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ABSTRACT
An innovative Folded Plate Girder (FPG) system bridge was constructed in Uxbridge,
Massachusetts. The University of Massachusetts at Amherst collaborated with the MassDOT
Accelerated Bridge Construction Program to instrument the bridge with a total of 93 gages
(strain gages, pressure cells, tiltmeters, displacement transducers, and convergence gages). Data
was collected during construction, static live load testing, and long-term for twenty months. This
paper presents data and comparisons to analysis (3-D bridge and girder modeling in SAP-2000
and ANSYS and 2-D hand calculations) to present an independent evaluation of the performance
of this innovative bridge. Stresses in concrete and steel components are well below allowable
design values through construction, long term data collection and truck load testing. Live-load
test data indicate that the elastic neutral axis of the girders is higher than calculated, with
measured strains being much lower than estimated from hand calculations and FE results. This
was partially explained by non-linearity of strains in the bottom flanges of the FPG due to shear
lag when truck axles were positioned near instrumented locations, as confirmed through analysis.
However, higher superstructure stiffness than expected is likely a contributor as well. Through
the first two years of service no signs of distress have been noted and readings are within the
expected range of bridge behavior. Based on this study the FPG is an effective system for
accelerated construction of short span bridges.
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INTRODUCTION
Short span bridges are a key component of infrastructure in the United States, allowing crossing
of small waterways and highway overpasses. At the end of 2010, Transportation for America
reported that approximately 11.5 percent (more than 69,000) of the highway bridges in the
United States were classified as structurally deficient (1). New technologies in the civil
engineering industry have aided in the development of many unique designs of these short span
bridges in efforts to decrease construction cost, decrease maintenance costs, increase efficiency,
increase constructability, and increase the life of these structures. Many of these structures are
being implemented through state Accelerated Bridge Programs (APB). An innovative structure
was recently constructed by the APB in Massachusetts using the Folded Plate Girder (FPG)
technology (2,3) developed at the University of Nebraska-Lincoln by Dr. Atorod Azizinamini.
The FPG system was noted as having “the potential to revolutionize the short-span bridge
market” by Modern Steel Construction (2) and received an AISC Special Achievement award in
2011.
This first implementation of an FPG bridge is in Uxbridge, Massachusetts and is the focus of this
study. It has been fully instrumented with 93 vibrating wire gages to obtain construction, load
test and long term data. The instrumentation program was developed by the University of
Massachusetts Amherst (UMass) and implemented by the Massachusetts Department of
Transportation. UMass has been monitoring the bridge and evaluating performance as an
independent evaluation of the performance of this bridge, with load testing and analysis included
in the research program. Field data have been compared to 2D hand calculations as well as SAP2000 and ANSYS finite element (FE) models that include 3D effects and nonlinear soil-structure
interaction. This paper gives an overview of UMass’ work on the project and insight into the
structural system behavior.
BRIDGE OVERVIEW AND CONSTRUCTION DETAILS
The bridge has a span of 46.0 ft. to centerline of abutments and a width of 35.25 ft. (FIGURE 1).
Four folded plate girders were fabricated with an attached precast concrete slab. The FPG
sections were placed side by side and connected using 13 in. cast in place closure pours between
the concrete slabs as shown in FIGURE 2. Headed bars were used for continuity between the
precast sections and closure pour concrete. The bridge was designed using precast, posttensioned lower abutments with cast in place upper abutments providing integral abutment
response (FIGURE 3). The upper abutments were cast at the same time as the closure pours.
Each lower abutment is supported by four HP12X24 piles that are inserted 4 ft. into a pile sleeve
that is then filled with grout. Piles extend to depths of approximately 23 ft. with the bottom 5 ft.
socketed into bedrock. The contractor was John Rocchio Corporation, RI.
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a) Bridge plan view.

b) Bridge cross section.
FIGURE 1 Bridge details.
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a) Precast FPG placement

b) Closure pours

FIGURE 2 Construction process.

