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rigidity tor earthquake loads when liquUication ot 
embankment is assumed. 

2. Thermal expansion is actually very small, and 
the backfill material around the abutment and the 
piling seems to yield sufficiently so that no dis­
tress is apparent. The piling was oriented to re­
sist the force of earth pressure from the abutment 
backfill rather than the force of thermal expansion. 

3. Temperature forces would act along the center­
line of the roadway, not parallel to the pile web, 
and active soil pressure would act against the 
strong axis of the pile. Temperature effects are 
somewhat compensated for by predrilling for driven 
piles and filling the voids with pea gravel or sand. 

No special treatments are usually given to back­
fill and pile cap on skewed bridges, and they might 
be constructed in the same way as on nonskewed 
bridges. As for the approach slab, it can be tied 
to the abutment with dowels or an expansion joint 
may be provided between the approach slab and the 
bridge slab. Some states put an expansion joint a 
certain distance behind the approach slab. In this 
case, the approach slab will act integrally with the 
abutment. 

It has been more than 15 years since the first 
integral abutments on skewed bridges were con­
structed. No serious problems or distresses have 
yet been discovered. In view of the lack of theo­
retical and experimental research in this area, it 
is hoped that this survey will provide some useful 
empirical experience and information on the design 
of skewed bridges with integral abutments. 
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Behavior of Abutment Piles 1n an Integral Abutment 

in Response to Bridge Movements 

JAMES L. JORGENSON 

A field study of the behavior of abutment piles for a bridge that has integral abut­
ments, piers, concrete box girders, concrete deck, and six 75-h spans is discussed. 
To compensate for anticipated thermal movements, two unique features were 
built into the bridge. Expansion joint material was placed between the back side 
of the abutment and the soil backfill, and compressible material was placed on 
the webs of the abutment piles to create low soil resistance to pile movement. 
Over a one-year period, monthly readings were taken of bridge length (by using 
steel tape), gap between soil backfill and back side of abutment, openings in the 
expansion joints on the concrete approach slabs, vertical elevation of abutments 
and piers, slope indicator readings on the four corner abutment piles, and tem­
peratures of concrete deck and air. A formula involving air temperatures was 
developed to estimate the maximum change in bridge length due to thermal 
changes. The changes in bridge length agree with changes measured from steel 

tape and expansion joint openings. The study concluded that these changes did 
not result in equal abutment movements at each end of the bridge, and the maxi­
mum abutment movement resulted in stresses at the top of the piles sufficient 
to initiate a yield stress in the steel but not sufficient to form a plastic hinge. 
An analytic model was used to predict stresses in the abutment piles due to move· 
ments of the abutments. 

Bridge engineers recognize that changes in air tem­
perature result in changes in the temperature of 
bridge materials, which in turn result in movements 
of the bridge. So long as the bridge components ' 



Transportation Research Record 903 

(girders, piers, and abutments) are not restrained 
from movement, the movements do not create stresses 
in the bridge. However, if the girders, piers, and 
abutments are integral, thermal movements result in 
stresses in those bridge components. The bridge 
designer must then elect to use expansion joints, an 
integral structure, or some combination of the two. 

My own observations and those of others (1l indi­
cate that in many cases the expansion devices do not 
function as assumed by designers. This behavior has 
interested designers in eliminating the expansion 
devices and considering the use of integral struc­
tures. 

A survey of bridge designers on the use of 
integral-abutment bridges (2) indicates that the 
maximum bridge length without an expansion joint is 
400-450 ft for concrete structures. In addition, 
the induced stresses from thermal effects are recog­
nized as being potentially significant. 

The North Dakota State Highway Department has 
been using integral abutments on structures up to 
3 50 ft in length. However, the Department is con­
cerned about the magnitude of thermal movements and 
resulting stresses in long bridges. To respond to 
this need, the Department contracted with the Engi­
neering Experiment Station of North Dakota State 
University to study the behavior of a 450-ft 
integral-abutment bridge in Cass County (see Figure 
1). 

