figure 4-5: Fracture in girder D (Wright, 2000). 

 

Figure 4-6: Fracture in girder E (Wright, 2000). 
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Figure 4-7: Fracture in girder F (Wright, 2000). 

 

Figure 4-8: Schematic of the connection detail at lateral gusset plate with the transverse 

connection plate (Connor, et al., 2007), used under fair use. 

In this chapter, Section 4.2 provides a detailed description of the modeling methodology used to 

study this damaged bridge. Section 4.3 discusses the modeling limitations that are associated 

with the post fracture analysis of the Hoan Bridge. Section 4.4 evaluates the impact of geometric 

and modeling parameters on the bridge response following simultaneous fracture in girder E and 

F. Section 4.6 studies the impact of fracture location and fracture sequence on the post fracture 
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response of the Hoan Bridge. Finally, Section 4.7 investigates suitability of simplified models to 

capture the post fracture response of the Hoan Bridge. 

4.2 Modeling methodology 

A detailed finite element model of the Hoan Bridge is constructed using (ABAQUS, 2013) 

where the individual bridge components are developed separately and then assembled together in 

the assembly module. The main girders, floor beams and stringers are modeled using general-

purpose four node shell elements with reduced integration (S4R). The web is modeled using 

shell elements at its mid-surface, while the flanges are modeled at the flange to web connection 

with an offset equal to half the flange thickness. Transverse and longitudinal stiffener are 

modeled using S4R shell elements with linear elastic material behavior. Steel plasticity is 

modeled using classical metal plasticity with von Mises yield criteria. The input parameters for 

steel plasticity are defined as per Section 3.2.2.1. 

The reinforced concrete slab is modeled with S4R shell elements with reinforcement modeled as 

a smeared layer at the appropriate location. Extensive review of the available documentation 

related to Hoan Bridge was carried out but no details about the concrete slab could be found. 

Therefore, the concrete slab was redesigned using the strip method in the transverse direction 

using AASHTO (2009). The longitudinal direction reinforcement was calculated based on 

distributed reinforcement requirements, and shrinkage and temperature reinforcement 

requirements in AASHTO (2009). A 4000 psi concrete with Grade 40 reinforcement was used 

for the slab design. The reinforcement in the longitudinal and transverse direction is tabulated in 

Table 4-1. Concrete behavior is modeled using the damaged plasticity model while rebar 

behavior is modeled using classical metal plasticity with von Mises yield criteria. The input 

parameters for concrete and rebar plasticity are defined as per Section 3.2.2.1. 

Table 4-1: Slab reinforcement details (Grade 40). 

 

Reinforcement

#6 bars, 8" c/c (Top)

#5 bars, 8" c/c (Bottom)

#4 bars, 18" c/c (Top)

#5 bars, 12" c/c (Bottom)

Transverse direction

Longitudinal direction

Direction
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ABAQUS (2013) has a library of standard beam sections with integration points through the 

cross-section. The integration points are used during the section property calculations and the 

implementation of material plasticity in beam elements. Lower lateral bracing is modeled using 

beam element (B31) with predefined beam cross section. Beam elements are modeled at the 

section centroid.  

The Hoan bridge guardrail has a geometric shape (Figure 4-9) that cannot be defined using 

sections defined in the beam cross-section library in ABAQUS (2013). One option is to use 

general beam section in ABAQUS (2013) that allows the user defined section properties and 

plastic behavior using hinge properties at the anticipated location of hinge formation. To define 

plasticity the user needs to define axial, bending and torsion behavior of the beam section. The 

general beam section does not account for coupling between axial, bending and torsion behavior. 

Another option is to idealize the guardrail cross-section as one of the cross section included in 

the beam cross-section library in ABAQUS (2013) and allow ABAQUS (2013) to compute 

sectional properties and implement plasticity during analysis. This option is used in the current 

research. The guardrail cross-section is idealized as a trapezoidal section with same area, base 

width and height as that of original cross-section. No details about the guardrail concrete and 

reinforcement material properties, the connection between the guardrail and the concrete slab, 

and the expansion joints along the bridge length are available. Therefore, for the current research 

it is assumed that the guardrail is composite with the concrete slab and has the same concrete 

properties as those of the concrete slab. In addition, the guardrail is assumed to be continuous 

over the bridge length i.e. with no expansion joints. In the vicinity of fracture, concrete crushing 

is observed at the top of the guardrail. Typically, guardrails are mildly reinforced. In this study, it 

is assumed that exclusion of reinforcement in the guardrail idealization will not drastically alter 

the global bridge response.  Some variations of the guardrail modeling are addressed in     