FIGURE 3 Abutment wall details.
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INSTRUMENTATION OVERVIEW
The bridge was instrumented with 93 vibrating wire gages (GeoKon, Inc.) each including an
internal thermistor. Instrumentation consists of 41 embedded concrete strain gages for measuring
longitudinal and transverse strains in the precast slabs and closure pours, 34 strain gages
measuring FPG strains at three depths in the cross section and tie bars, 4 tiltmeters measuring
rotations of the upper and lower abutments, 5 pressure cells measuring soil pressures behind the
abutments and 9 displacement transducers measuring global and local deformations. Girder
strain gages were concentrated at mid span and quarter span of the bridge. Locations of the
instrumentation are shown in FIGURE 3 and FIGURE 4. All gages are connected to data logging
equipment through multiplexers. Precast concrete deck strain gages were installed at the concrete
fabricator’s plant and collected data throughout the construction process. Steel strain gages were
installed after setting of the girders and therefore only include a small portion of dead load on the
structure (closure pours, railings, etc.) Closure pour strain gages were installed prior to
placement of field concrete and collect data from this time forward. Tiltmeters and displacement
transducers were installed near the end of construction so only provide post-construction data.

a) Mid-span

b) Quarter Span
FIGURE 4 Concrete and FPG strain gage locations.
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ANALYSIS OF THE STRUCTURE
The bridge was analyzed using simple 2-D hand calculations assuming pinned and fixed end
conditions (bounding the integral abutment behavior), using a 3-D Finite Element (FE) model in
SAP-2000 of the entire bridge (FIGURE 5), and a 3-D FE model of a single FPG cross section in
ANSYS (FIGURE 6). Hand calculation results presented are those corresponding to fixed end
conditions as it was noted that these more closely matched the SAP FE results. The SAP model
(1256 elements) included soil structure interaction in the form of non-linear soil-springs behind
the abutments and along the pile lengths, but only included FPG steel sections as frame elements
with equivalent gross section properties with deck modeled with shell elements. The ANSYS
model (37,912 elements) was used to evaluate stress distribution through the FPG cross section
and therefore used shell elements to make up the full cross section. Material properties were
included in both models corresponding to Gr 50 steel and 4 ksi normal weight concrete.

FIGURE 5 SAP-2000 model.
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Longitudinal stress at inside edge of flange

Longitudinal stress at intersection of flange and web

FIGURE 6 ANSYS model and results.
CONSTRUCTION DATA
During fabrication and construction data were collected on the concrete strains (from fabrication
in precast sections and from placement of closure pours). Negative values indicate contraction of
the concrete. The maximum effects during the bridge construction were -178 µε (longitudinal)
and -210 µε (transverse) in the precast sections and -144 µε (longitudinal) and -184µε
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(transverse) in the closure pour concrete. Steel section data were only collected after the girders
were placed, and indicated a maximum strain of 70 µε (tension) at the bottom flange of the FPG.
This would be additive to the expected 160 µε calculated due to the simply supported FPG
section dead load (including slab).
STATIC LOAD TEST DATA
After construction was completed, a live-load test was performed and gage readings were taken
with three loaded dump trucks placed at thirteen positions on the bridge. The positions used are
shown in FIGURE 7. The three trucks weighed 39.95 kips, 36.05 kips and 38.8 kips,
respectively, with wheel loads shown in the figure. Readings were obtained at each truck
position and corrected for temperature effects during the load sequences through a linear
regression from readings taken immediately post and prior to testing. All readings are referenced
to the bridge condition at the start of load testing where no trucks were situated on the bridge.
Maximum effects from the load test are listed in TABLE 1.

FIGURE 7 Truck load positions
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Strains at mid-span gage locations are shown compared with 2-D hand calculations in FIGURE
8. Hand calculations assume an equal distribution of the total bridge moment to each girder
which is unrealistic, but provides a reference value for the field data. One striking feature is the
apparent non-linearity of the strain distribution in many of the readings, noted to varying degrees
in all load positions. This was also true at quarter span gage locations. It was also noted that
bottom flange strains were consistently lower than hand calculations would predict at mid-span,
while when low strains were predicted at quarter span due to the proximity of the point of
inflection in the moment diagram the field data was often higher in value. Strain profiles shown
in FIGURE 8 were converted to cross section moment by discretizing the FPG cross section,
applying the strain from the field profile to the section slice area and summing moments about
the actual elastic neutral axis in each girder obtained from the strain profile plots. When resulting
moments were compared to the full 3-D SAP-2000 model the distribution of girder moments
across the bridge for each load condition was observed but could not be compared to the nonlinear strain profiles of the field data. Explanation for this non-linearity is seen in the ANSYS
results presented in FIGURE 6. Here it was found that while the strain distribution is linear in the
web of the FPG section, the bottom flanges have linearly decreasing strains due to their
flexibility near the load. The bottom flange strain gages were located 2 in from the inside face of
the flange, and are therefore biased by this strain distribution. Further refinement of the ANSYS
models is shown in FIGURE 9. Three of the load cases with highest field data strain nonlinearity are shown. In this model the nonlinearity of the strain is captured as well as the lower
strains at the bottom flange gage location. Maximum strain in the FPG steel realized from truck
load conditions was approximately 52 µε in field data and conservatively 125µε from SAP
results. These correspond to 1.5ksi and 3.6ksi, respectively, indicating the low stresses developed
and conservative design of the structure.

