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Testing an Integral Steel Frame Bridge 

M. ELGAALY, T. C. SANDFORD, AND C. COLBY 

The Forks Bridge in the state of Maine has integral abutments 
and approach slabs that are connected to the abutments. The 
main carrying components are five rigid steel frames each in the 
form of an inverted U; the legs of the frames are embedded in 
the abutments and the horizontal girders are connected to the 
reinforced concrete deck by shear connectors. Because the design 
is unique , it was decided to instrument and monitor the bridge 
behavior for the duration of 3 years. The equipment and instru
ments used are described. Measured and calculated strains in the 
steel frames caused by the weight of the deck are reported. The 
bridge was tested on completion using three loaded trucks . The 
results of the tests are given and compared with the corresponding 
results obtained from a finite element analysis. Finally , the in
strument readings taken every 6 hr for a duration of approxi
mately 6 months are presented and discussed . 

The new Forks Bridge between the Forks and West Forks is 
a stiff-legged steel rigid-frame bridge that spans the Kennebec 
River and replaces an existing steel truss bridge built in 1932 
(Figure 1). The old bridge had been damaged a number of 
times by protruding logs from logging trucks. The new bridge 's 
design , location , and approach layout will reduce the type of 
accidents that had occurred at the old bridge and will provide 
a higher live-load capacity to meet current highway needs. 
Because there is considerable rafting on the Kennebec River 
at the bridge location , a center pier was not considered . In 
addition , a center pier raised the possibility of excessive scour. 

The new bridge is a 20-degree skewed bridge with a 165-ft 
span and a 37-ft 8-in. overall width. It consists of five steel 
frames in the shape of an inverted U resting on shallow foun
dations. The composite reinforced concrete deck is rigidly 
connected to the abutments and the approach slabs , and the 
steel legs of the frames are embedded in the abutments. Be
cause the steel legs were to be covered by concrete , the abut
ment wall thickness varies from 4.8 ft at the footing to 8.5 ft 
at the top. The footing , called the seal , is approximately 15 
ft wide and 9 ft thick and is resting on the bouldery and 
cobbley gravel terrain that exists at the site. The legs of the 
girders are fixed to the foundation block through a height
adjusting distribution slab between the bottom of the legs and 
the top of the seal. The granular backfill with its good drainage 
minimizes differential water levels behind the abutment , which 
can add large forces to the abutment walls . It is also important 
to have free draining material with low fines so that frost 
pressures are not generated behind the wall. Construction 
commenced in the summer of 1989, and the bridge was open 
to traffic early in December of the same year. 

Since the soil pressure as a function of the deck movements 
is not well known , this was the principal reason for instru
menting, testing , and monitoring the bridge. 
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DATA ACQUISITION SYSTEM 

It was desired to monitor the behavior of the new bridge by 
instrumenting it and taking the readings from the instruments 
at frequent intervals. The bridge is 110 mi from the University 
of Maine , and the use of a data acquisition system that can 
be reached via a telephone line from the university was found 
to be cost-effective. The system would have to read strain , 
temperature , and pressure instruments and be reliable while 
enduring Maine 's climate for the 3-year monitoring period. 
The possibility of data storage in digital form and remote 
access through the telephone biweekly was another desired 
feature. Data storage in a digital form would eliminate manual 
data entry and should facilitate the reduction , interpretation , 
and presentation of results. Remote access also provides ac
cess at critical times for readings and frequent access to check 
instrument functioning . 

INSTRUMENTATION 

Strain gauges , temperature sensors , and pressure cells were 
installed to monitor the behavior of the Forks Bridge. The 
strain gauges are intended to measure the strains in the steel 
frames caused by loads and thermal effects. The pressure cells 
are intended to measure the pressure of the soil on the back 
of the concrete abutment wall as the bridge abutment moves 
in response to loading and temperature change. The temper
ature sensors are intended to measure air and soil temperature 
behind the abutment . 

