
In order to build up an initial model, a planar grid primary com-
posed of shell elements, beam elements, and springs was devel-
oped. Shell elements were used to model the slab or deck, beam

elements were used to model the beams, diaphragms, and curbs,
while spring elements were used to model the abutments and pier
conditions for each of the bridges. Fig. 11 shows the planar grid fi-

Fig. 11. Planar grid finite element model of FSBR 1608 superstructure.

 
(a) FSBR 201 

 
(b) FSBR 514

 
(c) FSBR 1608 

 
(d) Bridge 2151 

Fig. 12. Support conditions at the abutments.
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Fig. 13. Measured vs. computed (modeled) strain comparison.
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nite element model used for the FSBR 1608 superstructure. The
type of analysis used to model each of the superstructures was
the linear-elastic finite element-stiffness method.

Once the models were developed, the load testing procedures
for each of the tested bridges were essentially reproduced into
the models. A two-dimensional ‘‘footprint’’ of the loading vehicle
was applied to the model along the same paths that the actual test
vehicle crossed the bridge. A direct comparison of strain values
was then made between the modeled predictions and the experi-
mentally-measured results. The initial model was then ‘‘cali-
brated’’ by modifying various properties and boundary conditions
until the results matched those measured in the field. In general,
the parameters modified to calibrate the initial model consisted
in the adjustment of rotational and axial springs at supports and
the modulus of elasticity of the deck/slab, beams, parapet, dia-
phragms, sidewalks, etc. Usually, when a load test is performed, re-
straint effects at the support are considered unreliable because
they can be the result of a friction resistance force that may not
be dependable when heavier loads are applied to the structure.
However, for each of these bridges they were considered partially

reliable because of the type of support at the abutments. For all of
the bridges, the abutment supports were not a typical bearing, in
fact, all of the superstructures (concrete beams or slabs) were
embedded in the concrete abutment as shown in Fig. 12. Finally,
by modifying the different parameters a calibrated model was ob-
tained for each of the bridges. Fig. 13 provides a visual examination
of the response histories between the measured and computed
(modeled) strains. Table 3 summarizes the model calibration re-
sults for each of the bridges.

4. Load rating procedures and results

Once the finite element model was calibrated to field conditions
for each of the bridges, engineering judgment was used to address
any optimized parameters that may change over time or that may
be unreliable with heavy loads or future damage. For example, for
FSBR 201 the stiffness of the parapet and the end-restraint pro-
vided by the beam bearings were removed. This was due to the
assumption that when the bridge was constructed, the parapet
was poured separate from the deck and T-beams; therefore it could
not contribute to the dead-load resistance. End-restraints are likely
time dependent with respect to load duration and load rate. It was
therefore conservatively assumed that the end-restraints were not
providing significant resistance to the dead-load.

For structure FSBR 514 none of the optimized parameters were
considered to be unreliable, however the amount of steel reinforce-
ment for negative moment at the abutments was not defined so
the moment capacity of the slab ends could not be obtained. There-
fore, to insure a conservative rating, it was assumed that the slab
would fail in negative moment at the abutments prior to failing
at mid-span. This condition was simulated by removing the end-
restraints provided by the spring elements. The resulting load
capacity was then controlled by the mid-span moment after a
hinge condition was induced at the abutments.

Table 3
Model calibration results.

Structure’s name FSBR
201

FSBR
514

FSBR
1608

Bridge
2151

Number of load positions 25 23 46 19
Number of lateral load

paths
4 2 4 3

Total load positions 100 46 184 57
Number of strain points 26 19 34 42
Total strain comparisons 2600 874 6256 2394
Percent error (%) 5.8 8.3 11.0 3.9
Scale error (%) 17.8 7.5 4.7 4.2
Correlation coefficient 0.971 0.958 0.955 0.980

Fig. 14. Configuration of LAVIII-STRYKER vehicle load distribution.

1266 W. Varela-Ortiz et al. / Construction and Building Materials 38 (2013) 1255–1269



Fig. 15. Configuration of PLS vehicle load distribution.

Fig. 16. Configuration of HETS vehicle load distribution.
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In the case of structure FSBR 1608, almost all optimized param-
eters remained the same for rating purposes. One change that was
made to add a level of conservatism to the ratings was that the
modulus of elasticity of the deck elements located next to the pier
elements were reduced by approximately 50%. This was done to
account for the possibility that the negative moment regions
would reach ultimate moment capacities before the mid-span re-
gions reached ultimate moment. Again this was assumed because
the only steel reinforcement information available was the size,
depth and spacing of the mid-span section. Therefore, this struc-
ture could only be rated for positive moment at mid-span.

For bridge 2151, the stiffness of the springs at the abutments
was conservatively reduced by 50% to account for the possibility
that the restraint may be slightly dependant on the weather or
other unknown factors. The pier springs were reduced to zero since
it is likely that the friction is time dependant with respect to load
duration and load rates. Reducing end-restraint values is a conser-
vative approach which results in an increase in live-load mid-span
moment and a lower load rating.

Finally, the safe load-carrying capacity following the ‘‘AASHTO
Manual for Condition Evaluation and Load and Resistance Factor
Rating (LRFR) of Highway Bridges October 2003 Edition’’ [2] was
calculated for each of the superstructures. Load rating factors were

Table 4
Moment and shear rating factors for FSBR 201.

