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1 Project Impetus and Overview 
Many older bridges were designed for much lighter loads than are required today, and engineering 
calculations based on current codes show that these bridges are at risk for posting, closure or 
replacement. However, many of these structures show few or no signs of distress and provide 
adequate service. This raises the obvious question: even if a bridge was not designed to carry 
modern truck traffic, should it be closed – or millions spent – to strengthen or replace it given its 
good performance history and condition? 

Concrete T-beam bridges are an important class of structures that has seen limited investigation. 
These structures are often perceived as quite robust and are in good condition, but possess very 
low rating factors based on conventional analysis per the AASHTO Manual for Bridge Evaluation 
(2011). Testing of five T-beam bridges conducted in summer 2017 indicated that conventionally 
calculated rating factors are generally low for T-beam bridges. However, all of the tested bridges 
were un-skewed, and the effect of skew angle has not been quantified. Further, the reliance on 
non-destructive live-load testing (NDLLT) to modify rating factors can be costly. Finally, the use 
of NDLLT to modify rating factors requires the extrapolation of service-load strain data to predict 
bridge capacity, and at capacity, the bridges will generally experience significant nonlinearity. 

These research questions were addressed with a three-phase approach. In the first phase, UMaine 
engineers instrumented and field load-tested five, cast-in-place, simple span, skewed concrete T-
beam bridges. The specific structures to be tested were determined jointly by MaineDOT and 
UMaine engineers prior to the start of this project. These bridges, tested in the summer of 2018, 
were instrumented with the Bridge Diagnostics Incorporated (BDI, 2010) semi-wireless system 
using multiple strain gages located to assess both load distribution and flexural capacity. Girders 
were instrumented both at mid-span where moments were at their maximum as well as near the 
supports to assess any unintended partial fixity. Measured strains were then used to modify the 
conventional, code-based flexural rating factors of these structures.  

In the second phase of this project, the NDLLT results from the five skewed bridges were used in 
conjunction with prior NDLLT of non-skewed T-beam bridges to assess differences in behavior 
caused by a skewed alignment. In addition, detailed, linearly elastic, 3D finite-element models of 
all 10 bridges were developed. These models incorporated all field-verified components such as 
wearing surface, curbs and railings as well as all reinforcing specified in the original plans. These 
models were subjected to the loads used during NDLLT, their predictions compared with field-
measured response, and their results used to help assess differences in behavior between skewed 
and un-skewed bridges. 

In the final phase of the project, a novel, nonlinear finite-element modeling strategy was developed 
that permits the accurate inclusion of inherent ductility and a realistic assessment of capacity under 
the application of factored loads. This method, termed Proxy Finite Element Analysis (PFEA), 
enhances our ability to rationally assess bridge capacity without relying on NDLLT. PFEA was 
validated through comparison with experimental data both from the testing conducted in this study 
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and from strength tests of beams and bridges performed by others. Ultimately, PFEA was used to 
re-compute flexural rating factors for all ten T-beam bridges considered in this study, and generally 
indicated less-conservative predictions of bridge capacity than NDLLT. This is consistent with 
PFEA’s explicit consideration of nonlinear structural response and the fact that NDLLT relies on 
linear extrapolation. PFEA was also used to examine the shear rating factors of the 10 bridges 
subjected to NDLLT, and indicated generally higher shear rating factors. 

2 Phase 1: Bridge NDLLT 
The five reinforced concrete (RC) T-beam bridges were tested during the summer of 2018 as part 
of this program are listed below. 

1. Bridge No. 5489 in Levant, carrying Route 222 over Black Stream, 
2. Bridge No. 5109 in Hampden, carrying Route 9 over Souadabscook Stream, 
3. Bridge No. 2390 in Unity, carrying Town Farm Road over Sandy, 
4. Bridge No. 2879 in Atkinson, carrying Stagecoach Road over Piscataquis River, 
5. Bridge No. 3848 in Columbia, carrying Saco Road over Western Little River. 

All bridges were instrumented with a strain measuring system, loaded with heavy trucks, and then 
analyzed to determine whether it was reasonable to change the bridge rating factors based on the 
test results. These bridges were all constructed between 1931 and 1952 and were originally 
designed as simply supported with a nominal concrete compressive strength of 2.5 ksi. Each bridge 
utilized a moderately skewed alignment, with angles of skew ranging between 15° and 35°.The 
primary objective of this study was to determine more appropriate live-load rating factors for these 
bridges and to determine more realistic live-load distribution factors than those predicted by 
AASHTO (2012) based on their actual response. Recommendations for rating factor modifications 
are made based on the observed and computed response of these structures. Characteristics of the 
bridges tested and analyzed in this study are summarized in Table 1. When two numbers are listed, 
the first gives the value for interior girders and the second for exterior girders. When one value is 
listed, the interior and exterior girders are the same. 
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Table 1: Bridge Characteristics 

Bridge Levant Hampden Unity Atkinson Columbia 
Number 5489 5109 2390 2879 3848 

Year Built 1952 1951 1950 1931 1951* 
Span - Center to Center of 

Bearings (feet) 47.0 47.0 37.0 50.0 34.0 

Skew (Degrees) 15.0 35.0 30.0 30.0 30.0 
Number of Girders 5 5 5 4 5 
Girder Spacing (in) 82.0, 54.0 85.8, 57.3 73.5, 42.8 90.0,54.0 70.4, 45.2 

Total depth (in) 36.0 39.8 31.3 50.0 29.8 
Girder web thickness (in) 19.0 22.8 24.0, 15.0 22.0, 17.0 19.5, 16.0 

Slab Thickness (in) 5.50 6.25 5.75 8.00 5.75 
*Substructure built in 1943, superstructure built in 1951 

2.1 Instrumentation 
The strain measurement system used in this research was the Wireless Structural Testing System 
(STS-Wi-Fi) produced by Bridge Diagnostics Inc. (BDI, 2010). The system used a mobile base 
station to communicate with up to 6 nodes, with up to 4 strain transducers connected to each node. 
This system communicates with a dedicated laptop running BDI-specific WinSTS data acquisition 
software. A sample setup in the field is shown in Figure 1, with strain sensors mounted under a 
bridge at mid-span and connected to battery-operated wireless nodes. The sensors used in these 
tests were equipped with aluminum extensions, which are also visible in Figure 1. These 
extensions increased the gauge length of the transducers so as to minimize the effect of local stress 
concentrations and concrete cracks. A schematic of the entire network is shown in Figure 2 
including strain and displacement sensors, wireless nodes, the wireless base station, autoclicker, 
and the data recording laptop. 

   

Figure 1: Typical Strain Sensor Mounted under Bridge, Equipped with Extension 
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Figure 2: BDI STS-Wi-Fi Network Setup for Bridge Sensor Setup 

Strain transducers were mounted under the bridges using a MaineDOT Under-Bridge Inspection 
Truck (UBIT) as shown in Figure 3. The sensors were mounted to the girders by first grinding the 
concrete in the instrumented location to be as flat as possible, then using LOCTITE 410 rubberized 
instant adhesive with LOCTITE SF7453 accelerant to attach the strain transducer mounting tabs. 
All structures had three strain gages mounted to each girder at midspan - one to the bottom of the 
slab, one at mid-depth of the web, and one at the web bottom face at mid-span - to measure load 
distribution and peak flexural strains in each girder. Strain transducers were also installed near the 
ends of selected girders (generally exterior and central girders as the number of remaining 
transducers allowed) to determine the extent of any rotational restraint at the supports. Strain 
sensor layout varied slightly for some bridges, with individual sensor layouts shown in the 
appendices A.2.2 for Bridge 5489, A.3.2 for Bridge 5109, A.4.2 for Bridge 2390, A.5.2 for Bridge 
2879, and A.6.2 for Bridge 3748. 
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Figure 3: MaineDOT UBIT used to Install Sensors 

2.2 Loading 
The vehicles used for this testing were MaineDOT standard three-axle dump trucks as shown in 
Figure 4. Each truck wheel or pair of wheels was weighed using state patrol certified portable 
scales as shown in Figure 5. Various load cases were applied to each bridge, with each test given 
a specific identification code with the format: “Test Configuration_Centerline_Test Position_Test 
Number”. Test configurations included two trucks, one in each lane (“SBS”), four trucks, two in 
each lane arranged to produce maximum moment (“MAX”), and four trucks, two in each lane 
arranged to produce less than maximum moment (“ALT”). “Centerline” refers to the longitudinal 
centerline by which truck positions were measured. It was not immediately obvious as to whether 
positioning trucks relative to the skewed centerline (Figure 6) or perpendicular centerline (Figure 
7) would produce larger moments, so both centerline configurations were tested for all 
configurations. Centerline code “S” refers to tests relative to the skew centerline, and “U” refers 
to tests with trucks measured relative to the perpendicular centerline. Test positions included load 
close to the first curb (“1”), load close to the bridge centerline (“2”), and load close to the opposite 
curb (“3”). Test number refers to the test index if a certain load case was repeated.  Not all bridges 
were subjected to all load cases. 
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Figure 4: MaineDOT Three Axle Trucks used for Loading 

 

Figure 5: State Highway Patrol Certified Portable Truck Scales used to Verify Vehicle Weight 
for each Test 
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Figure 6: Truck Positioning Relative to Skew Centerline 

 

Figure 7: Truck Positioning Relative to Perpendicular Centerline 
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2.3 Typical Results 
Results from a representative test of one of the five bridges are presented in this section to overview 
the general trends. Bridge No. 3848 had typical geometry and results for all test configurations. 
Figure 8 shows a time history of the strains measured at midspan of the center girder during the 
MAX_S_2_1 test, and Figure 9 shows a time history of the strains recorded at the ends of the same 
girder during the same test. In this test, trucks were backed onto the bridge sequentially and were 
positioned such that two trucks were arranged back to back in each lane with their rear tandem 
wheels spaced approximately symmetrically about the skew longitudinal centerline. All four trucks 
were nominally equidistant from the striped centerline. After all position measurements had been 
taken, the trucks were then removed from the bridge in reverse order. This sequential loading is 
seen in the strain plateaus in Figure 8, which demark a truck backing onto or pulling off the bridge.  

In addition to showing the girder’s response to sequential loading, Figure 8 also demonstrates the 
typical linear response to flexure seen across all bridges. The sensor at the section bottom recorded 
modestly high positive (tensile) strain at the maximum strain plateau, while the sensor at the top 
of the section recorded very small compressive strains and the sensor at the mid-depth of the 
section roughly split the difference. This strain distribution across the section indicates that the 
section’s neutral axis lies within the web, close to the bottom of the slab. The location of the neutral 
axis within the section, as well as the relatively low strains recorded, indicate that many of the 
sections behaved as uncracked under test loading and had not experienced significant flexural 
cracking due to prior loading. Figure 9 shows the typical behavior of girder ends. At both ends of 
the girder, the bottom of the section experienced small compressive strains throughout the section 
depth at one end, indicating that some unintended end restraint was present. This was common of 
many of the bridges. 
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Figure 8: Bridge 3848 – MAX_S_2_1, Center Girder Strains at Midspan 

 

 

 

Figure 9: Bridge 3848 – MAX_S_2_1, Center Girder Strains at Ends 
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2.4 Analysis Methodology 

2.4.1 Analysis Overview 
Material properties, load and resistance factors, and design live-loads were taken from or 
calculated as specified in the AASHTO Manual for Bridge Evaluation (2011) and used with 
field-measured geometry to calculate original, nominal rating factors for each of the bridges. 
Bridges were then tested using heavily loaded trucks and strains were measured and correlated 
with these applied loads. Resulting strains from live-load testing were then used to verify cracked 
or uncracked behavior and compute realistic distribution factors. Finally, the results were used to 
modify rating factors. These calculation sheets are included in the appendices of this report. 
Appendix A.2.5 contains calculations for Bridge 5489, A.3.5 contains calculations for Bridge 
5109, A.4.5 contains calculations for Bridge 2390, A.5.5 contains calculations for Bridge 2879. 
2130, and A.6.5 contains calculations for Bridge 3848. 

2.4.2 Bridge Characteristics 
Material properties and general bridge geometry (i.e. span length, girder section properties, and 
reinforcement layout and geometry) were required for calculations. Geometric parameters were 
taken from each bridge’s most recent available rating report and were verified in the field when 
accessible. Material properties were assumed based on the bridges’ ages as specified by AASHTO 
(2011). Dead-load moments were determined from the bridge geometry and typical unit weights 
as specified in AASHTO. 

2.4.3 AASHTO Distribution Factors 
Distribution factors for moment for interior and exterior girders were calculated based on in-situ 
measured bridge characteristics along with nominal values for dimensions that were not possible 
to verify in the field in accordance with AASHTO LRFD Bridge Design Specifications (2012). 
All live-load distribution factors for moment are taken assuming cross-section “e” from Table 
4.6.2.2.1-1 and “Cast-in-Place Concrete Tee Beam, Monolithic concrete.” For moment on interior 
beams this is per Table 4.6.2.2.2b-1, with all ranges of applicability met. For the exterior girder 
moment distribution factors are per Table 4.6.2.2.2d-1, with all ranges of applicability met. 

2.4.4 AASHTO Live-Loads with Impact 
AASHTO live-loads with impact (LL + IM) per lane were determined as the maximum load effect 
with HL-93 per (6A.2.3) and AASHTO LRFD Design 3.6.1.2 and 3.6.2. This includes the worst 
case of truck or tandem loading with impact as applicable and including lane load. Girder moment 
was calculated based on this load and the AASHTO Distribution Factors calculated as described 
in section 1.4.3 of this report. 
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2.4.5 AASHTO Rating Factor 
Flexural rating factors were independently computed per AASHTO (2011) (6A.4.2.1-1) with terms 
as defined in that section. These were calculated using Equation 1, in which 𝐶𝐶 is the factored 
resistance of the member under investigation (with resistance factor taken equal to 0.9), 𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is 
the factored structural dead-load (with load factor taken equal to 1.25), 𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 is the factored 
non-structural dead-load (with load factor taken equal to 1.25),  𝛾𝛾𝐷𝐷𝐷𝐷(𝐿𝐿𝐿𝐿 + 𝐼𝐼𝐼𝐼) is the factored live-
load with impact (with load factor taken equal to 1.33),. The live-load per lane computed according 
to section 1.4.4 of this report with impact was multiplied by the AASHTO distribution factors as 
described in section 1.4.3 of this report. Where present, integral concrete wearing surfaces and 
integral curbs were assumed to contribute to interior and exterior girders’ moment capacities 
respectively. It should be noted that only flexural rating factors were computed as bridges were 
not instrumented to determine effects of shear. This implies that shear rating factors could not be 
improved based on measured strains. 