TRB 2014 Annual Meeting

Paper revised from original submittal.

Civjan, Sit, Breña

11

TABLE 1 Live load test maximum effects.
Measurement Description
Embedded Concrete Strain (longitudinal)

Maximum
Value

‐10.4 μ𝜀
12.4 μ𝜀
Embedded Concrete Strain (transverse)
‐12.8 μ𝜀
13.7 μ𝜀
Closure Pour Embedded Concrete Strain (longitudinal)
‐14.3 μ𝜀
Closure Pour Embedded Concrete Strain (transverse)
16.0 μ𝜀
Steel Strain Gage (bottom flange of girder)
51.6 μ𝜀
Disp. Transducer (between girder bottom flanges)
6.69E‐03 in.
Tiltmeter (abutments)
3.56E‐03 rads

Gage
Location

Truck
Position

SG‐111
SG‐106
SG‐104
SG‐114
SG‐138
SG‐133
SG‐144
DT‐103
TM‐001

10
12
11
13
11
6
5
4
2

FIGURE 8 Strain gage readings from truck load.
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FIGURE 9 Revised ANSYS model strain comparison.
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LONG TERM MONITORING
On November 20, 2011, the data logger was programmed to automatically collect data every two
hours. The long-term data collected provides information on the seasonal thermal effects on the
bridge. All presented data has temperature corrections applied based on individual gage
temperature readings. All long-term time series data reported exclude effects from loading other
than seasonal effects, and would therefore have to be added to the construction data to obtain the
total load state of the bridge.
Bridge ambient temperatures are shown in FIGURE 10. The bridge temperature reported is based
on the average temperature of all gages that are not exposed directly to sunlight (abutment
tiltmeters located under the bridge and the interior Girder 2 and 3 top flange strain gages). The
abutment movements through the first twenty months is shown in Figure 11
Global Movements
Abutment rotation is shown in FIGURE 11a, with positive values indicating a rotation toward
the span (winter) and negative values a rotation toward the approach (summer). The maximum
and minimum abutment rotations are approximately 0.045 radians and -0.13 radians. Rotations
of the two abutments are similar and follow the seasonal temperatures with a drift towards
negative rotation (toward the approaches) in the 2nd year. There is a slight discrepancy between
top and bottom abutment rotations which may indicate slightly non-integral behavior through the
construction joint between the cast in place and precast abutment components. This discrepancy
was constant through the second year of data.
Displacements measured at the corners of the abutments are shown in FIGURE 11b, however as
noted below these may not be accurate. All values are relative displacement of the bridge
abutment to the gravity retaining wall to the side and behind the abutment. Positive values
indicate abutment displacement towards the span and negative values a displacement toward the
approach. Results show significant displacements with minimal seasonal movement in the first
two years. This indicates that the retaining wall was likely showing settlement away from the
abutment in the first year and is then moving with the abutment to some degree in the subsequent
year. For reference, the peak temperature differences are 70o F, which multiplied by the assumed
bridge coefficient of thermal expansion (6.5x10-6 in/in/oF) would be approximately 0.25 in of
longitudinal displacement, or 0.13 in at each abutment. The maximum measured displacement at
a single corner is approximately 0.8 in. The maximum abutment pressure is approximately 10.5
psi.
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FIGURE 10 Bridge temperature.