Section 4.4.1 and Section 4.5.7.1. Concrete plasticity in the guardrail is modeled using the 

smeared crack model or the cast iron plasticity model. Section 4.4.1 provides further discussion 

about the impact of inclusion or exclusion of plasticity in the modeling of the guardrail.  
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Figure 4-9: Guardrail cross-section 

The floor beam assembly is connected to the girder web using tie multipoint constraints     

(Figure 4-10) that kinematically constrain all six degrees of freedom between the connected 

nodes. Similarly, the guardrail is made composite with the concrete slab using tie multipoint 

constraints. Beam connector elements (CONN3D2) are used to connect the lower lateral bracing 

to the girder web and the stringers to the floor beam. These connector elements enforce 

kinematic constraints by Lagrange multipliers. Connector elements are used because they 

provide easy and versatile ways to model and modify connection behavior between two 

components. In this chapter, beam connectors are used with an assumption that connections have 

sufficient capacity to carry additional forces following a fracture. This assumption is consistent 

with the field observation of the failed span. For other fracture scenarios, it will be necessary to 

evaluate the connection forces to ensure validity of the load redistribution path. 
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Figure 4-10: Details of the tie constraints and beam connector elements used to connect 

parts of the model. 

The non-composite action at the steel and concrete interface is simulated using surface-to-surface 

contact with finite sliding. The normal behavior is modeled using hard contact with nonlinear 

penalty stiffness. The nonlinear penalty stiffness method is selected over the linear penalty 

stiffness method because it results in better convergence as per ABAQUS documentation 

(ABAQUS, 2013). The tangential behavior is modeled using an isotropic coulomb friction model 

with a coefficient of static friction of 0.57 (Rabbat and Russell, 1985). 

Based on the recommendations for mesh size for modelling of steel girders by White et al. 

(1997), main girders and box-girder webs should be modeled with at least ten elements through 

the depth and four elements across the width of flange. The bottom flange of the box-girder 

should be treated similarly to the web and is meshed with ten elements through the width. In the 

Hoan Bridge model, floor beams and stringers are meshed with four elements through the web 

depth and two elements across the width of flange. The lower lateral bracing and cross bracing 

components are modeled with five beam elements along the length. The concrete slab is meshed 

with an average mesh size of 8 in. in the fractured span. In the remaining spans and overhang, 

the average mesh size in the concrete slab is gradually increased to 24 in. away from the 

fractured span. The guardrail is meshed with an average mesh size of 24 in. The guardrail mesh 

Tie Constraint

Beam Connector
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is further refined to an average mesh size of 8 in. over the fractured region and the interior pier 

(0.1L on either side) to capture concrete plasticity. 

Figure 4-11 shows the design boundary conditions for the Hoan Bridge. Pier 5S, Pier 4S and Pier 

3S supports had fixed shoes while Pier2S supports had expansion shoes. The fixed shoe support 

did not allow movement in the longitudinal and transverse direction of the bridge while the 

expansion show allowed movement only in the longitudinal direction. These boundary 

conditions are applied at the bottom of the plate girder flanges. The Hoan Bridge had a 25 ft. 

overhang over Pier 5S which supported span S3A and S3B. At the joint, a roller assembly was 

provided allowing for transfer of vertical reaction and no moment. This assembly was treated as 

an internal hinge in the analyses. The reaction and vertical stiffness from span S3A and S3B was 

calculated by analyzing the span using line girder analysis. Span S3A and S3B were considered 

as non-composite bridges during this analysis. These analyses yielded a vertical reaction of 32.7 

kips and a vertical stiffness of 33 kips/ft. for exterior girders D and F. For interior girder E, the 

analyses yielded vertical reaction of 37.65 kips and a vertical stiffness of 33 kips/ft. Figure 4-12 

shows the characteristics of typical finite element model used for this study. 

 

 

Figure 4-11: Boundary conditions on Hoan Bridge. 
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Figure 4-12: Finite element model of Hoan Bridge. 

Table 4-2 tabulates the component material properties that are used in this study.  

Table 4-2: Component material properties.  