 𝑅𝑅𝑅𝑅 =
𝐶𝐶 − 𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 − 𝛾𝛾𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷

𝛾𝛾𝐿𝐿𝐿𝐿(𝐿𝐿𝐿𝐿 + 𝐼𝐼𝐼𝐼)
 Equation 1 

   

2.4.6 Live-Loads Applied during Testing 
Applied moment loadings were determined based on measured truck axle weights for all load 
configurations. The average of axle loads for side-by-side trucks was used to allow live-load 
distribution factors to be calculated and applied. The trucks were positioned to produce significant 
moment effects on the bridge. Continuous data recording was initiated, and then trucks were 
moved onto the bridge in a series. For each load configuration and position, trucks were moved 
onto the bridge one after another and the strains were allowed to plateau at the pre-determined 
configurations with data recording continuing during truck movement. 

Applied moments were calculated assuming the bridges to behave as simply supported. The 
percentage of AASHTO HL-93 loading achieved is the ratio of the moment produced by the live-
loads applied during testing and the moment produced by the AASHTO HL-93 loading as 
described in section 1.4.4 of this report. Total moment applied during testing was determined based 
on the measured magnitude of truck wheel loads and the positions of wheels measured during 
testing. 

2.4.7 Verification of Uncracked Behavior 
For each bridge, the theoretical strains under test loading were computed and compared with the 
measured strains to verify whether concrete sections behaved as though they had remained 
uncracked. Theoretical strains were calculated as shown in Equation 2, in which 𝐷𝐷𝐷𝐷 is the girder’s 
distribution factor calculated based on AASHTO (2012),𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum moment applied 
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to the girder, 𝐸𝐸𝑐𝑐 is the elastic modulus of concrete, and 𝑆𝑆 is the girder’s section modulus, cracked 
or uncracked based on behavior.. 

𝜀𝜀𝐶𝐶 =
𝐷𝐷𝐷𝐷 ∗ 𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚

𝐸𝐸𝑐𝑐𝑆𝑆
 Equation 2 

  

In all cases, Ec was calculated using the compressive strength of 2.5 ksi specified by AASHTO 
(2011). In addition, strains were computed assuming a compressive strength of 5 ksi, which is 
more conservative and may more accurately reflect the in-service concrete compressive strength 
of these older structures. Several studies of cast-in-place concrete structures of similar age have 
shown that concrete strengths can approach 8 ksi in older structures (Buckle et al. 1984, Saraf 
1998, Alkhrdaji et al. 2001). The maximum strains recorded were compared with these calculated 
values. Maximum strains equal to or less than the estimated uncracked strain indicated that the 
bridge remained uncracked with the assumed compressive strength, while strains greater than the 
theoretical uncracked strain indicated possible cracking. For all bridges, the strains measured in 
all girders under maximum loading were smaller than those predicted with uncracked sections and 
5 ksi compressive strength. For this reason, the strains computed assuming 5 ksi concrete were 
used in calculating rating factor improvements. The assumption of a higher-than-nominal strength 
of 5 ksi is conservative, since it leads to a higher-than-nominal elastic modulus and therefore lower 
predicted strains. 

As an additional comparison to help verify uncracked behavior, the measured neutral axis depth 
for all girders was determined under maximum loading using the recorded strains. These depths 
were taken relative to the top of the deck in the case of interior girders and the top of the integral 
curbs for exterior girders. Where present, integral concrete wearing surfaces were considered part 
of the sections. These neutral axis locations inferred from measured strains were compared to the 
sections’ theoretical neutral axis locations based on conventional strength of materials 
assumptions. Neutral axis locations inferred from measured strains were determined using the 
strains recorded at girder bottoms and at mid-height when the recorded strains were reliable. The 
strains measured at the bottom of the slab were generally not used per BDI’s recommendation 
against relying on very small measured strains, but were used when recorded strains in another 
sensor were deemed unreliable. In general, measured neutral axis locations tended to be consistent 
with either uncracked section behavior or fell between cracked and uncracked behavior (“partially 
cracked”).  In only one case (an exterior girder from Bridge 2390) did a neutral axis depth inferred 
through recorded strains seem to indicate cracked section behavior. However, the strains recorded 
at the section’s bottom were still significantly less than the strains predicted for an uncracked 
section and so the girder was conservatively assumed to behave as uncracked. 
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2.4.8 Distribution Factors Determined from Live-Load Testing 
The moment carried by the 𝑖𝑖𝑡𝑡ℎ girder was then calculated as per Equation 3 assuming an uncracked 
section, with variables defined above. 

 𝑀𝑀𝑖𝑖 = 𝐸𝐸𝑐𝑐𝑆𝑆𝑖𝑖𝜀𝜀𝑖𝑖 

 

Equation 3 

The distribution factor for the 𝑖𝑖𝑡𝑡ℎ  girder was then calculated by Equation 4, where 𝑛𝑛 is the total 
number of girders. 

 𝐷𝐷𝐷𝐷𝑖𝑖 =
𝑀𝑀𝑖𝑖

∑ 𝑀𝑀𝑖𝑖
𝑛𝑛
𝑖𝑖=1

 

 
 

Equation 4 

2.4.9 Modified Rating Factor 
In accordance with AASHTO (2011), the ratio of computed strain Cε to measured strain Tε  was 
then used to compute a rating factor modifier as detailed below in Equation 5 to Equation 7. This 
analysis is based on the interior girder and exterior girder that experienced the largest measured 
strains. 

 𝑅𝑅𝑅𝑅𝑇𝑇 = 𝑅𝑅𝑅𝑅𝑐𝑐𝐾𝐾 Equation 5 

In Equation 5, 𝑅𝑅𝑅𝑅𝑇𝑇 is the modified rating factor taking into account test results, 𝑅𝑅𝑅𝑅𝑐𝑐 is the rating 
factor based on standard calculations, and 𝐾𝐾 is an adjustment factor specified by AASHTO (2011 
that incorporates the test results. 𝐾𝐾 is computed per Equation 6 below. 

 𝐾𝐾 = 1 + 𝐾𝐾𝑎𝑎𝐾𝐾𝑏𝑏 Equation 6 

The factor 𝐾𝐾𝑎𝑎 accounts for the difference between measured response based on load testing and 
expected response as shown below in Equation 7. The factor 𝐾𝐾𝑏𝑏 accounts for the magnitude of the 
applied test load and confidence in extrapolating results; and is defined in Table 8.8.2.3.1-1 by 
AASHTO (2011). For all structures, 𝐾𝐾𝑏𝑏 was taken as 0.5, which reflects both the magnitude of the 
applied load and the assumption that results cannot be reliably extrapolated to higher loads. In all 
cases, the strains used corresponded to the test causing the greatest applied moment. Although the 
“MAX_2” tests were designed ideally apply the greatest moment of all of the test series, in some 
cases, other tests caused greater moments to be applied and so those moments and strains were 
used. 
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 𝐾𝐾𝑎𝑎 =
𝜀𝜀𝑐𝑐
𝜀𝜀𝑇𝑇
− 1 Equation 7 

2.5 NDLLT Test Results 

2.5.1 Levant No. 5489 
The bridge in Levant, No. 3356 over Black Stream, is shown in Figure 10. Testing was conducted 
on July 31, 2018 with a maximum applied moment producing 79.5% of HL-93 moment loading 
with impact. The moment rating factors based on AASHTO (2011, 2012) are 0.784 and 1.88 for 
the interior and exterior girders respectively.  Table 2 shows the maximum measured strains for 
this bridge under typical two-truck and four-truck load-cases. The strains recorded with trucks 
positioned relative to the skew centerline resulted in consistently higher values of recorded strain 
than for load-cases positioned relative to the perpendicular centerline. For this reason, these values 
were reported for Bridge 5489 along with all other bridges. Where two values of strain are reported, 
the first value is the recorded strain, which was determined to be unreliable and inaccurate due to 
its magnitude being grossly inconsistent with that of other similarly loaded girders and other strains 
measured over the section depth. The second value of strain was calculated using the other strains 
recorded in the same section and assuming linear strain distribution. 

Assuming the conservative concrete compressive strength of 5 ksi, the strains recorded indicate 
the sections remained uncracked. This is supported by the observed neutral axis depths, which are 
consistently lower in the section than would be predicted for an uncracked section, as can be seen 
in Table 3. The high level of applied load and low recorded strains allowed interior and exterior 
girder rating factors to be increased to 1.10 and 2.36 respectively. 

The live-load distribution factors determined from the measured strains and those calculated per 
AASHTO (2012) are shown in in Table 4, and indicate that the AASHTO distribution factors are 
quite conservative. The distribution factor inferred for each girder was reduced by a minimum of 
27% with respect to AASHTO for both two-truck and four-truck load-cases. As shown in Table 2, 
strain measured at the ends of the girders indicate that the central girder and one of the exterior 
girders experienced a small amount of unintended fixity as evidenced by the negative strains 
recorded near the abutments. Original design drawings indicate the presence of dowel bars 
attaching one abutment to the superstructure. These, along with friction between the superstructure 
and opposing abutment may contribute to this small, apparent fixity, among other effects. 
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Figure 10: Bridge 5489 General Condition 

 

Table 2: Bridge 5489 Strains Recorded from Tests SBS_S_2_1 and MAX_S_2_1 with 
Corrections Noted 

Girder Location 
SBS_S_2_1 MAX_S_2_1 

Midspan Abutment 1 Abutment 2 Midspan Abutment 1 Abutment 2 
µε µε µε µε µε µε 

1 
Top -3.61 - - -5.50 - - 

Center 9.85 - - 16.8 - - 
Bottom 11.5 / 23.3 -1.75 2.69 17.2 / 39.0 -3.64 5.10 

2 
Top -6.90 - - -10.3 - - 

Center 6.05 / 21.3 - - 8.38 / 30.2 - - 
Bottom 45.6 - - 70.7 - - 

3 
Top -7.22 - - -16.9 - - 

Center 20.1 -3.66 - 32.5 -7.22 - 
Bottom 21.9 / 47.4 0.537 -14.0 34.5 / 81.8 -5.92 -17.3 

4 
Top -1.48 - - -12.3 - - 

Center 21.1 - - 34.2 - - 
Bottom 14.7 / 43.6 - - 24.5 / 80.6 - - 

5 
Top -5.30 - - -8.64 - - 

Center 10.9 0.167 - 18.8 -0.892 - 
Bottom -0.00 / 27.0 0.428 -2.68 -0.00 / 46.2 -17.3 -1.13 

 



   Page 26 of 165 

Table 3: Bridge 5489 Neutral Axis Depths 

Girder Uncracked NA Depth (in) Cracked NA Depth (in) Measured NA Depth (in) 
1 23.8 17.2 26.7 
2 15.7 13.0 35.7 
3 15.7 13.0 25.3 
4 15.7 13.0 26.5 
5 23.8 17.2 25.7 

 

Table 4: Bridge 5489 Distribution Factors 

 
Girder AASHTO DF SBS_S_2_1 MAX_S_2_1 

Measured DF % Difference Measured DF % Difference 
1 0.483 0.271 -55.1% 0.272 -43.7% 
2 0.685 0.498 -27.3% 0.426 -37.8% 
3 0.685 0.477 -30.4% 0.493 -28.0% 
4 0.685 0.438 -36.1% 0.486 -29.1% 
5 0.483 0.314 -35.0% 0.322 -33.3% 

 

2.5.2 Hampden No. 5109 
The bridge in Hampden, No. 5109 over Souadabscook Stream, is shown in Figure 11. Testing was 
conducted on August 2, 2018 with maximum applied load producing 91.8% of HL-93 flexural 
moment with impact. Strains recorded during testing are presented in Table 5. Where two values 
of strain are reported, the first value is the recorded strain, which was determined to be unreliable 
and inaccurate due to its magnitude being grossly inconsistent with that of other similarly loaded 
girders and other strains measured over the section depth. The second value of strain was calculated 
using the other strains recorded in the same section and assuming linear strain distribution. By 
comparing the recorded strains at the bottom of the girders it was determined that none of the 
girders had experienced significant flexural cracking throughout their service life and also did not 
crack during testing. Further evidence for uncracked behavior is provided by the measured neutral 
axis depths presented in Table 6, which shows that for each of the girders the inferred neutral axis 
depths were well below those expected for an uncracked section.  

The rating factors computed based on the AASHTO (2011, 2012) are 0.686 and 1.59 for the 
interior and exterior girders respectively. Through testing, the interior and exterior rating factors 
were able to be increased to 0.942 and 3.78. It should be noted that in the initial calculation of 
girder capacity, the wearing surface and curbs were included and assumed to act compositely with 
the superstructure despite having been added to the structure years after its original construction. 
Design drawings for the replacement indicated that the new curbs would be anchored to the 
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exterior girders with grouted rebar and that the new concrete wearing surface would be bonded to 
the deck. These specifications justified the assumption of composite action. 

The live-load distribution factors determined per AASHTO as well as those experimentally 
determined from measured strains are given in Table 7. As is apparent, the AASHTO predicted 
distribution factors are conservative. This conservatism is greatest for the exterior girders with 
decreasing conservatism as toward the center girder. From the strains reported in Table 5 near the 
girder ends, it can be seen that some unintended fixity was experienced in the central girder. This 
is evidenced by the negative strains recorded at the girder’s bottom. Original design drawings 
indicate that dowel bars were specified to connect interior girders with the Western abutment. 
These dowel bars are likely the source of some of this apparent fixity.  

 

 

 

Figure 11: Bridge 5109 General Condition 
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Table 5: Bridge 5109 Strains from Tests SBS_S_2_1 and MAX_S_2_1 with Corrections Noted 

 
Girder Location 

SBS_S_2_1 MAX_S_2_1 
Midspan Abutment 1 Abutment 2 Midspan Abutment 1 Abutment 2 

µε µε µε µε µε µε 

1 
Top -0.083 - - -0.638 - - 

Center 8.04 - - 14.3 - - 
Bottom 20.7 -4.10 -0.01 34.5 -3.92 1.57 

2 
Top 7.09 - - -1.59 - - 

Center 7.80 / 27.7 - - 11.2 / 33.7 - - 
Bottom 48.2 - - 68.9 - - 

3 
Top -6.78 - - -3.75 - - 

Center 21.9 -4.79 - 30.9 -12.6 - 
Bottom 57.1 -10.7 -14.4 90.5 -22.8 -19.3 

4 
Top -1.57 - - 0.270 - - 

Center 0 / 20.8 - - 0 / 35.8 - - 
Bottom 43.2 - - 71.3 - - 

5 
Top -0.588 - - -0.361 - - 

Center 2.52 0.603 - 4.10 -3.57 - 
Bottom 7.10 0.207 - 11.2 -5.40 - 

 

Table 6: Bridge 5109 Neutral Axis Depths 

Girder Uncracked NA Depth (in) Cracked NA Depth (in) Measured NA Depth (in) 
1 24.1 15.5 28.7 

2 19.5 11.8 34.3 

3 19.5 11.8 25.4 
4 19.5 11.8 33.4 
5 24.1 15.5 26.4 

 

Table 7: Bridge 5109 Distribution Factors  

 
Girder AASHTO DF Two Trucks Four Trucks 

Measured DF % Difference Measured DF % Difference 
1 0.506 0.283 -44.1% 0.300 -40.7% 
2 0.686 0.526 -23.3% 0.479 -30.2% 
3 0.686 0.623 -9.18% 0.629 -8.31% 
4 0.686 0.471 -31.3% 0.495 -27.8% 
5 0.506 0.093 -81.6% 0.097 -80.8% 
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2.5.3 Unity No. 2390 
The bridge in Unity, No. 2390 over the Sandy Stream, is shown in Figure 12. Testing was 
conducted on August 7, 2018 with maximum applied load producing 93.2% of HL-93 moment 
with impact. This was the largest percentage of HL-93 moment with impact applied to any of the 
bridges tested. This led to relatively large recorded strains, as shown in Table 8. Where two values 
of strain are reported, the first value is the recorded strain, which was determined to be unreliable 
and inaccurate due to its magnitude being grossly inconsistent with that of other similarly loaded 
girders and other strains measured over the section depth. The second value of strain was calculated 
using the other strains recorded in the same section and assuming linear strain distribution. Rating 
factors determined per AASHTO (2011, 2012) equaled 0.757 and 1.05 for interior and exterior 
girders respectively.  