The bridge studied is on Cass County Road 31, 
about 2 miles north of Fargo, and provides a cross­
ing of the Cheyenne River. Construction took place 
between July 1978 and August 1979. In 1978 the old 
bridge was removed, rough grading was completed, all 
piles were driven, abutment and pier caps were 
poured, and the prestressed concrete girders were 
placed. In addition, at least one pier diaphragm 
and one intermediate diaphragm were poured. Work on 
placement of the concrete deck began in the spring 
of 19 79, and the deck was poured in July. The re­
maining items were completed in time for the August 
1979 opening to traffic. 

The Cass County Bridge is a 450-ft-long concrete 
bridge with integral abutments and piers. There are 
no expansion joints on the bridge, but expansion 
joints are located in the approach slab about 30 ft 
from each end of the bridge. 

A transverse section through the bridge deck is 
shown in Figure 2. Prestressed concrete box girders 
were used to support a poured-in-place concrete 
deck. The girders and deck were designed to act as 
a monolithic unit even over the piers (see Figure 
3) • The concrete curb is tied into the concrete 
deck; however, the curb does have expansion joints 
at 15-ft intervals. 

Continuity at the piers is also shown in Figure 
3. The steel pile, pier cap, diaphragm, concrete 
girder, and concrete deck were all reinforced to 
behave as a single unit. For the center three 
piers, the piles are oriented with their strong 
direction of bending in the longitudinal direction 
of the bridge. A concrete wall was placed between 
the pile in each pier. The piles in the piers ad­
jacent to the abutments have their weak direction of 
bending in the longitudinal direction of the bridge. 

A section through the abutment is shown in Figure 
4. As with the piers, the pile cap, diaphragm, con­
crete girder, and concrete deck are reinforced to 
act as a single monolithic unit. The pile is ori­
ented with its weak direction of bending in the 
longitudinal direction of the bridge and is rein­
forced within the abutment cap and diaphragm to 
transmit the full plastic movement of the pile. In 
anticipation of thermal changes in the length of the 
bridge, a pressure relief system was set up between 
the back side of the abutment and the backfill 
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soil. The system consists of 3-1/3-in-wide by 4-in­
thick pressure relief strips placed vertically at 
about a 4-ft spacing on the back side of the abut­
ment. Corrugated metal was used to retain the gran­
ular backfill behind the pressure relief strips. 
The material used for pressure relief strips was 
"Pressure Relief Joint", manufactured by W.R. 
Meadows. According to data sheet 324 on this prod­
uct, the material will recover 96 percent of its 
thickness after being compressed to 50 percent of 
its thickness. 

To permit longitudinal movement of the abutment 
piles without generating significant resistance to 
movement, a 2-in layer of compressible material was 
placed on each side of the web of the pile. The 
soil was predrilled to a 16-in diameter and a 20-ft 
depth. Compressible material was glued to the pilei 
after pile driving, the void space was filled with 
sand (see Figure 5). The compressible material was 
Ray-Lite with a density of 1.25 pcf and a compres­
sive strength of 8-16 psi. 

There is an expansion joint in the approach slab 
at 20 ft from each end of the bridge. One end of 
the approach is tied into the bridge abutment, and 
the other rests on the smooth surf ace of a support­
ing slab. As the bridge changes in length, the ex­
pansion joint will open and close. 

The soil profile consisted of a glacial-lake­
deposited clay to a 100-ft depth underlaid by gla­
cial till. The soil profile under the north abut­
ment was as follows: 15 ft of fat clay of medium 
stiffness, 6 ft of soft silty clay, 4 ft of stiff 
fat clay, 70 ft of fat clay of medium stiffness, and 
1 7 ft of very stiff sandy clay, followed by silty 
sand that was very dense. The piles were about 110 
ft long and extended into the silty sand. 

MEASUREMENTS OF BRIDGE MOVEMENTS 

Measurements of bridge movements were taken during 
the period from August 8, 1979, through September 7, 
1980. Some measurements were taken prior to August 
8, but they were not complete sets of data. The 
readings were taken at about one-month intervals 
except during September 6 and 7, when they were 
taken at 6-h intervals. (Because early morning tem­
peratures will not contain the highest daily temper­
ature, it was decided to take additional readings at 
about 6-h intervals over a 24-h period.) 

