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ABSTRACT 

An innovative “Bridge-in-a-Backpack” bridge was constructed in Fitchburg, MA. The system, 
developed at the University of Maine, uses newly implemented technology of fiber reinforced 
polymer (FRP) tubes filled with concrete to reduce construction time and cost, reduce 
maintenance costs, and increase lifespan of the structure. The bridge is unique in that it has a 30 
degree skew and shallower arch geometry than other bridges of this type that have been 
constructed. MassDOT, collaborating with the University of Massachusetts at Amherst, 
instrumented the bridge with a total of 99 gages (strain gages, pressure cells, tiltmeters, 
displacement transducers, and convergence gages). This paper discusses the bridge response 
under construction loads, static live load testing, and the first eleven months of long-term 
monitoring, to report on the observed performance of this innovative bridge.  
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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.  

The “Bridge-in-a-Backpack” is an example of innovative bridge technology (2,3). The 
system was developed at the University of Maine and is now owned by Advanced Infrastructure 
Technologies, Inc. (AIT). The system consists of fiber reinforced plastic tube arches which are 
filled with concrete as the general structural form. Headwalls of various materials have been 
employed to contain compacted backfill placed over the arch structure to support the roadway. 
Along with the benefit of reduced construction time and cost, the composite fiber reinforced 
polymer (FRP) tubes provide structural reinforcement and protect the inner concrete from 
corrosion; this eliminates the need for reinforcing steel, extending the life of the structure and 
reducing maintenance costs. The “Bridge-in-a-Backpack” has been implemented in eight 
roadway bridges since 2008 and was awarded the 2011 Charles Pankow Award for Innovation 
by the American Society of Civil Engineers (2). While laboratory testing and modeling has been 
completed at the University of Maine, field data is only available from one structure (3).  

This system was chosen by MassDOT for a bridge replacement in Fitchburg as a part of 
the Accelerated Bridge Program. This is the first of its type to be constructed in Massachusetts 
and is significant in that it is fully instrumented to obtain construction, load test and long term 
data. The bridge is unique in that it has a 30 degree skew and shallower arch geometry than other 
bridges of this type that have been constructed. 

BRIDGE OVERVIEW AND CONSTRUCTION DETAILS 

The bridge, constructed by R. Bates and Sons Construction, consists of 15 FRP arch tubes, 
spaced 2.5 ft. (0.762 m.) apart, which were filled with concrete on-site and subsequently act as 
arches spanning the bridge crossing and support the backfill and roadway. The bridge spans 42.5 
ft. (12.97 m.), with a 7.35 ft. (2.24 m.) arch height. The bridge has a 30 degree skew and 
shallower arch geometry than other Bridge in a Backpack structures that have been constructed, 
making it unique. FIGURE 1 shows the bridge during construction. 

  The construction of the “Bridge-in-a-Backpack” began with the installation of the FRP 
tubes (FIGURE 2). The footing concrete was then placed to secure the tubes. The tubes were 
next attached transversely by attaching composite decking with screws (FIGURE 3) and then 
filling the FRP tubes with concrete (FIGURE 4).  Composite headwall panels were prefabricated 
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and delivered to the site in four pieces which were installed by attaching them to the exterior 
arches through an angle attachment. A layer of concrete was next poured over the decking. The 
two headwalls are supported by a geogrid fabric that was embedded in the backfill. The 
completed headwall installation is shown in FIGURE 5. Backfill was placed and compacted over 
the arches, followed by roadway paving and installation of guardrails. The completed 
construction can be seen in FIGURE 6. After completion the roadway loads are transmitted into 
the backfill and supported by the arch structure. 

 

 

FIGURE 1  Bridge details. 