In contrast to other bridges investigated, some of the neutral axis depths inferred from recorded 
strains indicate either partially or fully cracked behavior, as seen in Table 9. However, the strains 
recorded at midspan at the sections’ bottoms were still below those expected for an uncracked 
section, suggesting that the sections indeed behaved as though they remained uncracked. Because 
of this behavior, the interior and exterior rating factors could be increased to 0.838 and 1.15 
respectively. A contributing factor to this bridge’s lower rating factors is the very thick (~5 in.) 
asphalt overlay. The thickness of this overlay is seen in Figure 13 which shows a drainage opening. 
This layer could not be assumed to add to the section’s capacity and so only added additional non-
structural dead-load. 

The live-load distribution factors determined per AASHTO as well as those experimentally 
determined from measured strains are given in Table 10. These results suggest that AASHTO’s 
distribution factors are conservative for exterior girders and non-central interior girders, but are 
relatively accurate for the central girder. This is true for both two-truck and four-truck load-cases. 
The strains recorded in Table 8 indicate that significant fixity was experienced in the central girder. 
This is evidenced by the relatively large negative strains recorded at the bottom of this girder near 
the abutments. This unintended fixity is likely due in part to dowel bars specified in the original 
design drawings which attach the interior girders to the West abutment. 
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Figure 12: Bridge 2390 General Condition 

 

Figure 13: Thick Asphalt Overlay 
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Table 8: Bridge 2390 Strains from Tests SBS_S_2_1 and MAX_S_2_1 with Corrections Noted 

 
Girder Location 

SBS_S_2_1 MAX_2_S_1 
Midspan Abutment 1 Abutment 2 Midspan Abutment 1 Abutment 2 

µε µε µε µε µε µε 

1 
Top 0.920 - - -1.98 - - 

Center 8.89 - - 15.4 - - 
Bottom 29.9 0.355 -4.11 50.4 -10.9 -19.6 

2 
Top -5.77 - - -12.0 - - 

Center 19.3 - - 24.7 - - 
Bottom 66.1 - - 83.1 - - 

3 
Top -3.76 - - -4.65 - - 

Center 34.5 -4.68 - 41.3 -5.96 - 
Bottom 97.5 -20.9 -29.2 117 -26.7 -36.8 

4 
Top -9.21 - - -8.96 - - 

Center 32.5 - - 40.8 - - 
Bottom 22.9 / 74.2 - - 30.3 / 90.6 - - 

5 
Top -0.067 - - -0.923 - - 

Center 14.4 - - 25.6 - - 
Bottom 9.31 / 28.9 -0.009 - 13.4 / 52.2 4.54 - 

 

Table 9: Bridge 2390 Neutral Axis Depths 

Girder Uncracked NA Depth (in) Cracked NA Depth (in) Measured NA Depth (in) 
1 22.1 13.9 16.9 
2 14.5 8.60 17.1 
3 14.5 8.60 15.5 
4 14.5 8.60 12.0 
5 22.1 13.9 10.2 

 

Table 10: Bridge 2390 Distribution Factors 

 
Girder AASHTO DF SBS_S_2_1 MAX_S_2_1 

Measured DF % Difference Measured DF % Difference 
1 0.428 0.196 -54.2% 0.250 -41.9% 
2 0.635 0.449 -29.3% 0.427 -32.8% 
3 0.635 0.662 4.25% 0.599 -5.67% 
4 0.635 0.504 -20.6% 0.465 -26.8% 
5 0.428 0.190 -55.6% 0.259 -39.5% 

 

2.5.4 Atkinson No. 2879 
The bridge in Atkinson, No. 2879 over the Piscataquis River, is shown in Figure 14. Testing 
occurred on August 9, 2018 with maximum applied load producing 92.4% of HL-93 live-load 
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moment with impact. This bridge was unique in that it consisted of four simple spans, each with 
supported by four girders. Only the Eastern, interior span was tested and so results may or may not 
be applicable to other spans. Rating factors determined per AASHTO (2011, 2012) were 1.09 and 
2.57 for interior and exterior girders respectively, making it the only bridge investigated with an 
operating rating factor above 1.0. The strains recorded during testing are presented in Table 11 for 
two-truck and four-truck loadings. Intuitively, it would appear that the strains presented at midspan 
at the bottom of girders 3 and 4 have been switched, with the reading of one being valid for the 
other and vice-versa. However, no definitive evidence was found to support this and so it was 
assumed that the recorded strains were correct. Regardless, recorded strains were consistently 
lower than predicted for an uncracked section, suggesting that the section behaved as uncracked. 
This is further evidenced by the inferred neutral axis depths shown in Table 12, which show that 
inferred neutral axis depths were close to or below predicted neutral axis locations for uncracked 
sections. These conditions allowed interior and exterior rating factors to be increased to 1.35 and 
2.76 respectively. 

The live-load distribution factors determined per AASHTO as well as those experimentally 
determined from measured strains are given in Table 13. These distribution factors were lower 
than those predicted by AASHTO, but to a smaller degree than was seen on other bridges. This 
suggests that AASHTO may be less conservative for bridges with four girders rather than five. 
From the consistently positive girder end strains reported in Table 11, no unintended fixity was 
measured during testing for this particular span. 

 

 

Figure 14: Bridge 2879 General Condition 
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Table 11: Bridge 2879 Strains from Tests SBS_S_2_1 and MAX_S_2_1 

 
Girder Location 

SBS_S_2_1 MAX_S_2_1 
Midspan Abutment 1 Abutment 2 Midspan Abutment 1 Abutment 2 

µε µε µε µε µε µε 

1 
Top -6.40 - - -8.76 - - 

Center 7.38 - - 14.4 - - 
Bottom 34.6 6.28 3.46 56.4 8.77 7.67 

2 
Top -8.84 - - -11.6 - - 

Center 16.2 0.136 - 24.5 -0.858 - 
Bottom 45.5 9.19 1.49 65.5 8.16 8.37 

3 
Top -5.32 - - -9.65 - - 

Center 17.9 4.73 - 27.6 2.70 - 
Bottom 35.8 6.89 -0.103 54.9 5.69 7.73 

4 
Top -4.04 - - -7.29 - - 

Center 8.20 - - 15.0 - - 
Bottom 39.9 7.96 - 65.5 11.0 - 

 

Table 12: Bridge 2879 Neutral Axis Depths 

Girder Uncracked NA Depth (in) Cracked NA Depth (in) Measured NA Depth (in) 
1 28.5 18.3 28.2 
2 21.4 13.2 33.5 
3 21.4 13.2 42.2 
4 28.5 18.3 27.2 

 

Table 13: Bridge 2879 Distribution Factors 

 
Girder AASHTO DF SBS_S_S_2_1 MAX_S_S_2_1 

Measured DF % Difference Measured DF % Difference 
1 0.498 0.377 -24.3% 0.397 -20.3% 
2 0.701 0.662 -5.56% 0.621 -11.4% 
3 0.701 0.526 -25.0% 0.521 -25.7% 
4 0.498 0.435 -12.7% 0.461 -7.43% 

 

2.5.5 Columbia No. 3848 
The bridge in Columbia, No. 3848 over Western Little Stream, is shown in Figure 15. Testing 
occurred on August 28, 2018 with maximum applied load producing 80.9% of HL-93 moment 
with impact. Rating factors determined per AASHTO (2011, 2012) equaled 0.887 and 1.41 for 
interior and exterior girders respectively. Strains measured during two-truck and four-truck load-
cases are given in Table 14. Where two values of strain are reported, the first value is the recorded 
strain, which was determined to be unreliable and inaccurate due to its magnitude being grossly 
inconsistent with that of other similarly loaded girders and other strains measured over the section 
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depth. The second value of strain was calculated using the other strains recorded in the same 
section and assuming linear strain distribution. Strains measured at girder bottoms were 
consistently smaller than would be predicted with an uncracked section, suggesting the girders 
behaved as uncracked. This behavior is supported by the inferred neutral axis depths, which 
indicate uncracked behavior for all girders as seen in Table 15. Based on these conditions, the 
interior and exterior flexural rating factors could be increased to 1.15 and 2.20 respectively. 

The live-load distribution factors determined per AASHTO as well as those experimentally 
determined from measured strains are given in Table 16.  Unexpectedly, significantly more load 
was distributed to one of the non-central interior girders (girder 4) than to other interior girders, 
specifically the heavily loaded center girder. The reason for this anomaly is not immediately 
apparent, however the strain recorded was still smaller than was expected for an uncracked section 
and so the outlyer status should not be cause for concern. A small amount of fixity was experienced 
in the central girder, as is shown by the negative strains reported in Table 14. This may be partially 
due to dowel bars, which were designed to connect the interior girders with one of the abutments. 

 

 

Figure 15: Bridge 3848 General Condition 
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Table 14: Bridge 3848 Strains from Tests SBS_S_2_1 and MAX_S_2_1 with Corrections Noted 

 
Girder Location 

SBS_S_2_1 MAX_S_2_1 
Midspan Abutment 1 Abutment 2 Midspan Abutment 1 Abutment 2 

µε µε µε µε µε µε 

1 
Top 0.503 - - -2.54 - - 

Center 9.94 - - 22.1 - - 
Bottom 28.4 1.22 5.96 53.6 6.16 8.78 

2 
Top -7.58 - - -7.66 - - 

Center 21.5 - - 31.2 - - 
Bottom 55.9 - - 74.2 - - 

3 
Top -5.67 - - -5.98 - - 

Center 27.5 -3.19 - 36.2 -1.83 - 
Bottom 53.0 -8.60 -14.7 72.2 0.600 -13.6 

4 
Top -5.51 - - -4.76 - - 

Center -0.00 / 32.5 - - -0.00 / 36.5 - - 
Bottom 70.6 - - 77.8 - - 

5 
Top -0.132 - - -0.262 - - 

Center 12.5 - - 16.0 - - 
Bottom 30.3 12.9 - 39.0 19.5 - 

 

Table 15: Bridge 3848 Neutral Axis Depths 

Girder Uncracked NA Depth (in) Cracked NA Depth (in) Measured NA Depth (in) 
1 19.8 12.7 20.9 
2 12.9 7.6 20.4 
3 12.9 7.6 25.9 
4 12.9 7.6 25.4 
5 19.8 12.7 20.8 

 

Table 16: Franklin No. 3307 Distribution Factors 

 
Girder AASHTO DF SBS_S_2_1 MAX_S_2_1 

Measured DF % Difference Measured DF % Difference 
1 0.431 0.239 -44.5% 0.339 -21.3% 
2 0.611 0.469 -23.2% 0.468 -23.4% 
3 0.611 0.444 -27.3% 0.455 -25.5% 
4 0.611 0.593 -2.95% 0.491 -19.6% 
5 0.431 0.255 -40.8% 0.247 -42.7% 

 

2.6 Conclusions from NDLLT of Skewed T-Beam Bridges 
Analyses of the tested bridges are described in detail in Section 2. In general, calculations were 
based on mechanics of materials principles and AASHTO (2011, 2012) code requirements. 
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Overall, a high percentage of HL-93 loading with impact was applied to the structures. In all cases, 
the maximum applied moment was at above 70% of HL-93 service moment with impact, which is 
required to justify rating factor increases per AASHTO. Numerically, this translates to a test-
understanding factor, 𝐾𝐾𝑏𝑏 equal to 0.5 for all bridges, which effectively reduces the measured 
benefit by 50%. Because measured strains were invariably smaller than those predicted, all test 
benefit factors, 𝐾𝐾𝑎𝑎 were greater than zero, and all rating factors could be increased based on 
measure strains. 

Live-load distribution factors inferred from the test data showed reasonable agreement with 
AASHTO-recommended values, although the AASHTO values are nearly always conservative. 
The maximum differences between values inferred from the tests and values computed per 
AASHTO were generally seen for exterior for each of the bridges. Assuming a concrete 
compressive strength of 5 ksi (which conservatively reduces the predicted strains under loading 
relative to those resulting from the AASHTO specified 2.5 ksi), all bridges exhibited uncracked 
behavior under maximum applied moment. This was generally supported by the calculated neutral 
axis depths which were often much lower in the section than would be computed for a theoretical 
uncracked section.  

The test results and analyses presented here justify significant increases in the rating factors for 
four of the five bridges according to AASHTO (2011). The average increase in HL-93 flexural 
operating rating factors for the critical interior girders of all bridges was 28.3%, with minimum 
and maximum increases of 10.7% and 40.2% respectively. All rating factor increases have been 
calculated based on the assumption that the observed results cannot be confidently extrapolated to 
loads of 30% beyond that produced by HL-93 load with impact, largely due to uncertainty of 
uncracked section behavior at higher loads. The controlling operating flexural rating factor could 
be increased to 1.0 or greater for HL-93 loading with impact for Bridges 5489, 2879, and 3848, 
indicating that they are sufficient for such loading. The controlling rating factors for Bridges 5109 
and 2390 were unable to be raised above 1.0, using the noted conservative assumptions. 

3 Comparison of Skewed and Un-skewed Bridge Response 

3.1 Description of Un-skewed Bridges 
Characteristics of the five un-skewed bridges tested previously in the summer of 2017 are given 
below in Table 17. These bridges were subjected to similar loads to those applied to the skewed 
bridges in this project, and were instrumented in the same manner. Prior to live-load testing, these 
bridges’ operating flexural RFs ranged between 0.24 and 1.12, but based on the results of testing 
were increased to between 0.30 and 1.95, bringing the controlling RF of four of the five bridges 
above 1.0. 
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Table 17: Un-Skewed Bridge Characteristics (tested in 2017) 

Bridge Canton Peru Jackson Alna Franklin 
Number 3356 5432 3776 2130 3307 

Year Built 1936 1950 1941 1939 1941 
Span - Center to Center of Bearings (feet) 27.50 40.50 31.00 27.00 43.08 

Number of Girders 6 5 5 4 5 
Girder Spacing (in) 67.5, 59.5 76 68.63 72,70 68.75 

Total depth (in) 28.00 35.75 30.50 33.00 31.00 
Girder web thickness (in) 18.5, 14 20.0 19.5 16,12 19 

Slab Thickness (in) 6.50 5.75 5.50 8.00 5.75 
 

Initially, linearly elastic, solid FE models were developed for each structure to aid in response 
comparisons. Following this, the strains recorded during NDLLT of all bridges were examined to 
determine any possible differences in the behavior of skewed RC T-beam bridges relative to 
similar un-skewed bridges. This required comparing the strains recorded within individual girders 
for similar tests of bridges, as well as comparing bridges’ responses under different load-cases. 
These comparisons led to the identification of two specific differences in behavior between the 
types of bridges which will be explained in detail. The results of the linear FE models were then 
examined to better understand these behaviors and how skewness could contribute to them. 