Readings were taken early in the morning just 
after daylight. When the sun is shining on the 
bridge, the exposed concrete surface increases in 
temperature at a higher rate than the remaining con­
crete. Hence, the sun causes unequal temperatures 
within the concrete. After 'sundown, the concrete 
temperature is influenced by the current temperature 
of the concrete and the air temperature. By day­
break, the air will have had the best possible 
chance to equalize the temperature throughout the 
concrete. Other researchers have found the tempera­
ture of the concrete to be fairly uniform at day­
break (_l) • 

Change i n Bridge Length 

The length of the bridge was measured by placing a 
500-ft-long steel tape on top of the concrete curb 
and measuring the distance between markers, which 
were cast into the concrete near the ends of the 
curb. The tape length was corrected for temperature 
change with the air temperatures taken as the tape 
temperature. 

One way to determine the change in length of the 
bridge would be to sum the movements of the abut­
ments. This is shown in Figure 6 along with the 
change in bridge length determined by tape measure-
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Figure 1. Plan and elevation of integral-abutment bridge. I 0 SPANS AT 75' 2 .t50' I 
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Figure 2. Transverse section through deck . 
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Figure 3. Longitudinal section through pier. 
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ment. One line shows the sum of movements in the 
expansion joints on the approach slabs. Another 
line shows the sum of the changes in gap openings 
between the abutment and the backfill. Note that 
the readings are about equal except for the tape 
readings at 12:00 p.m. Because the expansion joints 
are located 20 ft from the end of the bridge, 
changes in the temperature of the approach slab will 
cause expansion joint readings to be slightly dif­
ferent. 

Bridge Temperature 

Air temperature versus average concrete deck temper­
ature for the 24-h period is shown in Figure 7. Air 
temperature (67°) and deck temperature (65°) were 
about equal at 7:00 a.m. During the morning there 
was a 17°· rise in air temperature but only a 5° rise 
in deck temperature. The following 6 h brought the 
opposite effect--a 10° rise in air temperature and a 
23° rise in deck temperature. The same pattern 
occurs for a drop in temperature--i.e., the change 
in deck temperature lagging the change in air tem­
perature. The 7:00 a.m. readings indicated the deck 
and air temperature to be within 2° of each other. 

PLAN 
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Figure 4. Section through abutment. 
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Figure 5. Compressible material on abutment piles. 
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An interesting question is whether the change in 
deck temperature can explain the change in length of 
the bridge. Information on this question is pre­
sented in Figure 8. One line represents the change 
in bridge length determined by tape measurement. 
The other line shows a calculated change in length 
based o.n change in deck temperature. A thermal 
coefficient of 6x10- 6 /°F was used in the calcula­
tions. Nearly equal changes in length occur at 
12:00 midnight and 7:00 a.m. the next morning. The 
largest difference occurs at 6:00 p.m. The results 
suggest that the deck temperature is not the temper­
ature of the entire bridge at least during portions 
of the day. The slab is open to the direct sun 
while the box girders are shielded from the direct 
sun. The lower temperature of the box girders ac­
counts for the reduced change in length of the 
bridge. 

Over a one-year period, tape measurements taken 
indicate that, for the nine readings shown in Figure 
9, the average error in readings was 0.40 in and the 
range was 0.0-l.l in. There is a correlation be­
tween these measurements and the data obtained from 
slope indicators fixed to each of the corner piles 
in each abutment, although individual slope indica­
tor readings may contain errors. 

What are the maximum measured movements of each 
abutment during the one-year period? By using the 
measured value of the expansion joint opening as the 
best indicator for the north abutment movement, a 
value of 0.73 in was obtained on February 26, 1980. 
With 2.34 in as the change in bridge length for that 
date, the south abutment moved l.60 in. On January 
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Figure 6. Change in length of bridge: abutment movements. 

~ 
~ .50 

g ~.40 
I ~ .ao 
iii = 
~ .20 

;! .10 .., 

,--.UY TAPE MEASUREMENT 

, BV ABUTMENl/ 
..:>.-8 ACKl'ILL GAP 

' ~ .... t BY EXPANSION ~OIHTS 

.00 "'---~--------~ 
7AM 12AM BPM 12PM 7AM 

READING TIME 

Figure 7. Air temperature versus concrete deck temperature over one day. 
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30, 1980, the change in bridge length was measured 
by tape to be 0.37 in greater than on February 26, 
1980. Hence, the south abutment could have moved 
1. 96 in depending on the expansion joint opening, 
which was not measured that day due to ice in the 
joint. 