 

Based on the observed conditions at the time of failure it is assumed that the interior girder E 

fractured first followed by exterior girder F and D (Fisher, et al., 2001). Fracture through the 

bottom flange and full web depth were observed in girders E and F (Figure 4-13).  Partial depth 

web fractures were found at three locations in girder D as shown in Figure 4-3. For the following 

parametric study, the bridge response following simultaneous fracture of girder E and F is 

investigated. The partial depth fractures in girder D are ignored in this analysis because it is 

expected to affect only the local stress distribution in girder D near fracture and not the global 

post fracture response of the bridge. The validity of this assumption is further evaluated in 

Section 4.6.1.  

Guardrail

Floorbeam

Deck

Lower 

Lateral

Bracing

Stringer

Bridge Component Material
Unit Weight 

(lb/ft
3
)

E (ksi)

Flange, flange splice and bearing stiffener plateA588 steel 490 29000

All other structural steel A36 steel 490 29000

Deck Concrete 150 4326
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Figure 4-13: Fractured girder E and F. 

4.3 Modeling caveats 

The following section discusses the modeling caveats that the reader should consider as he/she 

assesses the results of the post fracture analysis of the Hoan Bridge.  

 Transferring results from ABAQUS/Standard to ABAQUS/Explicit  

ABAQUS  (2013) provides the capability to import a deformed mesh and its associated material 

state from ABAQUS/Standard into ABAQUS/Explicit and vice versa. In addition, new model 

information can be specified during the import process. This capability is useful for problems 

that involve several analysis stages and allows users to take advantage of features and strengths 

of both the ABAQUS/Standard and ABAQUS/Explicit analysis options. ABAQUS/Standard uses a 

Hilber-Hughes-Taylor time stepping scheme in which a set of nonlinear equilibrium equations 

are solved at each time increment. Therefore, a large number of iterations are required at each 

time increment to reach convergence for problems involving contact definition and material 

plasticity. This difficulty is observed during evaluation of different guardrail models        

(Section 4.4.1) and damping definition (Section 4.5.4). The ABAQUS/Explicit scheme uses a 

staggered central difference rule to calculate displacements and velocities in terms of quantities 

known from the previous increment.  The stable time increment size may need to be very small 

Girder E

Girder F

Fracture
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to satisfy the solution criteria (wave speed check in the element), but this approach is relatively 

inexpensive compared to the number of increments required by the ABAQUS/Standard approach. 

The dynamic equilibrium is satisfied at the beginning of the time increment. In the analysis of 

the Hoan Bridge, response of the intact bridge to dead and live load is simulated using 

ABAQUS/Standard. The fracture event is simulated in either ABAQUS/Standard or 

ABAQUS/Explicit. Section 4.3.2 provides details about the introduction of fracture in both 

analysis techniques. The post fracture analysis is carried out using ABAQUS/Explicit. Use of 

ABAQUS/Explicit to perform post fracture analysis of the Hoan Bridge resulted in significant 

savings in computational cost. 

 Introduction of fracture in ABAQUS/Standard and ABAQUS/Explicit  

In the present study, fracture is modeled by introducing duplicate nodes at the predefined 

fracture path. The duplicate nodes are connected using zero length beam/weld connector 

elements to mimic intact condition. In Method-I, the fracture event is simulated by deactivating 

connector elements using the ñModel Changeò option in ABAQUS/Standard. This method is 

verified using a three-truss bar model in Chapter 3. In Method-II, the fracture is simulated in 

ABAQUS/Explicit, the analysis is carried out using the intact and the fractured model of the 

bridge. In the first step, the intact model of the bridge is analyzed and the forces in the connector 

elements at the location of fracture are recorded. These forces are then applied as equal and 

opposite nodal forces at the fracture location in the fractured bridge model to simulate intact 

condition. In the fracture simulation step, these forces are ramped down to zero over a short 

transient step to simulate fracture. Both approaches are conceptually identical and should yield 

the same response. Method-II  is evaluated by comparing deflections at the location of fracture in 

all three girders following fracture in girder E (Figure 4-14).  Both methods yield identical 

deflection response, as conceptually they are identical. Method-II used to investigate impact of 

fracture sequence on the Hoan Bridge response in Section 4.7.  
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Figure 4-14: Fracture simulation method comparison.  