 

INSTRUMENTATION OVERVIEW 

Instrumentation of the bridge consisted of 99 vibrating wire gages (GeoKon, Inc.), each 
including an internal thermistor. The instrumentation included strain gages (SG) (36 measuring 
longitudinal strain of the FRP tube, 8 measuring transverse hoop strain in the FRP tube, 8 
measuring headwall strain, and 8 measuring the strain of concrete inside the tubes), 10 pressure 
cells (PC) (8 measuring vertical pressure in the backfill above the arches and 2 measuring 
headwall pressures), 23 tiltmeters (TM) (21 measuring arch deformation and 2 measuring footing 
rotations), 4 displacement transducers (DT) (2 measuring footing lateral spread and 2 measuring 
arch vertical displacement near the footing), and 2 convergence gages (CG) measuring lateral 
movement of the headwalls. All gages are connected to data logging equipment through 
multiplexers and were installed by Geo-Tek Engineering, Inc.  
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FIGURE 2  Bridge instrumented and under construction. 

 

FIGURE 3  Empty FRP tubes, transversely connected by decking. 
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FIGURE 4  Filling FRP tubes with concrete. 

 

FIGURE 5  Completed headwall. 
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FIGURE 6  Bridge completed, guardrails being installed.  

 

Three arches were instrumented for this project (Arch 1, Arch 4, and Arch 8) as indicated 
in FIGURE 2. FRP strain gages are located at quarter-span, midspan, and 4.0 ft. (1.22 m.) from 
the north footing. At each of these locations there are four strain gages oriented at 90°, 180°, 
270°, and 315° around the 12 in. (0.3 m.) diameter of the tube, measured from the top of the 
arch. Additionally, 1.0 ft. (0.3 m.) from the north and south footings on Arches 1 and 8, hoop 
strain is measured with two transverse strain gages positioned at 90° and 180°. Arches 4 and 8 

have two strain gages attached directly to the concrete (through the arch material) located at 
quarter-span and midspan, oriented at 25° and 170° from the top of the arch. Under Arch 8 
reference piles were driven near the footings to measure relative lateral displacements of the 
footings and Arch 8 vertical displacement near the footing. Global movements of Arch 1, Arch 4 
and Arch 8 were measured through an array of vertical tiltmeters attached along their length. A 
tiltmeter was also attached to each footing under Arch 8. 

 Pressure cells are located above Arch 4 and Arch 8 and between Arch 7 and Arch 8. 
These pressure cells are placed approximately 12 inches (0.3 m) above the arch deck. Pressure 
cells behind the headwalls are placed near quarter-span at the mid-height of the headwall. Both 
West and East Headwalls are instrumented with vertical and horizontal strain gages, slightly 
north and south from quarter span. Two convergence gages placed inside a pipe within the 
backfill were attached to each headwall at locations shown in FIGURE 6. These gages measure 
transverse spreading of the headwalls.  
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 Gage readings were taken manually at various stages of the construction process, and 
while trucks were positioned at selected locations during static live load testing. For long-term 
monitoring, automated readings are obtained every two hours and the data is remotely collected 
bi-weekly. 

MATERIAL PROPERTIES 

Material properties that were used for data analysis are listed in TABLE 1. 

TABLE 1  Coefficients of Thermal Expansion 

Material 
Coefficient of 

Thermal Expansion 

(/°C) 
Arch FRP  3(1) 

Headwall FRP  7.9(2) 

Concrete  10.4 

Steel Vibrating Wire  12.2 
 
1 Data not available from the manufacturer. Value is based on an empirical formula for carbon FRP. 
2 From manufacturer data sheet.    

 

The Arch FRP values provided by Advanced Infrastructure Technologies data sheet are: 
Longitudinal Modulus of Elasticity = 6,200 ksi (43,000 MPa)  
Longitudinal Tensile Design Strength =84 ksi (580 MPa) 
 
CONSTRUCTION DATA 

Gage readings were taken manually at various stages during construction. Reported here are 
readings after the FRP tubes were filled with concrete and after completion of the backfill 
operation. The maximum effects from these two stages of construction are shown in TABLE 2 
and TABLE 3. Values are maxima that occurred during each phase of construction and are 
therefore additive.  Positive values indicate tensile strain in the material. Note that during the 
time between filling the FRP tubes and the start of backfilling a thermal gradient load is present 
on the structure.  
 