3.2 Linear Finite Element Model Development 
To enhance the understanding of bridge behavior observed from live-load testing, linear, 3-D FE 
models were generated of each bridge which simulated the conditions of each test. These models 
were highly detailed, incorporating many of the features present in the real bridges that may affect 
live-load response, including discrete reinforcing steel, composite curbs and wearing surfaces, and 
railings. These models were first built with their respective bridge’s nominal geometric and 
material parameters, and then were systematically calibrated such that they adequately predicted 
the real bridges’ responses to loading. 

Modeling and analysis were performed using the commercial FE software ABAQUS (n.d.) due to 
the authors’ familiarity with its use and its availability. The components of bridges made from 
concrete were modeled as isotropic, elastic continua using C3D20R 20-node, quadratic, brick 
elements with three degrees of freedom per node and reduced integration. These elements are able 
to yield accurate results with a coarser mesh than similar, linear continuum elements. In general, 
all concrete components that could reasonably be assumed to contribute to a bridge’s stiffness were 
modeled, including girders, deck, diaphragms, curbs, railings, and integral wearing surfaces. 
Reinforcing steel was explicitly modeled as isotropic, elastic beams using B32 quadratic, three-
node beam elements with six degrees of freedom per node. All significant reinforcing bars, 
including girder longitudinal reinforcement, shear stirrups, and deck longitudinal and transverse 
reinforcement were modeled and kinematically tied to the concrete elements with embedment 
constraints. Typically, a model consisted of between 100,000 and 300,000 elements with 500,000 
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to 1,000,000 nodes and 1,000,000 to 3,000,000 degrees of freedom. For illustration, a model of 
Bridge No. 2390 is given in Figure 16. 

 

Figure 16: Meshed 3D Liner Model of Bridge 2390 

Load was applied to mimic the loading from trucks during testing while also accounting for the 
bridge’s initial dead-load conditions. To simulate the effects of dead-loading and test live-loading 
independently, load was applied in two separate load-steps with the effects of subsequent steps 
adding to the effects of previous steps. In the first load-step, gravitational dead-load was applied 
by assigning concrete elements a unit weight of 150 lb/ft3 and subjecting the entire model to a unit, 
downward gravitational field. The dead-load contributions from nonstructural components (for 
instance bituminous concrete wearing surfaces) were applied as pressure loads across the area of 
the superstructure over which they acted. In the live-load step, the test trucks’ wheel weights were 
assumed to act uniformly over their tire contact areas and so were applied to the models as pressure 
loads. These pressure loads were distributed over areas corresponding to tire contact area, which 
were in turn located on the model in the locations measured during testing. 

Boundary conditions were enforced to reasonably approximate the conditions of the real bridges. 
None of the bridges used true pin or roller type bearings. Instead, most were designed such that 
one end rested on the abutment with a layer of roofing felt between the girder and support, and the 
other rested on flat, bronze or steel expansion bearings. Additionally, the “pinned” side (the side 
without the expansion bearing) was often connected to the abutment with steel dowels embedded 
into both the foot of the girders and the top of the abutment. To emulate these conditions, rigid 
abutments were modeled upon which the bridge sat, with a frictionless contact condition enforced 
between them. This reasonably approximated the conditions of the actual bridge much better than 
would ideal displacement boundary conditions. Where present, the dowel rods were explicitly 
modeled and embedded within both the superstructure and rigid abutment. This prevented 
instability due to transverse rigid body motion and rotation of the superstructure. Where dowel 
rods were not present, minimally restrictive displacement restraints were added to prevent rigid 
body displacements and rotations. 
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After all the models were constructed, they were calibrated such that their predicted strains agreed 
reasonably well with measured strains. Being that the models were perfectly linearly elastic, the 
models’ responses could be reasonably controlled by altering their stiffnesses. This allowed 
calibration to be controlled by changing the elastic modulus of the concrete components of the 
models. In nearly all cases, the uncalibrated models predicted much larger strains than were 
measured in the field. This indicated that the models were not stiff enough and that increases to 
the concrete’s elastic modulus in some or all of the concrete components would likely bring 
predictions better into line with measurements. This is justifiable given that concrete’s elastic 
modulus was assumed proportional to the square root of compressive strength (per AASHTO, 
2012) and that previous studies of older bridges have shown the in-situ concrete compressive 
strengths of older bridges to be up to 220% greater than the design compressive strength (for 
instance Saraf (1998), Buckle et al. (1985)). Models’ concrete elastic moduli were systematically 
updated and simulations rerun until the moduli giving the best predictions were obtained for each 
bridge. These models could then be further examined to investigate observed behavioral 
differences between un-skewed and skewed bridges. 

3.3 Assessment of Load Distribution 
A major point of interest when analyzing bridge structures is the way in which live-loads applied 
to the deck are distributed to individual girders. This has a significant impact on a bridge’s RF – 
the primary measure of its live-load capacity and ability to carry modern loads – as live-load 
distribution directly scales the demand placed on a particular girder from a given load. Therefore, 
gaining a better understanding of a bridge’s live-load distribution characteristics is instrumental to 
understanding its overall behavior and live-load capacity. It should be noted that the load 
distribution properties discussed here are related to, but not the same as, distribution factors (DFs) 
as defined by AASHTO (2012) for design and analysis. DFs represent the maximum fraction of 
HL-93 live-load that can be carried by any individual girder from all possible live-loading 
scenarios. The fractions of live-load discussed here, termed girder lane fractions (GLFs), describe 
the portion of live-load carried by a particular girder under one specific loading condition. 
However, due to the narrow, two-lane geometry of these simple-span bridges, and the fact that 
multiple load-cases were applied in the field where trucks were shifted both longitudinally and 
transversely, the maximum GLFs derived from testing are expected to be very good 
approximations of the true girder DFs. Therefore, comparison between the GLFs and AASHTO 
DFs as presented later is appropriate. 

GLFs, whether from live-load testing or FE analysis, are calculated by Equation 8, where 𝑆𝑆𝑖𝑖,𝑗𝑗 is 
the uncracked section modulus of the 𝑖𝑖𝑡𝑡ℎor 𝑗𝑗𝑡𝑡ℎgirder, 𝜀𝜀𝑖𝑖,𝑗𝑗 is the measured or calculated strain in 
the 𝑖𝑖𝑡𝑡ℎor 𝑗𝑗𝑡𝑡ℎgirder, 𝑛𝑛 is the total number of girders, and the 2 in the numerator indicates that two 
lanes of loading were applied in the load-cases considered.  
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𝐺𝐺𝐺𝐺𝐺𝐺𝑖𝑖 =
2𝑆𝑆𝑖𝑖𝜀𝜀𝑖𝑖

∑ 𝑆𝑆𝑗𝑗𝜀𝜀𝑗𝑗𝑛𝑛
𝑗𝑗=1

 Equation 8 

GLFs were calculated from a set of three tests in which the applied loading  was the same but the 
loads were placed in separate transverse positions (for instance, three tests in which four trucks 
were located longitudinally to produce maximum midspan moment but transversely close to the 
left curb, centerline, and right curb respectively). These were then examined to observe the 
particular bridges’ sensitivity to transverse load position. To illustrate this, an example from an 
un-skewed bridge (Bridge 3307) and skewed bridge (Bridge 5489) are presented in Figures 17 and 
18 respectively, with similar plots of seven of the remaining bridges presented in Figures 123-129 
in Appendix A. (Note that because a set of three similar longitudinal but differing transverse 
loading tests were not performed for Bridge 3356, no plot was included.)  

 

Figure 17: GLFs Calculated from Live-Load Testing – Bridge 3307 (Un-Skewed) 
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Figure 18: GLFs Calculated from Live-Load Testing – Bridge 5489 (Skewed) 

GLFs calculated for these sets of tests appear to indicate a correlation between skewness and a 
bridge’s sensitivity to load position. As seen from Figure 17, movement of trucks transversely 
from the left side of Bridge 3307 to the center and then to the right side had very small effects on 
individual girders’ GLF. The opposite is true for Bridge 5489 as seen in Figure 18, where 
transverse movement of loads resulted in large changes of GLF, especially for exterior girders. 
Table 18 presents the difference between maximum and minimum calculated GLF for each girder 
of each bridge from the three, 4-truck load-cases. 

Table 18: Maximum Change in GLF from Live-Load Testing 

Bridge Skew Angle 
(deg) 

Change in GLF 
Girder 1 Girder 2 Girder 3 Girder 4 Girder5 

2130 0 0.018 0.054 0.039 0.102 - 
3307 0 0.069 0.019 0.017 0.028 0.060 
3776 0 0.118 0.098 0.009 0.071 0.142 
5432 0 0.090 0.074 0.029 0.046 0.088 
2390 30 0.110 0.088 0.039 0.070 0.162 
2879 30 0.143 0.084 0.052 0.175 - 
3848 30 0.157 0.098 0.051 0.084 0.119 
5109 35 0.282 0.195 0.063 0.291 0.130 
5489 15 0.232 0.170 0.068 0.146 0.317 

 

As can immediately be seen, the skewed bridges tended to display much larger changes in GLF 
than un-skewed bridges under similar load configurations. Additionally, the largest changes in 
GLF tended to occur in exterior girders, while smaller changes tended to occur in the central 

1 2 3 4 5

Girder

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

G
LF

Bridge 5489 GLFs From Testing

Left

Center

Right

Truck Positioning



   Page 42 of 165 

girders. The large changes in load distribution of skewed bridges as compared with un-skewed 
bridges is likely due in part to differences in available load-path. In un-skewed bridges, a load 
applied at the center (longitudinally and transversely) of the deck is equidistant to each of the four 
corners of the bridge and so, all else being equal, load will be attracted evenly by both ends 
longitudinally, and at each end, load would be attracted to supports symmetrically about the 
transverse centerline. Conversely, in a skewed bridge, the same load is closer to the obtuse corners 
than to the acute corners, and so the load-path will tend to favor the obtuse side much more heavily.  

To investigate whether differences in load-path could contribute to the differences in load 
distribution between un-skewed and skewed bridges, the results of the linear FE models were 
examined, paying attention to the live-load reactions at each end of each girder under load from 
the three tests with differing transverse truck placement. This revealed the percentage of load 
attracted to each end of the bridge as well as the amount of load attracted by each girder for the 
same levels of loading placed in three transverse positions across the deck. Figures 19 and 20 show 
the reaction forces calculated for each support of Bridge 5432 (an un-skewed bridge) as fractions 
of the total load attracted by each end, and Figures 21 and 22 show the reaction forces calculated 
for each support of Bridge 3848 (a skewed bridge), also as fractions of the load attracted by each 
end. Similar plots for the other bridges (again with the exception of Bridge 3356) are presented in 
Figures 130-143 in Appendix A.  

 

Figure 19: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 5432 (Un-
Skewed) 
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Figure 20: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 5432 (Un-
Skewed) 

 

 

Figure 21: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 3848 
(Skewed) 

1 2 3 4 5

Girder

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fr
ac

tio
n 

of
 R

ea
ct

io
n

Bridge 5432 Half-Bridge Reactions - Side 2

Left

Center

Right

Truck Positioning

1 2 3 4 5

Girder

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

Fr
ac

tio
n 

of
 R

ea
ct

io
n

Bridge 3848 Half-Bridge Reactions - Side 1

Left

Center

Right

Truck Positioning



   Page 44 of 165 

 

Figure 22: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 3848 
(Skewed) 

Figures 19 and 20 show that the support reactions are roughly consistent with those expected for 
the un-skewed bridge: reactions are reasonably symmetric about the transverse centerline with a 
small amount of offset due to the different weights of the trucks used and their transverse positions. 
On the other hand, Figures 21 and 22 show very different behavior. For each end of Bridge 3848, 
one transverse side attracts significantly more load than the other does. The preferred side 
corresponds with the lateral side with the obtuse corner for each longitudinal end. It should also 
be noted that the reactions at the acute corners are negative for live-loading, meaning that the 
loading caused a lessening of the reaction due to dead-load. This behavior is consistent with the 
assumption that the bridge’s load-path is significantly affected by the load’s proximity to the 
obtuse corner. This could partially explain why the skewed bridges’ load distributions appear to 
be more sensitive to transverse load placement as loads closer to one side of the bridge will be 
much more heavily attracted to the obtuse corner. 

3.4 Comparison with AASHTO Live-Load Distribution Factors 
As noted before, the GLFs inferred from the results of live-load testing and calculated based on 
results of FE analyses are related to AASHTO (2012) DFs in that they describe the distribution of 
loads to individual girders, but are valid only for the loading configuration from which they were 
inferred or calculated. However, the tested bridges were relatively narrow, allowing the three 
transverse loading positions considered to capture the effects of most possible transverse loading 
conditions. This allows flexural DFs to be reasonably approximated as the maximum GLFs from 
any interior and exterior girder inferred or calculated for each bridge. Table 19 presents the 
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AASHTO calculated DFs and DFs approximated from testing and FEA for each bridge (with the 
exception of Bridge 3356).  

 

Table 19: Comparison of AASHTO DFs and Approximate DFs  

Bridge Skew (°) 
AASHTO DF Max GLF from Testing Max GLF from FEA 

Interior Exterior Interior Exterior Interior Exterior 

2130 0 0.707 0.485 0.870 0.351 0.808 0.315 
3307 0 0.600 0.432 0.516 0.425 0.506 0.358 
3776 0 0.635 0.396 0.579 0.439 0.471 0.484 
5432 0 0.680 0.473 0.522 0.382 0.474 0.387 
2390 30 0.635 0.428 0.629 0.325 0.560 0.411 
2879 30 0.701 0.498 0.660 0.543 0.642 0.499 
3848 30 0.611 0.431 0.528 0.440 0.526 0.460 
3848 35 0.686 0.506 0.646 0.440 0.531 0.567 
5489 15 0.685 0.483 0.577 0.463 0.491 0.495 

 

As Table 19 shows, nearly all of the AASHTO interior girder DFs were conservative, whereas 
more than half the AASHTO exterior DFs were unconservative relative to the approximate DFs 
from testing and/or FEA. For the skewed bridges, two exterior AASHTO DFs were unconservative 
relative to the GLFs from field-testing, as compared to one unconservative DF for the un-skewed 
bridges. To examine whether a trend exists, the percent error in approximate DFs relative to 
AASHTO DFs were calculated and are plotted in Figure 23. In these plots, a negative percent error 
represents a conservative estimation of DF by AASHTO and a positive percent error represents an 
unconservative estimation. These plots do not show a clear trend in DF prediction accuracy with 
increasing angle of skew, suggesting that such a correlation may not exist.  
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Figure 23: Percent Error in Approximate DFs Relative to AASHTO DFs 

3.5 Assessment of Support Fixity 
Support conditions play a vital role in a bridge’s behavior – especially as pertains to the level of 
strain to which a girder is subjected (and thus the resulting midspan moment). Although many 
bridges (including all of the bridges investigated as part of this study) are designed to behave as 
simply-supported, actual conditions can result in a certain amount of bearing fixity that affects 
their behavior. This fixity can be caused by numerous factors, and can often be detected through 
live-load testing as negative strains recorded close to the girder supports. 