 Quasi-static analysis using ABAQUS/Explicit 

ABAQUS/Standard offers four methods (Newtonôs method, Newtonôs method with automatic 

stabilization, Modified Riks method, and Implicit quasi-static method with backward Euler 

operator for time integration and Newtonôs method for integration within time increment) to 

obtain a quasi-static solution. The analyses in this section are performed using non-linear 

material properties. As noted earlier, with ABAQUS/Standard a large number of iterations are 

required at each time increment to get convergence for problems involving contact definition and 

material plasticity. Alternatively, ABAQUS/Explicit can be used to obtain a quasi-static solution. 

The size of a stable time increment in an Explicit scheme is small and is a function of highest 

frequency and critical damping ratio. The time required to simulate quasi-static analysis over the 

actual duration of the event can be very large. Therefore, the computational cost can be reduced 

by either speeding up the simulation or by scaling the mass during analysis.  In this study, the 

quasi-static analysis is carried out by speeding up the simulation in ABAQUS/Explicit. Abdullah 

and Easterling (2009) used the fundamental time period (Tbridge) of the structure as an indicator 

for specifying the time step period in the quasi-static analysis. Similar to Implicit quasi-static 

analysis in ABAQUS/Standard, it is necessary to check that the kinetic energy (ALLKE) of the 

model does not exceed a small fraction (typically less than 5%) of its internal energy (ALLIE) in 

Fracture 
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order to eliminate inertial effects. To compare effectiveness of this technique, the response of the 

Hoan Bridge when fracture in girder E and F is introduced gradually using Implicit quasi-static 

analysis in ABAQUS/Standard is compared against ABAQUS/Explicit solution. Figure 4-15 and 

Figure 4-16 shows the displacement response of intact girder D and fractured girder F 

respectively. For the Implicit quasi-static analysis and the Explicit quasi-static analysis with 

duration of analysis equal to 0.75 sec that is very close to Tbridge, the ratio (Table 4-3) of kinetic 

energy (KE) to internal energy (IE) is higher than the typical limit of 5% used with the quasi-

static analysis. Higher KE/IE ratio indicate presence of dynamic effects which leads to stiffer 

response for both models as shown in  Figure 4-15 and Figure 4-16. Introduction of fracture over 

5Tbridge and 8Tbridge time steps yielded a quasi-static solution with KE/IE ratio less than 1% 

throughout the analysis. The fracture introduction step duration is normalized to 1 sec for 

comparing results from the analyses with different durations for fracture introduction step. 

ABAQUS/Explicit quasi-static analysis with 5Tbridge and 8Tbridge yielded identical deflection 

response. ABAQUS/Explicit quasi-static analysis with Tbridge yielded stiffer response in the 

presence of inertial/dynamic effects as indicated by higher KE/IE ratio (11.1%) at the end of 

analysis. Therefore, quasi-static analysis with 5Tbridge or 8Tbridge can be used to simulate gradual 

introduction of fracture in girder E and F. This section describes the approach to select the 

analysis duration for quasi-static response using ABAQUS/Explicit. The same approach is used to 

select the duration for the simplified methods discussed in Section 4.7. 
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Table 4-3: Girder deflection comparison using implicit and explicit quasi-static analysis. 

 

 

 

 

  Figure 4-15: Quasi-static displacement response of girder D following fracture at 1 sec. 

Girder D (in.) Girder E (in.)Girder F (in)

-5.3 -5.7 -5.7 0.82

-5.2 -5.5 -5.6 0.9

-5.2 -5.5 -5.6 0.9

-5.2 -5.5 -5.6 0.9

Analysis 

Description
Step

At fracture location (0.4L)
KE/IE*100

Implicit quasi-

static analysis

Dead and live load

Fracture introduction -8.7 -23.8 -35.3 8.59

Explicit with          

t = 0.75 sec i.e. 

T bridge

Dead and live load

Fracture introduction -8.3 -21.1 -30.7 11.1

0.4

Explicit with          

t = 6.00 sec i.e. 

8T bridge

Dead and live load

Fracture introduction -8.9 -26.0 -39.5 0.05

Explicit with          

t = 3.75 sec i.e. 

5T bridge

Dead and live load

Fracture introduction -8.9 -26.2 -39.8

Application of 

dead and live load 

Fracture introduction duration 

normalized over 1 sec. 
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Figure 4-16: Quasi-static displacement response of girder F following fracture at 1 sec. 