FIGURE 1 Old and new bridges at the Forks. 
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Strain Gauges 

Weldable electrical resistance strain gauges were used. Spot 
welding is often more convenient than adhesively bonding a 
gauge , particularly in field testing applications for which bond
ing conditions are not ideal. After welding wires were soldered 
to the gauge terminals and the gauges were protected using 
special coating , the wires were run to the equipment box 
through polyvinylchloride (PVC) conduits. For each single 
active gauge welded to the bridge , three resistors are required 
to complete the circuit. Two precision resistors for each gauge 
and one common gauge for all the gauges connected to one 
logger were used for circuit completion . 

Pressure Cells 

Because it was anticipated that the soil pressure behind the 
abutment would vary with elevation, with skew side (obtuse 
or acute) , and possibly with the abutment location (north or 
south) , it was decided to use four vertical lines of pressure 
measuring cells with four cells per line for a total of 16 pressure 
cells . For each abutment, two lines of pressure cells were 
installed at 10 ft on each side of the abutment centerline. The 
top cell was 7 ft below grade, and the remaining three were 
6, 12, and 17 ft below the top cell. One of the four bottom 
cells was covered with a screen to allow water pressure to be 
measured . 

The 9-in .-diameter pressure cell consists of a fluid-filled 
pressure pad connected by a length of high-pressure tubing 
to a pressure transducer (Figure 2). The pressure pad is formed 
by welding two thin disks of stainless steel around the pe
riphery. The narrow gap between the two disks as well as the 
tubing leading to the pressure-sensing device is filled with 
deaerated oil. Pressure on the face of the cell is thus reflected 
directly in oil pressure, which is sensed by the pressure trans
ducer. Because temperature affects the pressure reading for 
a vibrating wire transducer , each transducer is equipped with 
a temperature-sensing thermistor. The thermistor output is 
used to adjust the pressure reading for temperature changes . 

To ensure that the cells were mounted to be flush to the 
back of the concrete abutment wall , they were provided with 

FIGURE 2 Pressure cell and vibratory wire transducer. 
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FIGURE 3 Pressure cell and concrete backing pad. 

concrete bedding under the whole cell (Figure 3). A special 
concrete block with a recess for the cell was prepared in the 
laboratory. During field installation this concrete block with 
the recessed cell was placed between the reinforcing and the 
forms and secured to the inside of the abutment formwork 
by concrete form bolts. This block protected the cell during 
concreting operations and isolated the cell from stresses caused 
by the set of the field-placed concrete. 

In the laboratory each cell was calibrated in the recess of 
its own concrete block. The loads measured with a calibrated 
electronic load cell were raised incrementally to an equivalent 
of about 20 lb/in. 2 and then decreased to zero. The calibration 
factor was obtained using the best-fit line through the points. 

Temperature Sensors 

Thermistor sensors are provided by the manufacturer in each 
pressure cell. Calibrations for the thermistor were provided 
by the manufacturer. Three resistance temperature detectors 
(RTDs) were used to measure the air temperature in the 
vicinity of the central steel frame under the bridge : one near 
the south abutment , one near the center of the span , and one 
inside the equipment box. The reading from the RTD is resis
tance; the resistance to temperature conversion was calibrated 
in the field using the manufacturer's conversion tables. 

TEST RESULTS 

Two sets of test results are given and discussed. The stresses 
in the steel frames caused by the wet weight of the concrete 
deck constitute the first set. When the deck was placed, the 
fill behind the abutments was not in place ; hence , soil pressure 
readings are not applicable . The second set, obtained during 
load testing of the bridge with three loaded trucks , includes 
frame stresses as well as soil pressure behind the abutments. 

Stresses from Weight of Concrete 

Three of the five bridge frames , adjacent to one another, 
were instrumented using strain gauges. Initial readings were 
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TABLE 1 Measured and Calculated Stresses Caused by 
Weight of Concrete 

Gage No. Measured Stresses Calculated Stresses 
(ksi) (ksi) 

301 1.83 1.19 
303 1.31 1.28 
307 -6.06 -9.63 
310 -10.73 -14.21 
312 4.64 5.35 
315 8.24 8.50 
316 -5.97 -9.63 

405 -11.98 -14.21 
406 6.82 5.35 
408 -6.35 -9.63 

501 1.60 1.28 
504 -6.84 -9.63 
505 -14.24 -14.21 
506 6.06 5.35 
508 -7.13 -9.63 
509 1.28 1.28 