Along with the transducers used to detect strains at midspan, some girders of each bridge were 
instrumented at their ends to monitor unintended fixity. At a minimum, for the instrumented 
girders, one transducer was applied to the girder’s bottom at around one web-depth from the 
abutment face, although some also received a second transducer at the girder’s mid-height with 
the same longitudinal position. The bottom-mounted transducers recorded the maximum negative 
or positive strain response at the girder’s end depending on whether or not the girder experienced 
fixity, with large negative strains indicating a significant degree of unintended fixity. Table 20 
presents the average, maximum, and minimum strains measured at the bottom of the ends of each 
girder for each bridge under 4-truck loading. 
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Table 20: Recorded Strains at Girder Ends from Live-Load Testing 

Bridge Skew Angle 
(deg.) Average Strain (µε) Maximum Strain (µε) Minimum Strain (µε) 

2130 0 2.27 8.12 -2.88 
3307 0 -0.43 7.62 -7.17 
3356 0 6.21 13.73 -3.13 
3776 0 6.39 13.14 1.55 
5432 0 4.51 14.88 -5.13 
2390 30 -15.50 1.24 -36.77 
2879 30 7.89 11.04 5.69 
3848 30 3.43 4.61 -22.82 
5109 35 -10.33 4.61 -22.82 
5489 15 -5.83 8.01 -24.19 

 

The strains measured at the bottoms of girders near bearings were small relative to the maximum 
strains recorded at midspan. However, relative to each other the data recorded for skewed and un-
skewed bridges show very different behavior. For all of the un-skewed bridges, the recorded strains 
were generally positive or at most only slightly negative indicating little to no fixity. The direct 
opposite is true for four of the skewed bridges. Relatively large negative strains were recorded 
from four of the five skewed bridges, indicating a high degree of support fixity, which likely 
reduced the strains recorded at midspan. Determining the sources of this fixity was important to 
determining its future reliability. 

It was initially attempted to identify the sources of the skewed bridges’ apparent fixity as part of 
the model calibration process. However, this strategy proved ineffective. The method used to reach 
better predictions of actual behavior – changing the elastic moduli of all or individual girders – 
improved the prediction of midspan strains, but could not produce negative girder end strains since 
it did not affect loading or support conditions. Adding fixity at the supports – either by enforcing 
additional boundary conditions or by applying resistance in the form of linear spring elements to 
the girder ends – tended to moderately improve the prediction of strains at girder ends, but was 
severely detrimental to the prediction of midspan strains. Because of this, it was decided to ignore 
girder end strains in the calibration process in order to better predict midspan strains, as these were 
deemed more important to accurately predict.  

With end fixity ignored, calibration of the skew bridge models commenced as described previously 
with the models analyzed under the load conditions from live-load testing. However, in reviewing 
the analysis results, a response was observed that had not been seen for the un-skewed bridges. 
Figure 24 presents images taken from the results of the analysis of the model of Bridge 3776 loaded 
by four trucks in the centered position from a top and bottom perspective (the model’s deflected 
shape has been highly exaggerated for clarity). The colors on the model represent longitudinal 
displacement. This is contrasted with similar images from the results of Bridge 2390 under the 
same type of loading. As can be seen, Bridge 3776’s longitudinal extension is reasonably 
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symmetric, with the difference between the extension of the center girder and the exterior girders 
being around 0.004 in. This is in contrast with the results from similar loading of the model of 
Bridge 2390 in Figure 25, which shows asymmetrical displacement and a difference in extension 
between the exterior girders of around 0.013 in. This difference arises from torsional effects that 
are not present in the un-skewed bridges but are present in the results of the models of each of the 
skewed bridges. 

 

Figure 24: Calculated Longitudinal Displacement of Bridge 3776 (Left: Top View, Right: 
Bottom View) 

 

Figure 25: Calculated Longitudinal Displacement of Bridge 2390 (Left: Top View, Right: 
Bottom View) 

The identification of asymmetrical extension and twisting effects in skewed bridges does not lead 
directly to the cause of apparent girder end fixity. Rather, it points to the bridges’ behaviors absent 
the cause of the observed fixity. However, consideration of the actual conditions of the bridges (as 
opposed to the models) allows for some speculation into a reasonable cause for the observed fixity. 
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Each of these bridges include end diaphragms forming their backwalls. These backwalls are 
battered by a few degrees at the rear with granular fill behind. It is possible that due to their twisting 
motion, the skewed bridges have allowed more granular backfill to migrate underneath their 
backwalls, fouling their motion more than on the un-skewed bridges. This restriction of motion by 
debris, though difficult to identify and model, could lead to some of the apparent end fixity 
observed during testing.  

As additional evidence of the hypothesis that skewed bridges’ motion may be restricted by 
increased amounts of debris, photographs of the individual bridges taken during test set-up were 
examined, focusing on images that revealed the conditions of the girder ends and bearing areas. 
Figure 26 presents an image taken of one of the abutment and backwalls from Bridge 5432, an un-
skewed bridge. As the image shows, the gap between the back-wall and the top of the abutment is 
fairly clean, with only a small amount of visible debris. This is contrasted with Figure 27, which 
presents a similar image taken from Bridge 5109. A significant amount of debris is visible in the 
gap between abutment and backwall, which could partially restrict the bridge’s end rotation 
causing negative strains to develop.  

 

Figure 26: Condition of Gap between Abutment and Backwall – Bridge 5432 
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Figure 27: Condition of Gap between Abutment and Backwall – Bridge 5109 

Finally, this hypothesis of skewed bridges’ tendency to collect bearing-fouling debris also explains 
why one of the five skewed bridges, Bridge 2879, did not appear to exhibit any significant girder 
end fixity. Bridge 2879 consists of four nominally identical, simple spans, with interior spans 
resting on piers and exterior spans resting on piers and abutments. The span that was live-load 
tested was an interior span, without any fill behind its backwalls. Without any fill available to 
restrict its motion, the tested span was able to deform much more freely, exhibiting end conditions 
that were much closer to simply supported than were observed for the other four skewed bridges. 
This may not have been the case had an exterior span been tested, as one of the ends would have 
had the potential to collect debris, restricting its motion. 

4 Proxy Finite-Element Analysis 
The current method by which bridge live-load capacity is most often evaluated, using AASHTO 
(2011, 2012) code-based calculations to determine RFs, is analogous to the design of new bridges, 
using most of the same assumptions and empirical relations, and is thus subject to similar capacity 
requirements. However, for bridges designed under previous specifications, this method often 
predicts inadequate flexural capacity, leading to the perceived need for remedial actions, such as 
load posting, repair, or replacement. However, many of these bridges, such as most of the bridges 
live-load tested as part of this study, carry modern loads regularly with no apparent signs of distress 
despite their low RFs. This suggests that these bridges have higher capacities than are able to be 
identified under the assumptions from normal load rating, and that a method of load rating is 
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required that overcomes the assumptions and limitations leading to this under-prediction of 
capacity. 

To address the need for a new, more accurate method of load rating older RC T-beam bridges, a 
novel, nonlinear FE analysis technique, dubbed proxy finite element analysis (PFEA), has been 
developed and is presently being further enhanced. This method overcomes the shortcomings of 
standard bridge flexural rating by accounting for the full, nonlinear constitutive properties of 
concrete and reinforcing steel and by treating a bridge as a system of interrelated, interdependent 
components rather than a collection of individual, disparate members. Even still, it endeavors to 
remain consistent with AASHTO’s specifications and recommendations (2011, 2012), and retains 
a number of AASHTO’s conservative assumptions. Further, PFEA is much simpler to implement 
and more computationally tractable than a 3D nonlinear finite-element continuum analysis that 
accounts for concrete cracking and crushing. Using this method, the live-load tested bridges from 
this study were load rated with promising, yet conservative results. 

4.1 Proxy Finite Element Analysis Concept 
The basic premise of PFEA is to capture a bridge girder’s full longitudinal flexural behavior up to 
failure, including contributions from its geometry and possibly complicated material nonlinearity, 
and condense it into a single nonlinear relationship. This relationship is then imparted onto an 
equivalent section (a proxy section) whose geometry and constitutive behavior are straightforward 
to implement into commercial FE software. Proxy section girder models are then assembled into 
a 3D model of a full bridge which is loaded by both dead-load and increasing multiples of HL-93 
live-load to complete bridge failure. The multiple of HL-93 live-load required to cause model 
failure directly corresponds with the bridge’s live-load capacity, from which its flexural RF may 
then be calculated. 

4.2 Proxy Finite Element Analysis Process 
The process of rating a bridge by PFEA includes four major steps, which are briefly outlined 
below. These are discussed in greater detail by Schanck and Davids (2020). Although they were 
developed with the analysis of RC T-beam bridges as a main focus, as mentioned later, the concept 
is applicable to other types of slab-on-girder structures provided the appropriate constitutive 
models are used. Figure 28 shows a schematic overview of the PFEA analysis process, which will 
be explained in greater detail below. 
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Figure 28: PFEA Procedural Overview: a) Real Section; b) Extracted Moment-Curvature 
Relationship; c) Proxy Section Moment-Curvature Match; d) Proxy Section with Optimized 

Geometry and Material Constants; d) Full-Bridge, Meshed PFEA Model 

4.2.1 Moment-Curvature Relationship Extraction 
The first step in PFEA is the extraction of the nonlinear moment-curvature relationships defining 
each girder’s bending resistance when subjected to flexural loading up to and including failure. 
Starting from zero, a girder section is subjected to a particular level of curvature and is discretized 
vertically into 𝑛𝑛 layers of equal thickness Compatibility is enforced by assuming strain in a layer 
to be proportional to curvature and height, and from these strains corresponding stresses are 
calculated. For the case of RC bridges, concrete is assumed to behave in compression as described 
by Hognestad (1951) with no strength in tension, and reinforcing steel is assumed to exhibit tension 
stiffening behavior, as suggested by Belarbi and Hsu (1994).  

For a given level of curvature, Equation 9 is solved iteratively to determine the neutral axis location 
required for horizontal force equilibrium in the section under the current level of curvature, and 
Equation 10 is then used to compute the internal bending moment corresponding to the given 
curvature. In Equations 9 and 10, 𝑏𝑏𝑗𝑗 is the width of the 𝑗𝑗𝑡𝑡ℎ layer (either the width of the web or the 
flange, depending on the height of the layer from the bottom of the section, 𝑦𝑦𝑗𝑗 and the presence of 
the feature), 𝑡𝑡 is the layer thickness, 𝑓𝑓𝑐𝑐𝑗𝑗is the concrete stress in the 𝑗𝑗𝑡𝑡ℎ layer, 𝑓𝑓𝑠𝑠 and 𝑦𝑦𝑠𝑠 are the stress 
in the reinforcing steel and the height of its centroid from the section bottom, and 𝐴𝐴𝑠𝑠 is the cross-
sectional area of the reinforcing steel. The process of iteratively solving Equation 9 and using 
Equation 10 to determine moment is repeated for increasing values of curvature until failure – 
defined by the concrete reaching its ultimate compressive strain of 0.003 at the extreme 
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compression fiber (AASHTO 2012) – is reached. Figure 29 includes the extracted moment-
curvature relationship for an interior girder from Bridge 5489 which is plotted as the blue curve. 

 
�𝜎𝜎𝜎𝜎𝜎𝜎 ≈ ��𝑓𝑓𝑐𝑐𝑗𝑗𝑏𝑏𝑗𝑗𝑡𝑡
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𝑗𝑗=1

� + 𝑓𝑓𝑠𝑠𝐴𝐴𝑠𝑠 = 0 Equation 9 

 

 
�𝜎𝜎𝜎𝜎𝜎𝜎𝜎𝜎 −𝑀𝑀 ≈��𝑓𝑓𝑐𝑐𝑗𝑗𝑏𝑏𝑗𝑗𝑦𝑦𝑗𝑗𝑡𝑡

𝑛𝑛

𝑗𝑗=1

� + 𝑓𝑓𝑠𝑠𝐴𝐴𝑠𝑠𝑦𝑦𝑠𝑠 − 𝑀𝑀 = 0 Equation 10 

 

Figure 29: Moment Curvature Relationships for Bridge 5489 – Actual Section, Proxy Section, 
and ABAQUS Implementation 

4.2.2 Proxy Section Creation 
Once a section’s moment-curvature relationship has been extracted, a proxy section is developed 
that possesses an identical moment-curvature relationship to the actual section. In general, the 
overall geometry of the proxy section can be (but need not be) nearly the same as the actual section, 
but can also be altered in order to facilitate modeling. However, the constitutive behavior of the 
proxy section is very much simplified in comparison to the actual section, significantly easing the 
difficulty of implementing complex constitutive models in a 3D finite-element model. For the 
bridges from this study, the proxy sections consisted of T-shaped sections with webs and flanges 
whose geometries were similar to the actual gross sections they represented.  
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To emulate the nonlinear moment-curvature relationship of the actual section, the proxy section’s 
web was assigned elastic-perfectly plastic constitutive behavior, and the flange was assigned 
elastic behavior. The required material constants were determined by nonlinear optimization with 
a least-squares objective function defined by Equation 11 where 𝑓𝑓 is a function of the decision 
variables 𝑥𝑥𝑖𝑖. The function 𝑓𝑓defines the proxy section’s moment response when subjected to the 
curvatures used to find the real section’s moment-curvature relationship, 𝑀𝑀 are the bending 
moments from the actual RC section’s moment-curvature relationship, and the double bars indicate 
the Euclidian norm. The function 𝑓𝑓 applies a similar layered discretization technique as that used 
to determine the actual section’s moment-curvature relationship while accounting for the proxy 
section’s geometric and constitutive properties. For these bridges, a total of three decision variables 
(web elastic modulus, web yield stress, and flange elastic modulus) were optimized to fully define 
the proxy section because the geometry of the proxy section could be assumed. However, more 
variables can be included to change geometric properties or add additional material properties if 
needed. Figure 29 shows the moment-curvature relation for a proxy section corresponding to an 
interior girder from Bridge 5489 as the red curve. As can be seen, the proxy section, with 
significantly simpler constitutive behavior, possesses a very similar moment-curvature relation to 
that of the actual section. 