4.4 Finite element analysis of Hoan Bridge 

The objective of this section is to determine the effect of geometric and modeling parameters on 

bridge response and load carrying capacity of the bridge following a bottom flange and full depth 

web fracture in girder E and F. For this parametric study, analyses are carried out in a series of 

steps in ABAQUS (2013). In the first step, dead and live load is applied to the bridge. Dead load 

includes the self-weight of the components, the weight of the asphalt overlay and reactions from 

the span S3A over the 25 ft overhang. No documents regarding the construction sequence of the 

bridge could be found and it is also expected that the deformation and member forces resulting 

from the fracture will dominate the response compared to deformation and stresses resulting 

from the construction sequence. Therefore, the dead load of all the bridge components is 

activated in a single step. Additionally, nominal material properties are used during analysis that 

are lower than the expected material properties. For live load, a 100 kip truck load is applied 

over the fracture location on the right hand lane. To calculate individual axle loads, a HS-20     

(72 kips) truckload distribution is scaled to get a 100 kip truck. In the next step, fracture is 

simulated by deactivating beam connector elements over girder E and F using the ñModel 

Application of 

dead and live load 

Fracture introduction duration 

normalized over 1 sec. 
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Changeò option in ABAQUS (2013). In a static analysis, the ñModel Changeò option introduces 

fracture slowly allowing structure to stabilize over the entire step. In a dynamic analysis, fracture 

is simulated in two steps. In the first step, fracture is introduced in a short transient step over 

0.001 sec using the ñModel Changeò option. The step duration of 0.001 sec is based on the time 

it would take for a full depth fracture to propagate though a 120 in. deep Hoan girder assuming a 

fracture speed of 7,000 ft./s in structural steel (Barsom and Rolfe, 1999). Further details about 

fracture simulation using the ñModel Changeò option are provided in Section 3.2.5 and     

Section 3.3.3. In the second step, dynamic response of the structure post fracture is simulated for 

duration of 5 sec. 

 

Figure 4-17: Post fracture response simulation steps. 

As the first step of this study, a linear elastic model of the Hoan Bridge is analyzed using an 

Implicit quasi-static analysis to establish a baseline for the overall bridge behavior and possible 

yield locations. As discussed before, the analysis is carried out in two steps. In the first step, dead 

load and live load is applied to the bridge. In the second step, bottom flange and full web depth 

fracture in girder E and F is simulated over a quasi-static step. The deformation in all three 

girders at the location of fracture at the end of two steps are tabulated in Table 4-4 .  

Table 4-4: Girder displacement (in.). 

 

(Negative sign indicates downward displacement) 

1. Introduction of bottom flange and full web depth fracture in 

Girder E and F (0.001 sec)

1. Application of dead load and live load.

Fracture introduction (Implicit dynamic analysis)

Loading (Static analysis)

Post fracture response (Dynamic analysis)

1. Post fracture response simulated for duration of 5 sec.
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Step Description Girder D (in.) Girder E (in.)Girder F (in.)

1 Dead load and live load -5.33 -5.69 -5.74

2 Girder E and F fracture -8.57 -22.09 -32.75
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Figure 4-18 shows the von Misses stress distribution in the steel superstructure in span 3S-2S. In 

the Hoan Bridge, flange plates and bearing stiffeners were made of A588 steel while all other 

components were made of A36 steel. Therefore, the majority of steel is A36. The display scale is 

set to display regions having stress higher than 36 ksi in red to visually identify regions of high 

stress or yield in case of A36 material. Based on the von Misses stress distribution, yielding 

should occur in stringers close to fracture location and in the girder web and top flange from  

Pier 3S up to 0.3L.  

 

Figure 4-18: von Mises stress distribution at fracture location in Span 3S-2S (Linear elastic 

model). 

Figure 4-19 shows the stress distribution at the top and bottom fiber of the guardrail (Element 

No. 44) right above the fracture location. The stresses exceeded the tensile and compressive 

limiting values in regions close to the fracture (Figure 4-19) but were lower than the limiting 

values in regions away from the fracture. As noted earlier in Section 4.2, the guardrail is 

assumed composite with the concrete slab, which results in lower axis neutral axis and lower 

tensile stresses in the bottom fiber compared to the compressive stress in the top fiber. From this 

analysis, it is clear that material plasticity needs to be included in the entire model to capture the 

post fracture response of the Hoan Bridge.  