TABLE 2  Maximum Effects During Filling of FRP Arch 

Gage Type Gage Number Maximum Effect 
Arch FRP (hoop) SG-015 1306 µε 
Arch FRP (longitudinal) SG-024 833.5 µε 
Disp. Transd. (vert.) DT-004 0.0308 in. 
Disp. Transd. (horiz.) DT-003 0.00324 in. 
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TABLE 3  Maximum Effects During Backfilling 

Gage Type  Gage Number Maximum Effect 

Arch FRP (hoop)  SG‐001  193.1  
Arch FRP (longitudinal) SG‐038  ‐268.6  
Headwall FRP (vert.)  SG‐045  110.5  
Headwall FRP (horiz.)  SG‐046  ‐257.6  

Concrete (long.)  SG‐058  ‐271.0  
Pressure Cell  PC‐007  9.99 psi 

Disp. Transd. (vert.)  DT‐002  ‐0.279 in. 

Disp. Transd. (horiz.)  DT‐001  0.175 in. 

Conv. Gage  CG‐001  0.934 in. 
 

STATIC LOAD TEST DATA 

After construction was completed, a live-load test was performed and gage readings were taken 
with a pair of loaded dump trucks placed at thirteen positions on the bridge (four each with a 
single truck incrementally advancing in each lane of the bridge followed by four with the two 
trucks in tandem loading both lanes simultaneously and a final load condition of both trucks in 
series in a single lane). The two trucks weighed 69.1 kips (307.4 kN) and 73.35 kips (326.3 kN). 
One of the truck positions is shown in FIGURE 7.  

 

FIGURE 7  Truck in position for load testing. 
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 The maximum effects from all truck positions during the load test are shown in  
 

TABLE 4. It can be seen that, compared to the construction effects, the live load test resulted in 
relatively low strains and displacements. This shows that live load does not govern design for the 
short span of this type of bridge.  
 

TABLE 4  Static Live Load Test Maximum Effects 

Gage Type Gage Number LL Pos # Maximum Effect 
Arch FRP (hoop) SG-015 13 28.5 µε 

Arch FRP (longitudinal) SG-040 11 -42.8 µε 
Headwall FRP (vert.) SG-049 7 13.9 µε 
Headwall FRP (horiz.) SG-052 13 49.1 µε 

Concrete (long.) SG-060 12 -33.1 µε 
Pressure Cell PC-004 2 3.68 psi 

Disp. Transd. (vert.) DT-002 11 -0.014 in. 
Disp. Transd. (horiz.) DT-001 2 0.0033 in. 

Conv. Gage CG-002 10 0.0055 in. 
 

LONG TERM MONITORING 

Beginning after the completion of live-load testing, on July 22, 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. Due to moisture 
damage to the datalogger equipment, no reliable data was collected between 12/31/2011 and 
4/11/2012 at which time datalogging equipment was replaced. All long-term time series data 
reported excludes 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. Strain gage data and 
arch vertical displacements reported at specific points in time are cumulative effects when shown 
compared to construction loads.  

 Bridge ambient temperatures are shown in FIGURE 8. The bridge temperature reported is 
based on the average temperature of all gages that are not exposed directly to sunlight. 

Arch Strains 

Long-term monitoring of all FRP longitudinal strains are shown in Figure 9.The FRP arches 
experience compressive strains during cold seasons and the strains cycle back near their original 
values as the hot season occurs. In general, seasonal effects result in highest strains at the top of 
the tube, with smallest strains occurring at the bottom of the tube. The strains are on the order of 
magnitude of construction strains in the FRP.  
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FIGURE 8  Bridge temperature. 

   

 

FIGURE 9  Arch 1, 4 and 8 FRP strain vs. time. 

 

 The bottom, middle, and top strain gages on Arch 1 at quarter-span and midspan are 
shown in FIGURES 10 and 11, respectively. Note that the middle two strain gages were 
averaged. Values shown include the condition immediately after the arch was filled with 
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concrete, after backfill was complete and at the peak cold and hot temperatures measured to date. 
Long-term data in these plots reflect total strain (include construction strains). The cumulative 
effects of bridge contraction and construction loads can be seen, and the return of the strains to 
the state at the end of construction in the summer, which is dependent on the temperatures during 
bridge construction (completed in summer of 2011). Readings from Arch 8 were very similar to 
those shown for Arch 1. 