Two sources of temperature measurements were 
used: the air temperature and the temperature of 
the concrete deck. A plot of these two temperatures 
is shown in Figure 10 , If the air and deck tempera­
tures were equal, all points would be on the diag­
onal line. The temperatures would not necessarily 
be equal since fluctuations in air temperature take 
place much quicker than fluctuations in deck temper­
ature. However, the fact that air temperatures de­
creased to less than 17°F while the deck temperature 
remained at 17°F is questionable. Did the deck tem­
perature stay at 17°F or did the temperature reading 
equipment malfunction in that temperature range? 
That question can best be answered by determining 
which temperature (air or deck) relates to change in 
bridge length. 

This information was calculated and is shown in 
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Figure 11. Two lines represent the calculated 
change in bridge length based on changes in air tem­
perature and deck temperature. The third line is 
the change in length of the bridge based on tape 
measurement. For the two temperatures in question 
in January and February, the changes in deck temper­
ature do not account for the changes in bridge 
length. Hence, the equipment used to measure deck 
temperature malfunctioned at temperatures below 
170F. Figure 11 shows the closeness of change in 
length based on air temperature at sunrise. 

Temperature I nfluence .on Leng t h 

The maximum change in bridge length due to tempera­
ture change can be estimated by first calculating 
the change in length from dawn on the coldest day of 
the year to dawn on the hottest day of the year and 
then adding an estimate of the change in length dur­
ing the hottest day of the year. For the one 24-h 
period studied, the dawn air temperature was 67°F 
and the maximum air temperature was 94 °F. However, 
the measured change in length during that air tem­
perature change was about 0.27 in (Figure 6), which 
is equivalent to an average temperature change in 
the bridge of about 8.3°F. That is, for a 27° 
change in air temperature, about one-third of that 
change (8.3°) resulted in change in bridge length. 

MEASUREMENT OF ABUTMENT MOVEMENTS 

Three independent measurements were taken on the 
longitudinal movements of the abutments. They were 
(a) the gap between the backfill and the abutment, 
(b) the opening of the expansion joint on the ap­
proach slabs, and (c) slope indicator measurements 
on the piles in the abutments. Do the three methods 
provide consistent readings on abutment movements? 
That question is answered by the data shown in Fig­
ure 12. Abutment movements from 7:00 a.m. on Sep­
tember 6, 1980, are plotted for each approximate 6-h 
interval during a 24-h period. Note that the aver­
age backfill to abutment gap and average expansion 
joint openings provide nearly equal displacements 
whereas the displacements from the average of the 
slope indicator readings are much larger. Two rea­
sons are suggested as to why the slope indicator 
readings do not agree with the other readings. The 
first is that the slope indicator displacements are 
calculated on the assumption that the deflection of 
the pile at the 35-ft depth does not change. A sec­
ond reason is that each displacement at the top of 
the pile (actually 3 ft below the deck surface) re­
sults from the difference among 18 sets of read­
ings. If any one of those readings were in error, 
the displacement would be in error. 

Movements Between Abutments and Soil Backfill 

As Figure 4 shows, there is a partial void space 
between the solid side of the abutment and the back­
fill. This void space is held open by using pres­
sure relief strips between the abutment and the 
backfill. When the abutment was poured, four steel 
pipes were cast in the form to provide openings 
through the abutment into the void space. The width 
of the opening of the void space is measured by 
placing a rod through the opening in the abutment 
and measuring the extension of the rod from the 
abutment to the corrugated steel. Four readings 
were taken on each abutment. 

As stated earlier, there is an expansion joint in 
the approach slab at each end of the bridge. Mea­
surements were made on the size of openings in the 
joint at the north end of the bridge. Three read­
ings were taken, one on each side and one in the 
middle of the slab. 
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Figure 9. Change in length of bridgo ovor ono year. 