 

Girder D

Girder E

Girder F

Fracture

location
Pier 2S

Pier 3S
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Figure 4-19: Stress distribution in guardrail (Element No. 44) for linear elastic model. 

 Selection of guardrail model 

Results from the linear elastic model of the Hoan Bridge showed that it is important to 

understand plasticity in structural components in order to capture the load redistribution 

following the fracture event. Therefore, seven guardrail models (Table 4-5) are analyzed using 

the Implicit quasi-static analysis in ABAQUS/Standard. Model-1, Model-4 and Model-5 use 

linear elastic properties for guardrail concrete imposing no limit on the tensile or compressive 

stress. In Model-2, Model-3 and Model-6, tensile stress in concrete is held at the rupture stress 

for the post cracking strain region. Analyses are carried out over two steps for all the guardrail 

models. In the first step, dead load and live load is applied to the bridge. In the second step, the 

bottom flange and the full web depth fracture in the girders E and F is simulated over a         

quasi-static step. No additional load is applied in the second step. 
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Table 4-5: Guardrail model description. 

 

In Model-1, the guardrail is modeled using elastic beam elements with trapezoidal cross section 

(Figure 4-20). The guardrail is made composite with the beam slab using beam connector 

elements. In  Model-2, the plasticity in the guardrail is implemented using the smeared crack 

concrete model. The guardrail is assumed to have the same properties as the bridge slab with the 

exception of the post-cracking behavior of concrete. For the post-cracking behavior, tensile stress 

in concrete is held at rupture stress (fcr) instead of including strength degradation using a tension-

stiffening model. This modification was done to get around the convergence difficulties observed 

in the initial analysis with the tension-stiffening model. In Model-3, the concrete plasticity in the 

guardrail is implemented using the cast iron plasticity model in ABAQUS (2013). Cast iron 

plasticity model is intended for gray cast iron and it allows for different stress-strain response in 

tension and compression. In the cast iron plasticity model, the yield function depends on the 

maximum principal stress for tensile behavior and on pressure-independent behavior based on 

deviatoric stresses for compressive behavior. Similar to Model-2, tensile stress in concrete is 

held at rupture stress (fcr) post-cracking.  

 

Model-4

Model-5

Model-6

Model-7

Guardrail Model description

Beam element with trapezoidal cross section with 

smeared crack concrete model

Beam element with trapezoidal cross section with 

cast iron plasticity model

Model-1

Model-2

Model-3

Guardrail excluded from the analysis but its weight 

applied as distributed load to slab.

Solid elements with damaged plasticity model

Elastic beam element with axial connector element at 

fracture location

Elastic beam element with damage at fracture 

location simulated by removing beam element

Elastic beam element with trapezoidal cross section.
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In Model-4 (Figure 4-21), guardrail nodes near the location of girder fractures are disconnected 

by introducing duplicate nodes and connecting the duplicate nodes using an axial connector 

element rigid in compression and free in tension. In Model-5 (Figure 4-22), a discontinuity is 

introduced in the guardrail at the fracture location by deleting the beam element at the fracture 

location. In Model-4 and Model-5, plasticity in the rest of the guardrail is implemented through 

cast iron plasticity model.  

In Model-6, the guardrail is modeled using solid elements (C3D8R), with denser mesh near the 

fracture location (i.e. between 0.3L and 0.5L from Pier 2S) and over the interior Pier 3S to 

capture the concrete crushing and cracking post girder fracture. Concrete plasticity is 

implemented through use of concrete damaged plasticity model. To compare the response with 

Model-2 and Model-3, Model-6 did not include strength degradation using tension-stiffening 

model; instead, the tensile stress is held at the rupture stress in the post cracking stage. In  

Model-7, the guardrail is excluded from the model but its mass is applied as a distributed load in 

the region of the slab occupied by the guardrail. This method does not account for the guardrail 

stiffness but accounts for its weight.   

 

Figure 4-20: Trapezoidal beam model with default integration points. 
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Figure 4-21: Model-4. 