The negative signs indicate compression 

taken on October 26, 1989, after the forms and the reinforcing 
bars were in place. The concrete was placed on October 27, 
1989, and another set of readings was taken on October 28. 
The difference between the initial and final readings repre
sents the strain caused by the weight of the concrete. To 
determine the corresponding stresses, the measured strains 
were multiplied by the Young's modulus of elasticity, E = 
29,000 kip/in. 2 • This is a reasonable approximation, because 
the strains in the perpendicular direction are negligible. The 
calculated stresses from the measured strains are tabulated in 
Table 1. 

The frame was analyzed with a finite element program under 
the tributary weight of the concrete. Axial forces and bending 
moments at the locations of the strain gauges were deter
mined. The stresses were then calculated at the locations of 
the gauges. As can be noted from Table 1, there is reasonable 
agreement between the measured and calculated stresses. The 
differences can be attributed to 

1. Differences between the actual locations of the strain 
gauges and the locations used in the calculations, particularly 
important at zones of high moment gradients; 

2. Differences between actual geometric and material prop
erties of the frame and values used in the analysis; 

3. Possible inaccuracies in the measured strains, which can 
be attributed to thermal output and wire resistance of strain 
gauges; and 

4. Readings that were taken several hours after the concrete 
was placed, creating the possibility that some concrete slab 
strength was not accounted for in the analysis (particularly 
true since, in general, the calculated stresses are higher than 
those calculated from the measured strains). 

Truck Load Testing 

Testing of the bridge was conducted on December 2, 1989, 
by using three loaded trucks at various positions on the bridge 
and recording the effect on the bridge and the abutments. 
The three-axle trucks weighed 59,8oo;58,700, and 53,725 lb, 
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TABLE 2 Measured and Calculated Stresses Caused by 
Truck Loads 

Gage No. Measured Stresses Calculated Stresses 

(ksi) (ksi) 

301 -.05 .04 

303 -.16 .04 

307 -1.95 -2.94 

310 -.03 -.46 

316 -2.23 -2.94 

403 .74 .72 

404 -1.43 -2.60 

406 2.51 3.08 

407 1.27 .72 

408 -1.44 -2.60 

501 1.03 .04 

504 -.72 -2.02 

506 1.93 2.07 

508 -.67 -2.02 

509 1.10 .04 

The negative signs indicate compression 

FIGURE 4 Finite element analysis model. 

respectively. Two tests were conducted with the trucks on the 
approach slabs, whereas 10 tests were conducted with the 
trucks on the bridge deck at various positions. Stresses were 
calculated using the measured strains as described earlier. 
These stresses are referred to as the measured stresses and 
are tabulated for the case in which the trucks were centered 
on the middle frame at midspan (Table 2). 

The bridge was modeled using a three-dimensional finite 
element model, as shown in Figure 4. Plate elements were 
used to model the concrete slab and abutments, and beam 
elements were used to model the steel frames. The bridge 
was analyzed for the case in which the trucks were centered 
on the middle frame at midspan. Axial forces and bending 
moments in the steel frames were determined. The stresses 
caused by these forces and moments at the gauge locations 
were then calculated and are tabulated in Table 2 for com
parison with the measured values. 

Earth Pressure Caused by Truck Loads 

When the trucks were on the bridge deck, the soil pressure 
behind the abutments increased or decreased depending on 
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the location of the loading and the location of the pressure 
measurement. In general, at the obtuse side of the abutment, 
there was an increase, whereas on the acute side there was a 
decrease in pressure. The pressure readings caused by tem
perature changes during testing were of the same magnitude 
or larger than the load response readings. The maximum pres
sure increase measured at any cell was 35 lb/ft2 , but the max
imum decrease was higher at 53 lb/ft2. These low pressures 
are indicative of the very little movement of the abutments 
in response to the loading. The pressures were higher when 
the trucks were on the approach slabs. 