a) Rotation

b) Displacement

FIGURE 11 Abutment global movement.
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Concrete Data
Concrete longitudinal strains in the precast decks and closure pours at mid-span are shown in
FIGURE 12. The maximum and minimum longitudinal strains (with positive value indicating
gage expansion and negative value indicating contraction) in the precast concrete slabs are 315.5
μ𝜀 and -116.8 μ𝜀. The maximum and minimum longitudinal strains in the closure pour concrete
are 26.5 μ𝜀 and -115.5 μ𝜀. The concrete strains in girders 1 and 2 differ from those in girders 3
and 4. The south/interior edge gauges in girders 1 and 2 (SG105, SG110) have larger strain than
other gauges in the same girder and are not following the seasonal temperatures, while the
gauges in girders 3 and 4 do not show this variation. The divergence for these two gages initiated
in early spring of 2012. Most other gages show a drift towards contraction, likely due to concrete
shrinkage. Closure pours, having been cast at the bridge site, show shrinkage strains of much
larger values than the precast sections. The two gages which show response most directly related
to seasonal temperatures (SG-120, SG101) are at the exterior edges of the structure. Concrete
longitudinal strains at quarter-span are similar at girder 4, though girder 3 exhibits variability in
strain similar to girder 2 but with higher values. The maximum and minimum longitudinal strains
(with positive value indicating gage expansion and negative value indicating contraction) in the
precast concrete slabs are 175.6 μ𝜀 and -110.1 μ𝜀 at quarter span. The maximum and minimum
longitudinal strains in the closure pour concrete are 411.1 μ𝜀 and -94.9 μ𝜀 at quarter span.
Concrete transverse strains at mid-span are shown in Figure 13 for the precast slab and closure
pours, respectively (with positive value indicating gage expansion and negative value indicating
contraction). Values at quarter span were very similar. The maximum and minimum transverse
stresses strains in the precast concrete slabs are 59.1 μ𝜀 and -103.0 μ𝜀. The maximum and
minimum transverse strains in the closure pour concrete are 30.3 μ𝜀 and -122.7 μ𝜀. Transverse
strains appear to have more influence from ambient temperature than do longitudinal strains,
though have shown a drift towards tensile strains over time (likely due to concrete shrinkage).
Expected strains due to uninhibited thermal expansion and contraction would be approximately
80 µε.

TRB 2014 Annual Meeting

Paper revised from original submittal.

Civjan, Sit, Breña

16

FIGURE 12 Concrete longitudinal strains at mid span.

a) Precast section

b) Closure pour

FIGURE 13 Concrete transverse strains at mid span.
Steel Data
The maximum and minimum longitudinal strains in the bottom flange of the folded plate section
are shown in Figure 14, with maximum values of 108.6 μ𝜀 and -111.5 μ𝜀. These correspond to a
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maximum tensile stress of 3.1 ksi and a maximum compressive stress of 3.2 ksi. Folded plate
girder bottom flange steel strains at quarter-span were nearly identical (98.0 μ𝜀 and ‐114.0μ𝜀
corresponding to maximum tensile stress of 2.8 ksi and a maximum compressive stress of 3.3
ksi), but showed more of a discrepancy between readings at flange within a single girder
(maximum difference of 170µε). Similar readings at mid and quarter spans are consistent with
expected results from thermal load of an integral abutment bridge where abutment constraint
results in a constant moment along the length of the girders compiled with some minor axial
stresses.
Strains in the tie plates on girders 3 and 4 nearest mid-span are shown in Figure 15a. The
maximum and minimum transverse strains in the tie plate of the folded plate girder bottom
flange are 143.8 μ𝜀 and ‐42.9 μ𝜀. These correspond to a maximum tensile stress of 4.2 ksi and a
maximum compressive stress of 1.2 ksi. All 4 tie plates appear to have become engaged in
restraining the flange deformation in spring 2012. Figure 15b shows change in distance between
the FPG bottom flanges at locations approximately 1/5 of the distance between tie plates. The
sudden engagement of tie plates corresponded to deformation of the bottom flanges in these
girders away from each other just east of mid-span. The maximum and minimum transverse
displacements in the bottom flange of the folded plate section are 0.0126 in and ‐0.008 in with
positive values indicating widening at the bottom of the girder.

FIGURE 14 Steel strains at mid-span.
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a) Tie plate strain

b) Spread of bottom flanges

FIGURE 15 Tie plate effects.

CONCLUSIONS
The observed response of an instrumented FPG bridge constructed in Massachusetts during
construction, load testing and during a period of twenty months (long-term effects) are reported
in this paper. Comparisons were made to 2-D hand calculations as well as 3-D bridge and girder
modeling in SAP-2000 and ANSYS.
Stresses in concrete and steel components are within values expected during service-level loads
through construction, long term data collection and truck load testing, and indicate a
conservative design of this innovative structure. Live-load test data indicate that the elastic
neutral axis of the girders is higher than calculated, and exhibits a non-linear strain profile. This
non-linearity, most significant across the bottom flange width when truck axles were positioned
near instrumented locations, was corroborated by ANSYS modeling. Through the first two years
of service no signs of distress have been noted and readings are within the expected range of
bridge behavior. Based on this study the FPG is an effective system for accelerated construction
of short span bridges.
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