~-·~ 
0. ~~~~~~~~~~~~-----~-~·~'~~' 

e 1 10 11 12 1 

-1178-

34587el 

DATE • 1180-

Figure 10. Air and concrete deck 10 

temperatures over one year, ~ 

-10 20 60 80 

AVERAGE DECK TEMPERATURE ('F) 

Figure 11 . Change In length of bridge: temperature readings. 

ii 
!I! 3. -u 
! 
IU 

i 
2. II 

CALCULATION OF CHANGE., 

~ 
§ 
z 
~ 1. ev TAPE MEASUREMEl'jf 

I 
~ 
~ 

0 :z: 
u 

12 1 2 3 4 5 8 7 8 g 
-1171- -11eo-

Vertical Move.ment and Displacement of Abu tments , 
~iers , a nd Piles 

To determine any changes in the elevation of the 
piers and abutments, two permanent benchmarks were 
constructed and a level circuit was run each time 
bridge data were collected . Elevation changes over 
the year were less than 0.03 ft. 

A slope indicator casing was attached to each 
edge pile of each abutment. Readings were taken 
periodically to measure the slope of the pile. 
These slopes were used as a measure of pile movement 
as well as of bending stresses in the pile. 

The casing extended from the top of the concrete 
deck to depths of 31-35 ft and had pairs of grooves 
in perpendicular planes. Orie pair of grooves was 
oriented to the weak plane of the pile. The casing 
was placed on the piling by holding angles welded in 
place before pile driving. When the driving was 
completed, a section was added to the casing that 
permitted it to extend to the top surface of the 
concrete deck. The slope indicator casing was en­
cased in concrete throughout the height of the abut­
ment. 

The series 200-B slope indicator instrument from 
the Slope Indicator Company was used to measure the 
slope or the casing. All readings were taken at 
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Figure 12. Abutment movements over one day. 
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2-ft intervals with the instrument in the plane of 
weak direction of the pile, which is also the longi­
tudinal plane of the bridge. If, at a particular 
point on the casing, the slope changes with time, 
that is an indication of pile movement. The magni­
tude of pile movement between any two slope readings 
is determined by multiplying the length of the pile 
between readings by the change in slope of the lower 
reading. If it is aooumcd that there is no movement 
at the bottom end of the pile, then the displace­
ments at each reading point along the casing can be 
assumed to determine the displaced position for the 
casing. 

MEASUREMENT OF STRESSES IN PILES AND 
CONCRETE TEMPERATURE 

To determine the bendinq stresses in the piles, 
electrical resistance strain gages were attached to 
the two edge piles on the north abutment, wired, and 
moisture-protected in the laboratory. After the 
piles were driven, the wires were placed in plastic 
pipe inside the concrete and brought to a junction 
box encased in the abutment wing wall. Stable read­
ings were observed in the laboratory check of the 
gages and again in the fall of 1978 after the abut­
ment was · poured. The next spring the area was 
flooded to a level above all the strain gages. Fol­
lowing the flood, the readings for most gages would 
not stabilize. Due to the erratic readings, the 
electrical resistance strain gage data were not used. 

Four thermocouples were installed in the concrete 
deck. They were of copper constantan material man­
ufactured by Honeywell. A Model 199-lF digital 
thermometer manufactured by Omega Engineering was 
used to read the temperature. The thermocouples 
were checked for accuracy at 40°F and 70°F. The 
thermocouples were located midway between the edge 
and adjacent g i rders at about 25 ft from each end of 
the bridge. 

The thermocouples were installed by first forming 
a void space in the slab. When the slab forms were 
removed, the thermocouples were inserted and the 
remaining space was filled with concrete. 

ANALYTIC MODEL DEVELOPED TO MEASURE STRESSES IN PILES 

A secondary objective of this bridge study was to 
develop a model to measure the stresses in the abut­
ment piles. Pile stresses depend on the relative 



Transportation Research Record 903 

Figure 13. Model for calculating pile stresses. 
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stiffness of bridge, abutment, pile , and soil as 
well as the abu tment and pile movement and method of 
pile i nstallation . To analyze t his situat i o n , it is 
necessary t o d e vi s e mathematica models that de­
scribe the behavio r of each element in the problem . 