 

  

Figure 4-22: Model-5. 
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Model-1 and Model-6 reached a converged solution while Model-2, Model-3, Model-4, Model-5 

analyses had convergence problems and the analyses terminated during the second step where 

fracture is introduced. Analyses failed to converge because of local failure of the concrete in the 

slab and guardrail near fractured location. The local failure of concrete does not imply structural 

failure. These analyses use ñModel Changeò option to simulate fracture. ñModel Changeò stores 

forces in the elements to be removed and ramps those forces down gradually to zero during the 

removal step. Analyses that fail to converge in the element removal step have residual forces 

from the removed elements. Therefore, output from last successful time increment from failed 

analysis can only be used to compare different guardrail models but not for the post fracture 

response of the bridge.  

The girder displacements are recorded at the intersection of the bottom flange and web. Girder 

displacement in all three girders at the location of fracture are tabulated in Table 4-6. Along with 

the displacements at the last successful iteration, displacement at the previous time increment 

(taken at the nearest time interval) are also recorded to compare response between different 

guardrail models. Different guardrail models yielded similar displacements at intermediate time 

intervals as shown in Table 4-6.  

The girder displacements from Model-2 and Model-3 are similar to the girder displacement from 

Model-6 at the intermediate time increments (Table 4-6). To evaluate the capability of Model-2 

and Model-3 to capture guardrail plasticity, the axial force and the major axis bending moment 

are recorded at the location of fracture in the guardrail (Table 4-7). The axial force and the major 

axis bending moment are also recorded for Model-1. For Model-1, along with the values at the 

end of the analysis, the axial force and the major axis bending moment values are recorded at the 

intermediate time increments for comparison with Model-2 and Model-3.  

The axial force values in Model-1 is similar to the axial force value in Model-2 and Model-3 at 

the intermediate increments. Model-1 with the elastic beam elements yields higher major axis 

bending moment values compared to Model-2 and Model-3 results. Use of elastic beam elements 

in Model-1 resulted in successful completion of the analysis but this approach can provide a false 

sense of safety for the bridge as the elastic guardrail will continue to carry load beyond its actual 

capacity instead of redistributing to other bridge members and thereby altering the bridge failure 
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mode. Therefore, use of elastic beam elements to model guardrail should be carefully evaluated 

on the case-by-case basis.  

Table 4-6: Girder displacement at location of fracture (0.4L) for different guardrail 

models.  

 

(Negative sign indicates downward displacement) 

 

Table 4-7: Axial force and major axis bending moment in guardrail at the fracture location 

(Element No.44). 

 

Girder D (in.) Girder E (in.) Girder F (in.)

0.70 -7.64 -15.32 -20.68 6.67

0.80 -7.93 -18.18 -25.65 7.43

1.00 -8.66 -24.66 -36.79 7.16

Model-2 0.70 -7.52 -15.60 -21.40 5.33

0.70 -7.66 -15.39 -20.82 7.25

0.80 -7.94 -18.30 -25.88 8.17

0.71 -7.52 -15.38 -21.06 6.64

0.78 -7.75 -17.43 -24.58 8.08

0.72 -7.61 -16.06 -22.21 7.04

0.76 -7.77 -17.29 -24.30 7.83

0.70 -7.50 -14.83 -19.95 5.27

0.80 -7.79 -17.38 -24.29 6.71

1.00 -8.65 -23.80 -35.27 8.59

0.72 -7.78 -15.55 -21.36 5.00

0.78 -7.98 -16.99 -23.80 5.54

0.80 -8.08 -17.65 -24.92 5.74

1.00 -8.88 -23.55 -35.01 6.10

Model-7

Model-3

Model-4

Model-5

Model-6

Guardrail
Time 

Increment 

0.4L
KE/IE*100

Model-1

0.70 598.1 7339.4

0.80 664.8 8519.1

1.00 851.5 13583.8

Model-2 0.70 590.9 5425.2

Model-3 0.80 656.8 5933.7

Time 

Increment
Axial Force (kips)

Major Axis Bending 

Moment (kip-in)

Model-1

Guardrail
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Figure 4-23: Stress distribution in guardrail at the fracture location for different guardrail 

models.  