 𝜆𝜆 =  �𝑓𝑓�𝑥𝑥1, 𝑥𝑥2,⋯𝑥𝑥𝑗𝑗� − 𝑀𝑀�
2
 Equation 11 

It should be noted that the assumptions made in formulating proxy sections lead to one limitation 
of PFEA’s broad use across a large range of bridge types. To this point, the bridges used in 
developing and verifying PFEA have had relatively thick decks and relatively close girder 
spacings. This has enabled the assumption of a linearly-elastic material model for the deck, both 
when optimizing proxy parameters, and in implementation into a FE model. This assumption may 
be less valid for bridges with thin decks or large girder spacing, which may experience a significant 
amount of material nonlinearity within their decks. Live-load data taken from such bridges would 
be needed to verify this limitation, and the limitation could then be addressed. 

4.2.3 Finite Element Implementation 
A FE analysis of a single girder with proxy section properties is conducted before it is synthesized 
into a full bridge model. This is done to verify that the implementation of the proxy section behaves 
appropriately, and allows fine-tuning of a failure strain parameter. This failure strain, when 
reached by any girder, causes the entire bridge to be considered failed and corresponds with 
concrete crushing at the girder’s extreme compression fiber. The individual girder models (as well 
as the full bridge models) are implemented in ABAQUS using S8R quadratic, reduced integration 
shell elements with 8 nodes and six degrees of freedom per node, to which appropriate geometric 
and material parameters are assigned. A convergence study revealed that a characteristic element 
length of around 3 in. consistently led to accurate results and so was used to form the mesh of 
individual girder models and full bridge models alike. The girder models used for verification are 
simply supported with a known moment applied. At each load increment in which convergence is 
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achieved, resulting girder curvatures are directly extracted from the results and compared with the 
theoretical moment-curvature relationships for both the actual and proxy sections. Figure 29 shows 
the ABAQUS implementation of a proxy girder from Bridge 5489 as the yellow curve. As can be 
seen, the ABAQUS implementation agrees very well with both the theoretical proxy section and 
the actual section, showing that the implementation emulates the behavior of the actual section 
quite well. 

Full bridge PFEA models are constructed by placing the appropriate proxy girders side-by-side 
and tying adjacent flange degrees of freedom. Additionally, girder end-diaphragms are added 
between the webs of the proxy girders, which are modeled using S8R elements and whose 
geometry and material parameters were selected to ensure that their flexural rigidity was equal to 
those present in the actual bridges. Initially, intermediate diaphragms were also modeled. 
However, these tended to cause unrealistic stress concentrations leading to unreaslistic premature 
failure, and so were omitted thereafter, regardless of their presence on actual bridges. This 
omission aids in modeling, but also is conservative as it reduces bridges’ ability to transversely 
distribute load. A meshed model of Bridge 3307 is presented in Figure 30. The models are simply 
supported and are configured with two loading steps: a dead-load step in which a uniform dead-
load pressure is applied to the entire deck, and a live-load step in which the appropriate HL-93 
live-load model is applied. This allows live-load effects to be isolated from dead-load effects while 
the entire loading history of the bridge, up to and including failure, is applied. 

 

 

Figure 30: Bridge 3307 Full Proxy Bridge Model (Left: Showing Lane Load, Right: Showing 
Tandem Wheel Loads) 

4.2.4 Analysis and Rating Factor Calculation 
Live-loading is applied to match HL-93 notional loading with impact. Lane loads are applied to 
10 ft wide strips in each lane as uniform pressures and HL-93 truck or tandem wheel loads are 
applied in both lanes. The wheel loads are positioned to produce maximum moment effects and 
are applied as pressure loads distributed over the tire contact pattern specified by AASHTO (2012) 
(over a 20 in. by 10 in. patch). Figure 30 includes the positions of both the lane and tandem wheel 
loads for illustration. 
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The initial, dead-loading step is solved with a standard Newton-Raphson iterative solver with the 
effects of geometric nonlinearity considered and results held constant in the subsequent step. 
However, rather than using a standard Newton-Raphson iterative solver to analyze the PFEA 
models in the live-load step, a Riks arc-length solver is employed (Riks, 1979). This allows RFs 
to be determined directly from the results of the model without prior knowledge of the load causing 
failure. At each iteration, the Riks solver used by ABAQUS scales the applied load by a load 
proportionality factor (LPF) and solves for the associated displacements. It then increases the LPF 
and continues to iterate until a stopping criterion is met, or until the model becomes unstable. 
When a very large maximum LPF is used as the solver’s termination criterion, the solver will 
increase LPF and solve for additional increments of displacement until one or more girders reaches 
their previously defined failure strains, at which point the model becomes unstable and the solver 
issues an analysis abort. This instability itself does not hold physical significance, as it is purely 
numerical. The material damage model that initializes failure expects elements to gradually soften 
rather than immediately lose all stiffness, and as such, the immediate loss of stiffness causes 
numerical ill-conditioning. However, as mentioned previously, the strain at which proxy section 
instability occurs directly corresponds with the strain causing top fiber crushing in the actual 
section, using their common moment-curvature relationship and the assumption of linear strain 
distribution over the section depth. Therefore, the instability of the PFEA model is a direct 
mapping of the flexural failure of the actual bridge as defined by AASHTO, with the LPF causing 
that instability equal to the multiples of HL-93 loading causing the real bridge’s flexural failure. 

Using this basis, PFEA models can be used for load rating older bridges with while adhering to 
the AASHTO specifications. Equations 12 describe how a PFEA model can be used for bridge 
rating, where 𝑅𝑅𝑅𝑅 is the bridge’s rating factor, 𝜙𝜙 is the AASHTO strength reduction factor (taken 
as 0.9 for under-reinforced concrete members in flexure), 𝑀𝑀𝑛𝑛 is the bridge’s moment capacity, 
𝛾𝛾𝐷𝐷𝐷𝐷and 𝛾𝛾𝐿𝐿𝐿𝐿are the AASHTO dead-load and live-load factors (taken as 1.25 and 1.35 respectively 
for operating conditions), 𝑀𝑀𝐷𝐷𝐷𝐷 and 𝑀𝑀𝐿𝐿𝐿𝐿 are the applied dead and live-load moments, respectively, 
and 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 is the maximum model-predicted LPF. The conventional capacity rating equation for 
individual members (taken from AASHTO (2011)) is given in Equation 12a, but used to describe 
the rating of the entire bridge acting as a system of interrelated members (as is seen in the behavior 
of actual structures and the PFEA model). Equation 12a is subsequently re-arranged in Equations 
12b and 12c to solve for a term represented by the maximum LPF predicted by the model, which 
can then be used to determine the RF with Equation 12d. This development shows that when dead-
loading is applied to the model and is amplified by both the AASHTO dead-load factor and the 
inverse of the strength reduction factor, RFs can be computed that explicitly follow AASHTO 
guidelines for rating (2011) and analysis (2012). It should be noted that this rigorous consideration 
of load and resistance factor rating was not implemented in Schanck and Davids (2020). 

 𝑅𝑅𝑅𝑅 =
𝜙𝜙𝑀𝑀𝑛𝑛 − 𝛾𝛾𝐷𝐷𝐷𝐷𝑀𝑀𝐷𝐷𝐷𝐷

𝛾𝛾𝐿𝐿𝐿𝐿𝑀𝑀𝐿𝐿𝐿𝐿
 Equation 12a 



   Page 57 of 165 

 𝛾𝛾𝐿𝐿𝐿𝐿
𝜙𝜙
𝑅𝑅𝑅𝑅 ∗ 𝑀𝑀𝐿𝐿𝐿𝐿 +

𝛾𝛾𝐷𝐷𝐷𝐷
𝜙𝜙

𝑀𝑀𝐷𝐷𝐷𝐷 = 𝑀𝑀𝑛𝑛 b 

 
𝛾𝛾𝐿𝐿𝐿𝐿
𝜙𝜙
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𝑀𝑀𝑛𝑛 −
𝛾𝛾𝐷𝐷𝐷𝐷
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𝑀𝑀𝐿𝐿𝐿𝐿
= 𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚 c 

 𝑅𝑅𝑅𝑅 = 𝜙𝜙
𝐿𝐿𝐿𝐿𝐿𝐿𝑚𝑚𝑚𝑚𝑚𝑚
𝛾𝛾𝐿𝐿𝐿𝐿

 d 

4.3 Results for Tested Bridges 
The previously described PFEA rating process was applied to each of the 10 RC T-beam bridges 
that had been live-load tested in this study. The resulting flexural RFs are presented in Table 21, 
along with their original AASHTO determined RFs, and RFs updated by field live-load testing. 
As can be seen, PFEA resulted in significant increases in flexural RF for all bridges with respect 
to the original, AASHTO-determined RFs, and all but one saw additional increases relative to the 
RFs updated based on live-load testing. While some of these predictions seem optimistic, they are 
based solely on the mechanics of the problem at hand and assume nominal concrete compressive 
strength and steel yield strength, neglect any concrete tensile strength, and neglect of the effects 
of integral curbs, wearing surfaces, and railings. Additionally, they incorporate the load factors 
and strength reduction factors required by AASHTO for rating and design. Additionally, the truck 
or tandem loads applied to each land were offset longitudinally based on the bridges’ angles of 
skew, further limiting the possible increases in RF. 

Table 21: Flexural Rating Factors 

Bridge Skew 
(deg) 

AASHTO Flexural 
RF 

Field-Test Updated 
Flexural RF 

PFEA Updated 
Flexural RF 

2130 0 0.920 1.28 1.87 
3307 0 0.920 1.61 1.30 
3356 0 0.280 0.300 1.83 
3776 0 0.690 1.20 1.43 
5432 0 0.750 1.10 1.96 
2390 30 0.757 0.838 1.56 
2879 30 1.09 1.35 2.23 
3848 30 0.887 1.15 1.72 
5109 35 0.686 0.942 2.35 
5489 15 0.784 1.10 1.91 

 

As seen in Table 21, some of the increases in flexural RF are quite dramatic. However, the most 
dramatic is that of Bridge 3356, whose RF was increased by over 550% relative to its AASHTO 
RF. This seems overly optimistic, until the actual conditions of the bridge and the PFEA results 
are considered. The controlling RF for Bridge 3356 came from an extended, exterior girder that 
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had been designed to carry a sidewalk but had been put into traffic service when the roadway was 
widened. Even after live-load testing, the bridge’s RF could not be significantly increased because 
the capacity of the bridge as a whole was assumed dependent on the capacity of its individual, 
isolated members. On the other hand, analysis with PFEA revealed a much less conservative 
prediction of the ultimate behavior of the bridge as it considered the bridge whole rather than as a 
collection of individual members. When loaded, the extended girder soon became nonlinear. 
However, because of its considerable ductility (captured accurately by the proxy section’s 
moment-curvature relationship), this girder was able to deform inelastically with additional load 
being redistributed to the other girders. This continued until one of the interior girders reached its 
failure strain. In fact, the reported RF comes from an analysis in which the loads were moved as 
close to the exterior girder as was allowable, yet the girder was still able to avoid premature failure 
due to its ductility and the bridge’s ability to redistribute load. This displays PFEA’s ability to 
account for a bridge as a whole, allowing for realistic redistribution of load when nonlinearity is 
incurred and the ability to account for the ductility of lightly reinforced members. 

4.4 Shear Effects 
PFEA is intended to take advantage of the ductile, nonlinear behavior of slab-on-girder bridge 
girders (especially those of RC T-beam bridges) and the system behavior they exhibit at higher 
loads, up to and including ultimate flexural capacity. The beneficial nonlinear behavior of these 
bridges’ girders do not readily extend to their response in shear, as their shear resisting mechanisms 
tend to be non-ductile. However, bridges’ system responses do affect how shear load is distributed 
to individual girders, which can significantly affect the shear demand placed upon them. Since 
PFEA predicts the way in which a bridge works as a system to distribute loads, there is a potential 
to achieve a better understanding of shear demand through more realistic shear load distribution 
predicted by PFEA. The 10 bridges that had been live-load tested were therefore analyzed for shear 
with PFEA, with the aim of gaining additional understanding of the bridges’ system response to 
shear loading. 

The bridges’ shear load distribution was investigated by analyzing two separate load-cases: a case 
with loads applied to maximize shear, and one with loads arranged to maximize moment. To 
maximize shear, live-loads that had been applied at the bridges’ midspans were moved so that the 
rearmost load patches were applied one girder depth away from the bearing line. The bridges’ 
dead-loads and the lane load were kept in their original positions. These models were then analyzed 
with the resulting reaction forces at the loaded bearings assumed equal to the corresponding 
girders’ maximum shear forces. To determine the shear resulting from loads positioned to 
maximize moment, the reaction forces from the original, moment-rating models were recovered 
and were again assumed equal to the maximum shear force in the respective girder.  

In contrast to for the models used for flexural rating, the shear distribution models’ RFs could not 
be automatically determined by the maximum achieved LPF from the Riks solver. Instead, the 
bridges’ shear capacities were calculated based on AASHTO (2012) as implemented in a separate 
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MATLAB function (provided in chapter A.2) which takes as input a model’s dead-load and total 
dead and live-load reaction forces and reports each girder’s resulting rating factor. AASHTO load 
and resistance factors were explicitly considered. These rating factors are presented in Table 22, 
along with the number of girders making up each bridge and the controlling girder (with girders 
numbered consecutively from one side to the other). It must be noted that these RFs are not 
necessarily representative of the capacities of the entire bridges. Because they assume maximum 
shear forces to be equal to reaction forces, they reflect capacity at girder ends only. In reality, the 
critical location for shear may be at a location away from the girders’ ends, due to the girders’ 
variable shear reinforcement spacing. For comparison, Table 22 also presents shear RFs calculated 
using the same MATLAB code, but using loads determined with AASHTO (2012) shear 
distribution factors. 

Table 22: Shear Rating Factors 

Bridge Skew 
(deg) 

Number 
of 

Girders 

AASHTO 
Shear RF 

PFEA Shear RF – 
Moment Loading 

PFEA Shear RF – Shear 
Loading 

RF Controlling 
Girder RF Controlling 

Girder 
2130 0 4 1.71 2.87* 2/3 2.20 2/3 
3307 0 5 1.32 2.11* 3 1.64 3 
3356 0 6 1.14 2.84 4 1.55 3 
3776 0 5 1.22 2.27* 3 1.19 3 
5432 0 5 0.886 2.63 3 1.43 3 
2390 30 5 0.650 1.80 5 1.21 3 
2879 30 4 0.710 1.74 2 1.06 2 
3848 30 5 0.560 2.00 5 1.22 3 
5109 35 5 0.570 1.96 2 1.14 3 
5489 15 5 0.726 2.18 3 1.11 3 

*Bridge fails in flexure, larger loads cannot be applied 

From the results presented in Table 22, difference in behavior between skewed and un-skewed 
bridges can be observed. For four of the five un-skewed bridges, the girder controlling the shear 
ratings was the center girder (or girders), which did not change with the positioning of the load. In 
the case of Bridge 3356, the controlling girder switched between two of the central girders as load 
was moved, and so can be thought to experience similar behavior, taking into account its unique 
geometry. Similar behavior can also be observed for Bridge 5489, which had the smallest angle of 
skew of the skewed bridges. For the remaining skewed bridges, a different behavior can be 
observed. When the loads were placed at midspan, the controlling girder for each of these bridges 
was an exterior girder or one of the non-central interior girders. These controlling girders 
correspond to the respective bridges’ obtuse corners. However, when the loads are moved closer 
to the bearing line, each of these bridges’ controlling girders shifted to their center girder (or one 
of the central girders in the case of Bridge 2390). 
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The tendency for the obtuse corner bearing of a skewed bridge to attract additional load has been 
observed and documented in previous studies. For instance, Ebeido & Kennedy (1996) observed 
from scale models of slab-on-girder bridges that the bearing at the obtuse corner tended to attract 
much greater amounts of load for concentric load-cases than the acute corner, which they were 
able to simulate using FE analysis. Barr & Amin (2006), and Théoret et al. (2012) analyzed FE 
models of skewed slab-on-girder and flat-slab bridges (respectively), both noting that the obtuse 
corners tended to attract significant additional shear load as compared with the acute corners. The 
results of this behavior were also observed during live-load testing of the skewed bridges, as 
discussed in detail above. This behavior arises as a result of the skewed bridges’ geometries and 
the fact that the truck or tandem wheel loads used are not parallel to the angle of skew. When the 
loads on the more highly skewed bridges are distant from the bearing line, a significant amount of 
load is attracted to the bearing at the bridges’ obtuse corners due to the shorter distance relative to 
the distance to interior bearings. However, when the loads are moved closer to the bearing line, 
much less load is attracted to that bearing due to the shorter distance to the center girder bearings. 
The prediction of this behavior by the PFEA models suggests that they are accurately predicting 
the system-behavior of the bridges, thus distributing shear load realistically.  