MONITORING BRIDGE BEHAVIOR 

Monitoring of the strain in the steel, soil pressure at the back 
of the abutment, and temperatures of the soil, water, and air 
was started on a regular basis on December 2, 1989. Contin
uous readings of all instruments were taken every 6 hr-at 
midnight, 6 a.m., noon, and 6 p.m.-during the monitoring 
period beginning December 2, 1989 and ending June 6, 1990. 
Some small gaps in monitoring caused by minor equipment 
malfunctions or problems with data transfer occurred during 
this period. Intermittent monitoring was conducted before 
December 2, 1989. The days of monitoring are numbered 
using January 1, 1989, as Day 1. 

Air Temperatures 

Air temperatures were monitored by the RTDs mounted on 
the steel below the deck. These gauges are shielded from the 
direct rays of the sun by the concrete deck, and the temper
atures are most likely moderated somewhat by the presence 
of the steel and the river. Although they may be less extreme 
than those occurring in the open, these temperatures are be
lieved to be representative of the steel and adjacent air. The 
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FIGURE 5 Air temperature at 
the Forks. 

average air temperatures plotted in Figure 5 show a relatively 
cold December 1989 and a relatively warm January 1990. The 
coldest recorded air temperature at the bridge for this period 
was -27°F on December 30, 1989 (Day 364), at 6 a.m. The 
most dramatic change in temperature occurred on December 
31, when the temperature changed 55°F in 36 hr to a tem
perature of 28°F at 6 p.m. Temperature increased steadily 
from approximately March 6, 1990 (Day 430). 

Temperature of Fill Behind Abutments 

The Kennebec River does not freeze in the channel beneath 
the bridge. The bottom cell, which· is 24 ft below grade, is 
always below the river water level and thus is surrounded by 
water connected through the surrounding gravel to the river. 
The cell that is 5 ft above the bottom cell is submerged pe
riodically during each day because the river rises following 
daily water releases at the Harris Dam upstream. 

Temperatures measured directly behind the abutment show 
that freezing occurred in the winter at all elevations above 
the sustained river water level (Figure 6). Since the shallowest 
cell was 7 ft below grade and the deepest that froze was 19 
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ft below grade, one can conclude that the freezing front pen
etrated the thick abutment concrete. The temperature at the 
bottom cell never went below freezing, which confirmed that 
the surrounding water was in contact with the Kennebec River, 
which is not frozen at the bridge location. 

As can be noted from Figure 6, the freezing in the soil 
behind the abutment first occurred at the highest elevation 
on about Day 340, which is at the end of the first week of 
December 1989. At that time the river temperature was ap
proximately 39°F. By the third week of December the soil 
adjacent to the second cell from the bottom, which was in
undated with river water, was frozen. December 1989 was 
much colder than normal; thus, the extent of freezing that 
occurred probably will not be duplicated for many years. 

The warmer weather that occurred in January 1990 was 
reflected in the temperatures behind the abutment, which 
climbed several degrees during the first 2 weeks of January, 
as can be noted from Figure 6. The soil behind the abutments 
remained frozen until the end of the first week of April 1990, 
or approximately for 4 months. 

No measurements were made between the elevation of the 
top cell and the surface. It is anticipated, however, that the 
temperature in this 7 ft may fluctuate more with the daily air 
temperature than at greater depths. It is also possible that 
more extreme cold temperatures were experienced in Decem
ber in this upper region. 

Soil Pressure 

The average pressure measured at the elevation of each cell 
is plotted against time in Figure 7. As can be noted from 
Figure 7, most pressure changes appear to be related to tem
perature changes and the changes in length of the bridge that 
these temperature changes cause, fluctuations in the river 
water levels, and frost buildup. 

The fill behind the abutments started on November 2, 1989, 
and was almost completed in 1 week. For the period from 6 
p.m. on November 19, 1989, to 11 a.m. on November 21, 

Day 

425 455 485 515 545 

pressure measurements taken at Y2-hr intervals (Figure 8) 
clearly show the rise and fall of the water levels at the bottom 
cells. Cell 7 is the one covered by the screen; it measures only 
water pressure. 