 
 Arch 4, however, showed very different behavior during filling of the tube with concrete 
(See FIGURES 10 and 11) which resulted in very different total strains in subsequent readings. 
Therefore, the greatest variability in FRP strains occurred during the construction period when 
the FRP tubes are not yet acting compositely with the concrete, which is when the loads are most 
critical. Regardless, the greatest compressive stresses on all arches are caused by the coldest day 
and the greatest tensile stresses are caused by the warmest day at which points the arches are 
acting compositely. Of all the instrumented arches, Arch 8 had the highest compressive and 
tensile strain values; with a minimum of -1180 µε and a maximum of about 360 µε. These values 
correspond to a maximum compressive stress of about 7 ksi (48 MPa) and a maximum tensile 
stress of about 2 ksi (14 MPa) in the FRP, much lower in the concrete which only experiences 
the change in strain that occurs after hardening inside the FRP tubes. Overall, the stress values in 
all FRP arches are quite small compared to the longitudinal tensile design stress from the 
manufacturer of 84 ksi (580 MPa).  

 

 

FIGURE 10  Arch 1 strains at 1/4 span. 
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FIGURE 11  Arch 1 strains at midspan. 

 
Bridge Global Movements 

The bridge footing rotations are measured by tiltmeters, and the cyclic response during long-term 
monitoring is shown in FIGURE 12. The maximum footing rotation is approximately 0.06 
radians. The rotations were recovered in the subsequent season. Long term readings of footing 
horizontal displacement as well as Arch 8 vertical settlement adjacent to the footing are shown in 
FIGURE 13. In the first six months following construction, vertical settlement and spreading of 
the footings away from the midspan of the bridge were observed. This is evidence of the arch 
exhibiting “squatting” behavior. These movements stabilized during the winter. The maximum 
horizontal displacement is approximately 0.06 in. (1.5 mm), and the maximum vertical 
displacement is -0.25 in. (-6.4 mm). Note that this settlement is in addition to the construction 
deformations. Further monitoring will verify the stabilization of these movements in subsequent 
thermal cycling. 

 Relative headwall movements are measured by the convergence gages. FIGURE 14 
shows these displacements over time. The headwalls have been moving apart during the summer 
months. Further monitoring will verify whether this movement is cyclic in nature, stabilizes, or 
has some ratcheting effect with subsequent cycles. The maximum and minimum relative 
displacements observed since the completion of construction are about 0.38 in. (9.7 mm) and      
-0.08 in. (-2.0 mm). These headwall displacements are far below the values recorded during the 
backfilling period of construction (TABLE 3). 
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FIGURE 12  Footing rotation. 
 

 

FIGURE 13  Displacements at Arch 8-footing connection. 

 

 Tiltmeters along the instrumented arches were assumed to provide average rotations over 
their tributary arch segments and were used to calculate relative vertical arch displacements. 
FIGURE 15 shows the vertical displacements referenced from the original, undeformed, shape of 
Arch 8 during stages of construction and peak observed temperatures to date. Deflected shapes 
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were calculated independently from each footing toward midspan, with the north half span 
shown in FIGURE 15. Readings on the south half span of this arch are similar, though two gages 
were impacted during construction so their readings were neglected. The data confirms the 
squatting deformation of the arches noted previously and the increase in deformation with 
subsequent added dead load from backfilling. The maximum displacement during construction 
was 0.3 in. (7.6 mm), with some additional deflection under long term load. 

 

FIGURE 14  Long-term headwall convergence. 

 

FIGURE 15  Arch 8 vertical displacements. 
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CONCLUSIONS 

The observed response of an instrumented “Bridge in a Backpack” bridge constructed in 
Massachusetts during construction, load testing and during a period of eleven months (long-term 
effects) are reported in this paper. The strains and movements induced by the construction 
process are much more significant than those from live load. Seasonal thermal effects are also 
notable. It was observed that total strains in the FRP tubes are very low compared with design 
tensile strength nominal capacities. After an initial settlement of the structure the footing 
displacements appear to have stabilized and are becoming cyclic in nature. Headwall spreading 
has increased during the summer and is being monitored for future increases or stabilization. 
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