Model-2, Model-3 and Model-6 include a plasticity definition for the guardrail. To evaluate their 

capacity to capture the concrete behavior in tension and compression, the top and bottom fiber 

stresses at the location of fracture are recorded throughout the analysis (Figure 4-23). In addition, 

the top and bottom fiber stresses are also recorded for Model-1. Fracture is introduced at time 

increment 1.0 in step 2. At the end of step 1 where bridge is loaded with dead load and live load, 

the top and bottom fiber stresses are within the elastic limit for compression (0.4 fcô) and tension 

(fcr). The compressive stress in the top fiber is similar for all models while tensile stress in 

Model-2 is lower compared other models at the end of step 1. Lower stress at the end of step 1 

for Model-2 resulted in the concrete cracking in the top fiber in later time increments in step 2. In 

Model-1 with the elastic beam elements, top and bottom fiber stresses exceed the compressive 

strength (fcô) and rupture stress (fcr). Model-6 with solid elements, yielded stiffer response 

compared to Model-2 and Model-3. Model-2 and Model-6 are able to follow the stress-strain 

relationship defined for concrete in tension and compression. The cast iron plasticity model 
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(Model-3) captured the stress-strain curve up to the compressive strength (fcô) of the guardrail 

concrete correctly but then failed to follow the strength degradation beyond fcô. The bottom fiber 

stress reached the rupture stress (fcr) around 0.2 time increment in step 2 and all three models 

were able to maintain it rupture stress (fcr) for the subsequent time increments. Although, the 

smeared crack concrete model and cast iron plasticity model used in Model-2 and Model-3 

captured the guardrail plasticity at the location of fracture they failed to get a converged solution. 

Additionally both material models are intended for monotonic loading and will not be useful in 

correctly capturing the post fracture dynamic response of the bridge. Therefore, Model-2 and 

Model-3 will not be considered for further evaluation using dynamic analysis.  

Figure 4-24 through Figure 4-30 shows the vector representation of the principal plastic strain 

distribution at the top and bottom of the concrete slab for all seven guardrail models. The 

principal plastic strain distribution at the top and bottom of the concrete slab for Model-1 and 

Model-6 are similar indicating that both models will result in similar yield line patterns on the 

slab. Model-2 and Model-3 show less plastic strain in the concrete slab as the analysis failed 

before reaching the full time step. Use of Model-4 (Figure 4-27) and Model-5 (Figure 4-28) 

resulted in more localized plasticity in the slab near the location of fracture and the plasticity did 

not spread out as compared to Model-6 (Figure 4-29).  Therefore, Model-4 and Model-5 are 

excluded from further evaluation using dynamic analysis. It was expected that the girder 

displacements from Model-7 would be higher compared to Model-6 and Model-1 response. 

However, the girder displacements are similar to Model-6 and Model-1 (Table 4-6). This 

response can be attributed to the redistribution of the load to larger slab and steel superstructure 

region in the absence of the guardrail as seen in Figure 4-30. Redistribution of forces further 

away from the location of fracture can cause lower demand on the connections and structural 

components closer to fracture. Therefore, it is important to include guardrail in the analysis to 

capture correct global response and demand on structural components. 

In Table 4-6, along with the girder displacements ratio of kinetic energy (KE) to internal energy 

(IE) is also tabulated at different time increment to ensure kinetic energy does not dominate the 

response. The KE/IE ratio in all the guardrail models is between 5-10%. The current kinetic 

energy contribution is higher than the typical limit of 5% used with quasi-static solution scheme. 

The current kinetic energy calculation includes kinetic energy from the rigid body movement of 
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the fractured girders. The rigid body movement does not cause any strain or stress and does not 

contribute to the internal energy. Therefore, kinetic energy from the rigid body movement should 

be excluded from the calculation of KE/IE ratio. Instead of calculating kinetic energy from the 

rigid body movement, response is compared with the analysis where fracture is introduced 

gradually. Model-2 and Model-3 are reanalyzed in Section 4.4.2 with the gradual introduction of 

fracture over multiple steps to assess the validity of the current analysis. Model-2 and Model-3 

are selected instead of other models to see whether a converged solution can be obtained using a 

gradual introduction of fracture. Model-1, Model-6 and Model-7 are further analyzed using 

nonlinear dynamic analysis in Section 4.5.7.1.  
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Top fiber 

 

Bottom fiber 

Figure 4-24: Principal plastic strain distribution on slab (Model-1). 
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Top fiber 

 

Bottom fiber 

Figure 4-25: Principal plastic strain distribution on slab (Model-2). 
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Top fiber 

 

Bottom fiber 

Figure 4-26: Principal plastic strain distribution on slab (Model-3). 




























































































































