As a final note, comparison of the PFEA and AASHTO shear RFs reveals additional insight into 
the differing accuracy between PFEA and AASHTO code-based predictions of shear load 
distribution for skewed bridges. For the un-skewed bridges, the AASHTO RFs are generally 
conservative relative to the PFEA RFs, but the disparity between them is not unreasonably large 
(with the exception of Bridge 3776, for which PFEA predicted a shear RF slightly lower than 
AASHTO). For each of these bridges, PFEA predicted a RF between 97.5% and 161% of 
AASHTO. Since the shear capacities for both RFs are calculated identically, this suggests that the 
AASHTO DFs for shear are reasonably accurate, yet conservative in describing shear load transfer. 
However, this is not the case for the skewed bridges. The AASHTO RFs for shear on the skewed 
bridges are very conservative relative to those calculated based on the results of PFEA, with PFEA 
predicting between 150% and 200% of AASHTO RFs. Again, given that shear capacities were 
calculated identically for AASHTO and PFEA ratings, these differences can be largely attributed 
to shear load distribution. These differences suggest over-conservatism in AASHTO shear DFs or 
their skew correction factors which is not present in PFEA. This is consistent with findings 
reported by Barr and Amin (2006) who noted that AASHTO shear DFs to be conservative 
compared with the shear load distribution inferred by linearly elastic finite element analysis. 
Because PFEA treats bridge models as systems rather than individual members, it can more 
accurately simulate distribution of shear force in skewed bridges, leading to better predictions of 
shear rating. However, these predictions should also remain reasonably conservative as they use 
girder capacities calculated with AASHTO specifications (2012). 

4.5 Consideration of AASHTO Specifications 
As shown above, analysis of bridges by PFEA can provide a more accurate assessment of bridge 
behavior than conventional beam-line analysis, tracking both ductility and load redistribution up 
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to and including failure. However, for the technique to be acceptable in practice, it must reflect the 
standards and specifications governing bridge design and assessment, namely the AASHTO LRFD 
Bridge Design Specifications (2012) and Manual for Bridge Evaluation (2011). This section 
explicitly addresses PFEA’s adherence to the practices allowed by the standards, and addresses 
the few discrepancies that exist. The three general steps of load rating by PFEA – moment-
curvature relation extraction; development of proxy sections; and analysis with the finite element 
method – will be addressed, and it is shown that the techniques used in PFEA are generally 
allowable under the current code and/or abide by the letter and spirit of the current code. 

Extraction of moment-curvature relationships as a method of member analysis is a well-accepted 
method and is fully allowed in the current AASHTO specifications (2012). The code specifies that, 
“[a]ny method of analysis that satisfies the requirements of equilibrium and compatibility and 
utilizes stress-strain relationships for the proposed materials may be used” (AASHTO 2012, 4.4). 
As described above, PFEA moment-curvature extraction ensures equilibrium of internal forces and 
moments, and uses conventional beam theory assumptions to ensure strain compatibility through 
the section. Additionally, stress-strain relations are used for both concrete and reinforcing steel. 
The relation used for concrete, that proposed by Hognestad (1951), is fully acceptable by the code 
which allows stress distributions which are, “assumed to be rectangular, parabolic, or any other 
shape that results in a prediction of strength in substantial agreement with the test results” 
(AASHTO 2012, 5.7.2.1). The use of a concrete crushing strain of 0.003 is generally conservative 
and in line with AASHTO for bridges in good condition, like those tested here. For bridges in 
poorer condition whose ductility is in doubt, reduction of the concrete crushing strain (to 0.002 for 
instance) will effectively reduce predicted girder ductility, thus reducing the PFEA model’s ability 
to redistribute load and increase the conservatism in the analysis. 

The constitutive relation for steel proposed by Belarbi and Hsu (1994) and utilized by PFEA is not 
explicitly allowed by AASHTO, but is widely accepted in the literature. Although the relation 
represents a “stress-strain curve representative of the steel” (AASHTO 2012, 5.7.2.1), it leads to 
ultimate moment capacities in excess of those determined assuming an elastic-perfectly plastic 
model, which may cause some concern. To ease this concern, moment-curvature analysis (using 
both the Hognestad (1951) concrete and Belarbi and Hsu (1994) reinforcing steel constitutive 
models) was used to reproduce test data of actual RC beam failure tests, providing evidence of the 
model’s applicability. Moment-curvature relationships for the control beams described by Loring 
and Davids (2015) and beams by Xing et al. (2010) were extracted and used to predict load-
deflection behavior. Deflection was predicted numerically using a 5th order boundary-value 
problem solver in MATLAB to solve the nonlinear beam differential equation. Figures 31 and 32 
show the behavior predicted from the moment-curvature relationships compared with the 
measured load-deflection data. As is clear, the load deflection behavior predicted matches the 
measured behavior quite well. In addition, if required, the maximum predicted moment of a girder 
can be reduced in moment-curvature extraction by reducing the assumed yield stress of the steel. 
This would have the effect of reducing the maximum moment supported by a girder, without 
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greatly affecting its ductility. The yield stress used could be tuned such that the maximum predicted 
moment equaled the maximum moment determined by conventional analysis. 

 

Figure 31: Comparison of Predicted and Measured Load-Deflection Behavior from Loring and 
Davids (2015) 

 

Figure 32: Comparison of Predicted and Measured Load-Deflection Behavior Xing et al. (2010) 
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The creation of proxy sections to represent a bridge’s actual girders is not specifically addressed 
by AASHTO (2012), does falls under the analysis category of “Equivalent Members” defined in 
section 4.5.5 given below.  

Components or groups of components of bridges with or without variable cross-sections may 
be modeled as a single equivalent component provided that it represents all the stiffness 
properties of the components or group of components. The equivalent stiffness properties 
may be obtained by closed-form solutions, numerical integration, submodel analysis, and 
series and parallel analogies. 

Modeling real girders with proxy sections is consistent with this provision. The stiffness 
characteristics of the real girders are determined by numerical integration, which are then given to 
the proxy sections based on the results of nonlinear optimization. Proxy sections mimic all of the 
relevant stiffness and strength characteristics required for flexural analysis of the actual section 
and thus are a valid option. 

Finally, the use of 3D, nonlinear FE models for analysis is accepted by AASHTO, and the model 
formulation explicitly considers the requirements for bridge rating factor evaluation. As mentioned 
above, AASHTO specifies that “[a]ny method of analysis that satisfies the requirements of 
equilibrium and compatibility and utilizes stress-strain relationships for the proposed materials 
may be used” (AASHTO 2012, 4.4), and specifically lists FE analysis as an example of an 
approved analysis technique. In addition, the use of inelastic material behavior (4.5.2.3) and 
geometric nonlinearity (4.5.3.2) are explicitly allowed, solidifying the models’ formulations. 
Finally, as discussed and presented in Equations 12, the application of dead-loads and live-loads 
are formulated such that RFs governed by AASHTO (2011) can easily be computed while 
incorporating the requisite strength reduction factors, load factors, and impact factors. 

4.6 Current and Future Development 
In its current state, PFEA has been shown to produce what appear to be realistic estimates of 
simple-span RC T-beam bridge RFs. It has shown utility for both un-skewed and skewed bridges 
as seen in the results displayed in Tables 21 and 22. PFEA is currently being extended to account 
for prestressing such that it may be used to analyze prestressed concrete bridges, and is being 
verified against data from a full-scale destructive test of a prestressed concrete girder bridges as 
described by Burdette and Goodpasture (1971). The technique can also be extended to cover steel-
girder bridges and continuous bridges, and would benefit from integration into a self-contained 
program used to increase the accuracy of ratings for older girder bridges. 
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5 Summary and Conclusions 

5.1 Skewed and Un-Skewed Bridge Behavioral Differences 
Live-load testing of five un-skewed and five skewed RC T-beam bridges allowed their behaviors 
to be directly compared under reasonably similar conditions, and two main differences to be 
identified. Through calibration and simulation using linear FE models, the bridges’ behaviors and 
some possible causes for these behaviors were further explored, with results extending beyond 
those revealed by testing alone.  

The strain data collected during live-load testing showed a tendency for skewed bridges’ load 
distribution to have a much greater dependence on load positioning than did similar un-skewed 
bridges, as shown by GLFs calculated using recorded mid-span strains. Using the calibrated, linear 
FE models, the reaction forces between the girders and abutments were recovered. This confirmed 
that the skew bridges’ high dependence on transverse load positioning is likely due in part to the 
shortened distance to obtuse corners, which in-turn attracts a greater amount of load. The same 
live-load tests also revealed skewed bridges’ much greater susceptibility to unintended end fixity, 
indicated by negative strains recorded at girder ends. The linear FE models revealed the skewed 
bridges’ tendency to undergo warping displacements. These predicted displacements, along with 
observations of the bridges’ actual bearing conditions led to the hypothesis of skewed bridges’ 
tendency to collect debris between the abutment and backwall, restricting their displacement and 
inducing negative strains. 

These observations and associated explanations, while important to furthering the understanding 
of actual bridges’ behaviors, also can be practically useful when considering a bridge for 
permitting and load rating. They are also useful and when evaluating the results of future live-load 
testing of similar bridges. For instance, noting the dependence of skewed T-beam bridge response 
on transverse load positioning for load distribution can inform decisions on permit-load planning, 
particularly whether overweight loads should be carried in normal travel lanes or whether they 
should be centered, with other traffic temporarily stopped or diverted. Additionally, live-load test 
results revealed some unintended end-fixity for skewed T-beam bridges which was not observed 
for the un-skewed bridges. This appears to be due to debris fouling the bearings, which was more 
apparent for the skewed bridges. 

5.2 Proxy Finite Element Analysis 
A novel, nonlinear FE analysis technique, PFEA, has been developed for the purpose of load rating 
older bridges with a higher level of accuracy than is available through standard engineering 
analysis. It condenses the complex flexural behavior of a bridge girder into a single, nonlinear 
relationship describing its curvature response when subjected to an external moment. This 
relationship is then used to develop a proxy section that maintains the actual section’s moment-
curvature relationship, but can have a much simpler geometries and can use much simpler 
constitutive models. Proxy sections are assembled into full bridge models loaded by factored dead-
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load and HL-93 live-load. Solutions are achieved using a Riks arc-length algorithm, which 
continues to increase applied load until the model becomes unstable, signifying capacity of the 
bridge has been reached. 

PFEA was used to update the load ratings of each of the ten RC T-beam bridges tested as a part of 
this study with promising results. The RFs for each bridge were able to be increased relative to the 
RFs calculated using standard AASHTO provisions, and RFs for nine of the ten were increased 
relative to the results from live-load testing. An important observation from these results is that, 
although they seem optimistic, they rely solely on well-established mechanics principles and 
incorporate conservative assumptions that limit the technique’s possible benefit. Notably, the 
technique is able to account for both the entire, nonlinear moment-curvature response of individual 
girders to take advantage of their ductility, and the bridge system’s ability to redistribute load to 
more lightly loaded girders when others become nonlinear. The technique is also able to provide 
some additional insight into bridges’ behavior under shear, as it allows realistic distribution of load 
effects (both moment and shear) to individual girders based on load position, geometry, and 
material nonlinearity. With continued development, this technique has the potential to improve the 
RFs of older bridges that are known to carry modern loading without distress despite having low 
RFs based on conventional engineering analysis. 
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A.1 Experimental Configuration and Data Collected 
For each of the five bridges tested, a collection of data files is provided which contains input data, 
experimental configuration data, and data collected during tests. The files pertaining to each bridge 
are tabulated in the following appendices. 

A.1.1 Input Data 
A Comma Separated Variable (.csv) file is provided for each bridge which gives a list of the serial 
numbers of the sensors in the order as well as a MATLAB variable file (.mat) giving the layout of 
those sensors on each bridge. The sensor list .csv file provides sensors in the order that they are 
used and tabulated by STS-WiFi, and consequently in resulting test data. The sensor layout gives 
relative positions of sensors as they appeared for each bridge. Each girder is represented by three 
rows of data representing its top, middle and bottom respectively. Each collection of rows is placed 
in its relative position as it appears on the bridge. From left to right, columns represent the end 
receiving two sensors, mid-span, and the end receiving one sensor respectively. In this way, the 
relative position of each sensor can be determined. For example, a sensor in the second column of 
the second row would represent a sensor placed at mid-height of the first girder at midspan. 

A.1.2 Collected Data 
For each test configuration, a .mat file is provided which contains strain data recorded during the 
test. This data has been rectified by a linear correction function to correct for the sensors’ tendency 
to drift its zero-point during a test. 