Truck Location Inventory RF Operating RF

Moment Shear Moment Shear

HS-20 Exterior beam 3.32 1.83 4.30 2.37
Interior beam 1.43 1.84 1.85 2.39

Type 3 Exterior beam 4.08 2.33 5.29 3.02
Interior beam 1.64 2.30 2.13 2.98

Type 3-3 Exterior beam 4.98 2.82 6.46 3.66
Interior beam 1.99 2.81 2.58 3.64

Type 3S2 Exterior beam 4.39 2.50 5.69 3.24
Interior beam 1.74 2.46 2.26 3.19

LAVIII-Stryker Exterior beam 5.06 2.70 6.56 3.50
Interior beam 1.93 2.69 2.50 3.49

PLS Exterior beam 2.81 1.57 3.64 2.04
Interior beam 1.29 1.81 1.67 2.35

HETS Exterior beam 3.30 1.74 4.28 2.26
Interior beam 1.04 1.47 1.35 1.91

Table 5
Moment rating factors for FSBR 514.

Truck Location Inventory RF Operating RF
Mid-span Mid-span

HS-20 Deck 2.19 2.84
Type 3 Deck 2.88 3.73
Type 3S2 Deck 3.17 4.11
Type 3-3 Deck 3.52 4.56
LAVIII-Stryker Deck 2.11 2.74
PLS Deck 2.70 3.50
HETS Deck 2.49 3.23

Table 6
Moment rating factors for FSBR 1608.

Truck Location Inventory RF Operating RF
Mid-span Mid-span

HS-20 Deck 1.30 1.69
Type 3 Deck 1.65 2.14
Type 3S2 Deck 1.83 2.37
Type 3-3 Deck 2.06 2.67
LAVIII-Stryker Deck 1.92 2.49
PLS Deck 1.62 2.10
HETS Deck 1.34 1.74

Table 7
Moment and shear rating factors for bridge 2151.

Truck Location Inventory RF Operating RF

Moment Shear Moment Shear

HS-20 Exterior beam 0.80 1.86 1.03 2.41
Interior beam 1.39 2.05 1.80 2.67

Type 3 Exterior beam 0.93 2.46 1.20 3.19
Interior beam 1.70 2.56 2.20 3.22

Type 3-3 Exterior beam 1.12 3.03 1.46 3.93
Interior beam 2.06 3.11 2.67 4.03

Type 3S2 Exterior beam 0.95 2.55 1.23 3.32
Interior beam 1.83 2.65 2.37 3.43

LAVIII-Stryker Exterior beam 0.99 2.73 1.30 3.54
Interior beam 1.97 3.26 2.55 4.22

PLS Exterior beam 0.58 1.65 0.76 2.15
Interior beam 1.14 1.68 1.49 2.18

HETS Exterior beam 0.51 1.67 0.66 2.62
Interior beam 0.83 1.49 1.07 2.35
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calculated for the standard AASHTO vehicles and selected military
vehicles. Section capacities were calculated based on the results
from the steel investigation and some basic assumptions. Since
the steel investigation could only determine the size and location
of the reinforcing steel, the steel strength had to be assumed. The
age of the structures was not known, but it was assumed to have
been built prior to 1954. Therefore, a yield stress (fy) of 33 ksi
was assumed for the reinforcing steel of each structure [1]. Addi-
tionally, the concrete strength (fc) was conservatively assumed to
be 3 ksi. All the factors designated by the LRFR were considered
in the load rating with the exception of the distribution factor.
The distribution factors were obtained from the calibrated models,
specifically for the military vehicles, since the load configuration
for these vehicles varies considerably from the standard 1.83 m
(6 ft) wheel gauge. Therefore, distribution factors established by
AASHTO cannot be used to accurately estimate the live load distri-
bution factor for these vehicles. Figs. 14–16 show the load config-
uration for the selected military vehicles. Tables 4–7 contain the
controlling LRFR rating factors for each of the selected vehicles
for inventory and operating levels.

5. Conclusions and recommendations

Results from these tests show that a diagnostic load test com-
bine with GPR evaluations can be a valuable tool to obtain the safe
load-carrying capacity of bridges. Diagnostics load test provide the
necessary tools to calibrate a finite element model that in fact will
be representative of the bridges’ behavior. These models can be
used to obtain load ratings for civilian and military vehicles that
otherwise will be very difficult to obtain to perform a proof load
test. However, engineering judgment is required to remove unde-
sirable effects to yield an acceptable safe load-carrying capacity
of the structure.

This article presented the results obtained for four reinforced
concrete bridges on US Army installations. All load tested bridges
rated satisfactory for the inventory level for bending moment
and shear force with the exception of bridge 2151. However, this
structure rated satisfactory for civilian vehicles in the operating le-
vel. Therefore, is up to the owner to decide the level of operation
that they may want to post. The load rating for two of the three
military vehicles was below the satisfactory condition even for

the operating level. Therefore, the following recommendations
are presented.

Since the roadway width is less than 6.10 m (20 ft), it would be
difficult for two military vehicles to cross the bridge at the same
time. Additionally, the volume of traffic on this bridge is exception-
ally low. Therefore, it can be required that only one military vehicle
can be on the bridge at a time. Also, it can be required to cross
these vehicles at a crawl speed (less than 8 kph) to allow an impact
factor reduction to zero. Is also recommended to restrict military
vehicles traffic to the center of the roadway since the interior gird-
ers rated reasonably well compared to the exterior girders.
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