Temperature variation affects soil pressure because of the 
resulting bridge deck expansion and contraction. The move
ment of the abutments is greater at the top next to the deck, 
and thus pressure changes should vary with depth. Although 
the approach fill was completed late in the fall, there is still 
a reduction in pressure in response to the cooling from No
vember 8 to November 20, 1989, as can be noted from Figure 
7. Frost effects at the elevation of the load cell second from 
the bottom dominated that level's pressure changes and are 
discussed separately. Between March 26 and the end of this 
monitoring period on June 6; the pressure increased, as can 
be noted from Figure 7; this increase varied with depth. For 
the lowest elevation, there was little . to no seasonal change, 
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FIGURE 8 Pressure versus time, %-hr intervals. 
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since the influence of the deck movement has little effect at 
this depth. By June 6 pressures at all depths were practically 
the same because the expansion of the deck at the top in
creased the upper pressures. 

Superimposed on the seasonal changes shown in Figure 7 
are pressure changes related to weather periods, typically of 
1 day to a week.· At the smallest scale are daily fluctuations 
as the day to night temperature changes. The mean air tem
perature difference from 6 a.m. to 6 p.m. for this entire period 
is l5°F. 

The most unexpected and significant effect monitored was 
the frost buildup at the elevation of the second cells from the 
bottom. This frost buildup was not expected because the soil 
behind the abutment was free draining and considered a frost
free material; the percentage of fines is less than 1 percent. 
The mechanism for the frost buildup appears to be related to 
the change of the river water level, which is typically 7 ft and 
occurred more than once a day. The frost buildup occurred 
in this zone, which was alternately saturated and then drained. 
The pores caused by filling with ice are fine enough so that 
frost buildup begins and keeps occurring as long as the ground 
stays frozen. The frost buildup began about January 1, 1990, 
although freezing temperatures had been at the frost buildup 
level for almost 2 weeks. 

Although freezing occurred at all levels except below the 
sustained river water level, there was no indication that freez
ing was deep enough to affect the stress-strain properties of 
the soil as felt by the abutment. It is possible that there was 
a change in the soil properties in the upper 5 ft of the approach 
fill. This depth would be frozen at all points and not just near 
the abutment wall. 

Skew Effects 

One of the purposes of installing multiple lines of pressure 
gauges was to detect pressure differences that may occur be
cause of the bridge skew. There was a higher pressure on the 
obtuse side relative to the acute side, which indicates that 
there is more movement of the bridge into the soil on the 
obtuse side than on the acute side. These lines are at only 10 
ft from the bridge centerline, and it is possible that the dif
ference is greater at greater distances from the bridge center
line. 

ABUTMENT SOIL PRESSURE COMPARED WITH 
DESIGN ASSUMPTIONS 

For the design of the Forks Bridge, it was anticipated that 
the expansion of the bridge deck would push the abutment 
into the approach fill. It was also recognized that this move
ment would occur primarily near the top. The envelope pres
sure shown in Figure 9, which was established for design in 
1986, was based on this anticipated behavior and on results 
for rigid frame bridges in Sweden and Britain (1). The en
velope combined the Rankine passive pressure to one-third 
of the depth with the at-rest pressure at the bottom of the 
abutment wall. The passive pressure was used, although it 
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FIGURE 9 Earth pressure versus depth. 

was realized that the full passive pressure would probably not 
be developed for the expected movement associated with the 
deck expansion. A unit weight of 115 lb/ft3 , an at-rest coef
ficient of 0.41, and a passive coefficient of 3.85 were used to 
obtain the design pressure. 

Two limiting cases obtained from the monitoring conducted 
between November 1989 and June 6, 1990, are plotted in 
Figure 9. One case is the maximum frost pressure and the 
other case is the maximum pressure found caused by summer 
heat up to June 6. The frost condition was unanticipated in 
the original design, but the conservative design envelope did 
cover the frost pressure for the 1989-1990 winter. All mea
sured pressures up to June 6, 1990, are within the design 
envelope. However, the measured values based on one winter 
and on part of a summer do not represent the most severe 
values that will be encountered at the bridge. 

CALCULATED STRESSES IN STEEL FRAMES 

Two earth-pressure distributions behind the abutments were 
recommended based on the readings from the pressure cells 
during the monitoring period (Figure 10). One of these distri
butions is for the summer and the other is for the winter. 