A.2 Levant No. 5489 

A.2.1 Experimental Configuration and Experimental Data Collected 
Table 23: Bridge 5489 Experimental Configuration and Experimental Data Collected 

File Contents File Name File Type 
Sensors Br5489 _Sensors.csv CSV Format 

Sensor Layout Br5489 _SensorLayout.mat MATLAB Data File 

Sensor Data 

Br5489_ALT_S_2_1_Strain.mat MATLAB Data File 
Br5489_ALT_U_2_1_Strain.mat MATLAB Data File 
Br5489_MAX_S_1_1_Strain.mat MATLAB Data File 
Br5489_MAX_S_2_1_Strain.mat MATLAB Data File 
Br5489_MAX_S_3_1_Strain.mat MATLAB Data File 
Br5489_MAX_U_2_1_Strain.mat MATLAB Data File 
Br5489_SBS_S_2_1_Strain.mat MATLAB Data File 
Br5489_SBS_U_2_2_Strain.mat MATLAB Data File 
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A.2.2 Instrumentation 

 

Figure 33: Bridge 5489 Sensor Layout 

A.2.3 Loading 

 

Figure 34: Bridge 5489 Truck T01-316 Loading 
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Figure 35: Bridge 5489 Truck T01-907 Loading 

 

Figure 36: Bridge 5489 Truck T01-906 Loading 
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Figure 37: Bridge 5489 Truck T01-904 Loading 

 

A.2.4 Representative Data Plots 

 

Figure 38: Bridge 5489 SBS_S_2_1 Strains - Midspan 
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Figure 39: Bridge 5489 SBS_S_2_1 Strains - Ends 

 

 

Figure 40: Bridge 5489 SBS_U_2_2 Strains - Midspan 
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Figure 41: Bridge 5489  SBS_U_2_2 Strains - Ends 

 

 

Figure 42: Bridge 5489 MAX_S_2_1 Strains - Midspan 
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Figure 43: Bridge 5489 MAX_2_1 Strains – Ends 

 

 

Figure 44: Bridge 5489 MAX_U_2_1 Strains – Midspan 
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Figure 45: Bridge 5489 MAX_U_2_1 Strains – Ends 

 

 

Figure 46: Bridge 5489 ALT_S _2_1 Strains – Midspan 
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Figure 47: Bridge 5489 ALT_S_2_1 Strains – Ends 

 

 

Figure 48: Bridge 5489 ALT_U_2_1 Strains – Midspan 
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Figure 49: Bridge 5489 ALT_U_2_1 Strains – Ends 
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A.2.5 Rating Factor Calculations 
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Figure 50: Bridge 5489 Calculations 
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A.3 Hampden No. 5109 

A.3.1 Experimental Configuration and Experimental Data Collected 
Table 24: Bridge 5109 Experimental Configuration and Experimental Data Collected 

File Contents File Name File Type 
Sensors Br5109_Sensors.csv CSV Format 

Sensor Layout Br5109_SensorLayout.mat MATLAB Data File 

Sensor Data 

Br5109_ALT_S_2_1_Strain.mat MATLAB Data File 
Br5109_ALT_U_2_1_Strain.mat MATLAB Data File 
Br5109_MAX_S_1_1_Strain.mat MATLAB Data File 
Br5109_MAX_S_2_1_Strain.mat MATLAB Data File 
Br5109_MAX_S_3_1_Strain.mat MATLAB Data File 
Br5109_MAX_U_2_1_Strain.mat MATLAB Data File 
Br5109_SBS_U_2_1_Strain.mat MATLAB Data File 
Br_5432_MAX_1_2_Strain.mat MATLAB Data File 

 

 

A.3.2 Instrumentation 

 

Figure 51: Bridge 5109 Sensor Layout 
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A.3.3 Loading 

 

Figure 52: Bridge 5109 Truck T01-314 Loading 

 

Figure 53: Bridge 5109 Truck T01-918 Loading 
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Figure 54: Bridge 5109 Truck T01-317 Loading 

 

Figure 55: Bridge 5109 Truck T01-282 Loading 
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A.3.4 Representative Data Plots 
 

 

Figure 56: Bridge 5109 SBS_S_2_1 Strains - Midspan 

 

 

Figure 57: Bridge 5109 SBS_S_2_1 Strains - Ends 
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Figure 58: Bridge 5109 SBS_U_2_1 Strains - Midspan 

 

 

Figure 59: Bridge 5109 SBS_U_2_1 Strains – Ends 
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Figure 60: Bridge 5109 MAX_2_1 Strains - Midspan 

 

 

Figure 61: Bridge 5109 MAX_2_1 Strains- Ends 
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Figure 62: Bridge 5109 MAX_U_2_1 Strains - Midspan 

 

 

Figure 63: Bridge 5109 MAX_U_2_1 Strains – Ends 
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Figure 64: Bridge 5109 ALT_S_2_1 Strains - Midspan 

 

 

Figure 65: Bridge 5109 ALT_S_2_1 Strains - Ends 
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Figure 66: Bridge 5109 ALT_U_2_1 Strains - Midspan 

 

 

Figure 67: Bridge 5109 ALT_U_2_1 Strains – Ends 
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A.3.5 Rating Factor Calculations 
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Figure 68: Bridge 5109 Calculations 
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A.4 Unity No. 2390 

A.4.1 Experimental Configuration and Experimental Data Collected 
Table 25: Bridge 2390 Experimental Configuration and Experimental Data Collected 

File Contents File Name File Type 
Sensors Br2390 _Sensors.csv CSV Format 

Sensor Layout Br2390 _SensorLayout.mat MATLAB Data File 

Sensor Data 

Br2390_ALT_S_2_1_Strain.mat MATLAB Data File 
Br2390_ALT_U_2_1_Strain.mat MATLAB Data File 
Br2390_MAX_S_1_2_Strain.mat MATLAB Data File 
Br2390_MAX_S_2_1_Strain.mat MATLAB Data File 
Br2390_MAX_S_3_1_Strain.mat MATLAB Data File 
Br2390_MAX_U_2_1_Strain.mat MATLAB Data File 
Br2390_SBS_S_2_1_Strain.mat MATLAB Data File 
Br2390_SBS_U_2_1_Strain.mat MATLAB Data File 

 

A.4.2 Instrumentation 

 

Figure 69: Bridge 2390 Sensor Layout 
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A.4.3 Loading 

 

Figure 70: Bridge 2390 Truck T01-317 Loading 

 

Figure 71: Bridge 2390 Truck T01-240 Loading 
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Figure 72: Bridge 2390 Truck T01-282 Loading 

 

Figure 73: Bridge 2390 Truck T01-918 Loading 
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A.4.4 Representative Data Plots 
 

 

Figure 74: Bridge 2390 SBS_S_2_2 Strains - Midspan 

 

 

Figure 75: Bridge 2390 SBS_S_2_1 Strains - Ends 
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Figure 76: Bridge 2390 SBS_U_2_1 Strains - Midspan 

 

 

Figure 77: Bridge 2390 SBS_U_2_1 Strains – Ends 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (s/10)

-20

0

20

40

60

80

100

120
M

ic
ro

st
ra

in
Midspan Strain, All Girders

B3058

B3811

B3810

B3067

B3069

B3068

B3075

B3076

B3066

B3065

B3061

B3063

B3055

B3057

B3056

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (s/10)

-30

-25

-20

-15

-10

-5

0

5

10

15

M
ic

ro
st

ra
in

Strain at Girder Ends, Test ALT-U, Test 1, Position 2

B3070

B3071

B3073

B3072

B3074

B3060

B3062



   Page 107 of 165 

 

 

Figure 78: Bridge 2390 MAX_S_2_1 Strains - Midspan 

 

 

Figure 79: Bridge 2390 MAX_S_2_1 Strains - Ends 
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Figure 80: Bridge 2390 MAX_U_2_1 Strains - Midspan 

 

 

Figure 81 Bridge 2390 MAX_U_2_1 Strains – Ends 
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Figure 82: Bridge 2390 ALT_S_2_1 Strains - Midspan 

 

 

Figure 83 Bridge 2390 ALT_S_2_1 Strains – Ends 
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Figure 84: Bridge 2390 ALT_U_2_1 Strains - Midspan 

 

 

Figure 85 Bridge 2390 ALT_U_2_1 Strains - Ends 
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A.4.5 Rating Factor Calculations 
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Figure 86: Bridge 2390 Calculations 
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A.5 Atkinson No. 2879 

A.5.1 Experimental Configuration and Experimental Data Collected 
Table 26: Bridge 2879 Experimental Configuration and Experimental Data Collected 

File Contents File Name File Type 
Sensors Br2130_Sensors.csv CSV Format 

Sensor Layout Br2130_SensorLayout.csv MATLAB Data File 

Sensor Data 
 

Br2879_ALT_S_2_1_Strain.mat MATLAB Data File 
Br2879_ALT_U_2_1_Strain.mat MATLAB Data File 
Br2879_MAX_S_1_1_Strain.mat MATLAB Data File 
Br2879_MAX_S_2_1_Strain.mat MATLAB Data File 
Br2879_MAX_S_3_1_Strain.mat MATLAB Data File 
Br2879_MAX_U_2_1_Strain.mat MATLAB Data File 
Br2879_SBS_S_2_1_Strain.mat MATLAB Data File 
Br2879_SBS_U_2_1_Strain.mat MATLAB Data File 

 

A.5.2 Instrumentation 

 

Figure 87: Bridge 2879 Sensor Layout 
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A.5.3 Loading 

 

Figure 88: Bridge 2879 Truck T01-279 Loading 

 

Figure 89: Bridge 2879 Truck T01-289 Loading 
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Figure 90: Bridge 2879 Truck T01-243 Loading 

 

Figure 91: Bridge 2879 Truck T01-283 Loading 
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A.5.4 Representative Data Plots 
 

 

Figure 92: Bridge 2879 SBS_S_2_1 Strains - Midspan 

 

 

Figure 93: Bridge 2879 SBS_S_2_1 Strains - Ends 
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Figure 94: Bridge 2879 SBS_U_2_1 Strains - Midspan 

 

 

Figure 95: Bridge 2879 SBS_U_2_1 Strains – Ends 
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Figure 96: Bridge 2879 MAX_S_2_1 Strains - Midspan 

 

 

Figure 97: Bridge 2879 MAX_S_2_1 Strains - Ends 
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Figure 98: Bridge 2879 MAX_U_2_1 Strains - Midspan 

 

 

Figure 99: Bridge 2879 MAX_U_2_1 Strains – Ends 

 

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (s/10)

-20

-10

0

10

20

30

40

50

60

70
M

ic
ro

st
ra

in
Midspan Strain, All Girders

B3058

B3811

B3810

B3075

B3065

B3066

B3076

B3061

B3063

B3055

B3057

B3056

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Time (s/10)

-4

-2

0

2

4

6

8

10

12

14

M
ic

ro
st

ra
in

Strain at Girder Ends, Test MAX-U, Test 1, Position 2

B3070

B3071

B3067

B3072

B3074

B3073

B3068

B3069

B3060

B3062



   Page 126 of 165 

 

Figure 100: Bridge 2879 ALT_S_2_1 Strains - Midspan 

 

 

Figure 101: Bridge 2879 ALT_S_2_1 Strains – Ends 
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Figure 102: Bridge 2879 ALT_U_2_1 Strains - Midspan 

 

 

Figure 103: Bridge 2879 ALT_U_2_1 Strains - Ends 
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A.5.5 Rating Factor Calculations 
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Figure 104: Bridge 2879 Calculations 
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A.6 Columbia No. 3848 

A.6.1 Experimental Configuration and Experimental Data Collected 
Table 27: Bridge 3848 Experimental Configuration and Experimental Data Collected 

File Contents File Name File Type 
Sensors Br3307 _Sensors.csv CSV Format 

Sensor Layout Br3307_SensorLayout.mat MATLAB Data File 

Sensor Data 

Br3848_ALT_S_2_1_Strain.mat MATLAB Data File 
Br3848_ALT_U_2_1_Strain.mat MATLAB Data File 
Br3848_MAX_S_1_1_Strain.mat MATLAB Data File 
Br3848_MAX_S_2_1_Strain.mat MATLAB Data File 
Br3848_MAX_S_3_1_Strain.mat MATLAB Data File 
Br3848_MAX_U_2_1_Strain.mat MATLAB Data File 
Br3848_SBS_S_2_1_Strain.mat MATLAB Data File 
Br3848_SBS_U_2_1_Strain.mat MATLAB Data File 

A.6.2 Instrumentation 

 

Figure 105: Bridge 3848 Sensor Layout 
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A.6.3 Loading 

 

Figure 106: Bridge 3848 Truck T01-215 Loading 

 

Figure 107: Bridge 3848 Truck T01-312 Loading 
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Figure 108: Bridge 3848 Truck T01-913 Loading 

 

Figure 109: Bridge 3848 Truck T01-166 Loading 
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A.6.4 Representative Data Plots 
 

 

Figure 110: Bridge 3848 SBS_S_2_1 Strains - Midspan 

 

 

Figure 111: Bridge 3848 SBS_S_2_1 Strains – Ends 
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Figure 112: Bridge 3848 SBS_U_2_1 Strains - Midspan 

 

 

Figure 113: Bridge 3848 SBS_U_2_1 Strains - Ends 
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Figure 114: Bridge 3848 MAX_S_2_1 Strains - Midspan 

 

 

Figure 115: Bridge 3848 MAX_S_2_1 Strains - Ends 
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Figure 116: Bridge 3848 MAX_U_2_1 Strains - Midspan 

 

 

Figure 117: Bridge 3848 MAX_U_2_1 Strains – Ends 
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Figure 118: Bridge 3848 ALT_S_2_1 Strains - Midspan 

 

 

Figure 119: Bridge 3848 ALT_S_2_1 Strains - Ends 
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Figure 120: Bridge 3848 ALT_U_2_1 Strains - Midspan 

 

 

Figure 121: Bridge 3848 ALT_U_2_1 Strains - Ends 
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A.6.5 Rating Factor Calculations 
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Figure 122: Bridge 3848 Calculations 
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A.7 Supplementary Figures 

A.7.1 Live-Load Test Girder Lane Fraction Plots 

 

Figure 123: GLFs Calculated from Live-Load Testing – Bridge 2130 (Un-Skewed) 

 

Figure 124: GLFs Calculated from Live-Load Testing – Bridge 3776 (Un-Skewed) 
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Figure 125: GLFs Calculated from Live-Load Testing – Bridge 5432 (Un-Skewed) 

 

Figure 126: GLFs Calculated from Live-Load Testing – Bridge 2390 (Skewed) 
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Figure 127: GLFs Calculated from Live-Load Testing – Bridge 2879 (Skewed) 

 

Figure 128: GLFs Calculated from Live-Load Testing – Bridge 3848 (Skewed) 
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Figure 129: GLFs Calculated from Live-Load Testing – Bridge 5109 (Skewed) 

 

 

A.7.2 Fractions of Reaction Force from Linear Finite Element Analysis 

 

Figure 130: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 2130 (Un-
Skewed) 
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Figure 131: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 2130 (Un-
Skewed) 

 

Figure 132: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 3307 (Un-
Skewed) 
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Figure 133: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 3307 (Un-
Skewed) 

 

Figure 134: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 3776 (Un-
Skewed) 
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Figure 135: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 3776 (Un-
Skewed) 

 

Figure 136: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 2390 
(Skewed) 
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Figure 137: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 2390 
(Skewed) 

 

Figure 138: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 2879 
(Skewed) 
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Figure 139: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 2879 
(Skewed) 

 

Figure 140: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 5109 
(Skewed) 
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Figure 141: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 5109 
(Skewed) 

 

Figure 142: Fractions of Reaction Force Attracted to Each Support at Side 1 – Bridge 5489 
(Skewed) 
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Figure 143: Fractions of Reaction Force Attracted to Each Support at Side 2 – Bridge 5489 
(Skewed) 
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A.7.3 Shear Rating MATLAB Code 
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Figure 144: MATLAB PFEA Shear Rating Code 
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