The three-dimensional finite element model of the bridge, 
described earlier, was used to calculate the axial forces and 
bending moments in the steel frames caused by the summer 
and winter earth pressures. The stresses caused by these forces 
and moments were calculated at the locations of the gauges. 
The maximum stress calculated did not exceed 0.8-kip/in2

• 

The 0.8-kip/in2 stress corresponds to a strain of 0.000028, 
which is within the error tolerances of the strain readings. 
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FIGURE 11 Strain readings, Gauge 405. 

STRAIN READINGS OF STEEL FRAMES DURING 
MONITORING 

Not all the gauges were functional; however, there is more 
information than is needed. More strain gauges were installed 
in anticipation that some of them would not function. 

The readings from two strain gauges on one of the two 
intermediate frames, one on the girder top flange and the 
other on the bottom flange at midspan (Gauges 405 and 406, 
respectively), over about 6 months are plotted in Figures 11 
and 12. The readings from the two gauges are almost identical, 
which indicates a more or less uniform expansion and con
traction of the bridge. Furthermore, the strain readings follow 
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FIGURE 12 Strain readings, Gauge 406. 

the temperature variation (Figure 13). In Figure 13 third
degree polynomial curves are fitted to the temperature and 
strain readings as shown. It is evident that the measured strains 
are mostly caused by free thermal expansion and contraction 
of the bridge, thermal output from the gauges, thermal effects 
on the gauge factor, and resistance of strain gauge wires. 
In Figure 13, one can note the effect of the compressive 
strains from the soil pressure during the last month, as indi
cated by the higher rate of the temperature increase com
pared with the rate of strain increase during that month. 
In summary, the strains in the steel frames caused by 
soil-structure interaction are very small and can hardly be 
noted. 
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CONCLUSIONS 

522 

522 

1. To eliminate the center pier for rafting safety and to 
avoid scour problems, the Forks Bridge has been designed as 
a rigid frame with integral abutments. Since this design is a 
first for the state of Maine, performance experience, espe
cially under freezing conditions, is lacking. To improve design 
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for future bridges and to check the present design assump
tions, a performance monitoring program was established to 
be conducted for 3 years. 

2. An economical data acquisition system that is able to 
read, store, and transmit all monitoring signals from the in
struments at the Forks Bridge was assembled from off-the
shelf components. Currently, all instruments are read by the 
data acquisition system every 6 hr, and the data are down
loaded at Orono every 2 weeks, although up to 6 weeks of 
data can be stored at this frequency of readings. 

3. Strains in the steel frames caused by the weight of the 
concrete deck and truck load tests conducted after the bridge 
completion were measured. Agreement between the mea
sured and calculated strains are reasonable for all practical 
considerations. 

4. The Forks Bridge moves in response to temperature 
changes, but as the bridge expands, the level of soil resistance 
behind the abutment gives minor stresses in the steel frames. 
The movements of the abutments were largest at the top and 
appeared to be little or none at the level of the footing. Al
though the concrete deck was connected to the steel girder 
by shear connectors, there were no indications of any appre
ciable stresses caused by differential thermal movements of 
the concrete and the steel. 

5. Frost pressures were measured in the non-frost-susceptible 
fill in the zone of fluctuating river water levels. The frost was 
not detected outside this approximate 7-ft fluctuation level. 

6. Although the concrete abutment was about 8 ft thick, 
the freezing front penetrated into the backfill behind the abut
ment by mid-December 1989 and remained until April 9, 
1990. 

7. The 12-in.-thick approach slab that is keyed into the 
concrete abutment provides a bridge over gaps that will de
velop between the abutment and the backfill during shrinkage 
of the deck in colder weather. It also provides a compression 
resistance of approximately 1,600 lb/ft2 for the upper 1-ft of 
the abutment during deck expansion as it drags on the under
lying soil. During deck shrinkage, it should provide a tensile 
resistance of the same magnitude. 

8. The bridge has a 20-degree angle of skew. Although the 
results are different at the obtuse comers from those at the 
acute comers (larger forces at the obtuse comers), the dif
ferences are not excessive. 
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