Tbe model used is shown i n Figure 13 . Figure 13a 
is a sketch of the real structure that shows the 
bridge girder , a butment , piles , s o il line , a nd first 
pier. The gap between the abutment and the backfill 
soil is also s hown . Figure 13b i llus t rates the 
mathematic al model. The beams are on r o llers in 
order to place a specified displacement in the abut­
ment. Il represents the moment of inertia of that 
portion o f t he bridge deck that reac ts with a single 
pile , and I2 is the moment of i nertia o f a n equiva­
lent port i o n o f t he abutment . 'rhe moment of inertia 
of a single pi l e is repr esented by I3. The model i s 
considered to follow elastic behavior . 
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The r e maini ng par ame ter i n the model is the mod­
ulus o f subgrade r eact i on, which is repr e s e n ted by 
the s ymbol KS . The modulus of subgrade reaction i s 
a measure o f the l oad-def o r mat i on rel ation f or 
soil . I t is the ratio of the s t r e s s on a l oaded 
plate divi ded by the magn i tude o·f t he displacement 
of the plate into the soi l. Bowl es <i> indicates 
that the beet me t hod of obtai n i ng the KS f or the 
soil is to conduct a lateral load test on the pile. 
In this case a load test was not conducted. Other 
estimates are that, for clays, KS is primarily de­
pendent on the unconf ined compressive stre ngth o f 
the c l ay. Soil tests in the reg i on of the pile 
under s tudy give an average unconfined compr essive 
str ength of l. 50 ki ps/f t a. Th i s was m11ltiplie d by 
72 (from Bowles) to obtai n a modul us of subgrade 
react i on in kips per cubic foot. AH er changi ng t o 
pounds pe r cubic inch (pci) units , 60 pci was us ed 
where the pi l e was in contact with c l ay. 

The KS for that portion of the pile with compres­
sible material attached to the web depends on the 
load-displacement relations for the compressible 
material, the sand around the pile, and the clay 
around the sand. Load-displacement tests were run 
on the two 1-in-thick layers of Ray-Lite. For a 
di s p l acement up to 0.17 i n, the KS was 42 pc i 1 f or 
dis placements from 0. 17 i n, the KS wa s 13 pc i . 
Lo ad-d isplac ement t es t s were not run on t he s and o r 
clay. The KS f o r the c ombined ma terials will be 
l e ss t han what i t i s f or a ny o ne o f the mate rials . 
Wi th t ha t as backg round, two val.ues o f KS- -2 . 5 and 
10. 0 pci- -wer e used as estimates whe re compr e ssible 
material was attached to the pile. 

Pile Displacement 

Earlier it was pointed out that the maximum recorded 
movement for the south abutment occurred on January 
30, 1 980. The movement of the west pile on the 
south a bu t ment for tha t date is plotted in Figure 14 
along with calculated pile movements by using the 
model shown in F igure 13 and d ifferent values of 
modulus of subg rade reaction. 

The left s i de of Figure 14 indicates the location 
on the pile measured from the bottom of the concrete 
in the abutment. That point is about 8 ft below the 
roadway . Measurements o f pile displacements were 
taken with the slope i ndicators to a depth of 24 ft 
below the bo ttom of the concrete. The calculation 
mode was extended to 35 ft below the bottom of the 
abutment concrete. Modulus-of-subgrade-reaction 
springs were plac e d a t a 2-ft spacing along the 
pile. The left side of t.he f igu r e indicates the 
range in depth o ve r which the two rnodulus-of­
subgrade react ions apply . 

The solid l ine i ndicates the measured location of 
the pile on January 30, 1980 . The rema ining four 
lines are calculated pile movements based on dif­
ferent values of KS. All calculated movements are 
based on a l. 96-in movement of the top of the abut­
ment. Movement will extend over the entire length 
of the pile if the soil provides very little resis­
tance to the movement--i.e., a low modulus of sub­
grade reaction, as shown by curve E. In contrast, 
for high values of KS (60 pci in both regions), the 
pile movements are very small, as shown by curve A. 
Curves C and D are for what was cons idered to be 
reasonable values for the subgrade modulus--i.e., 
from 2.5 to 10 poi for the top 20 ft of pile and 60 
pc i for the remaining depth . Note that cu rve C 
c l osely matches t he measured pile movement down to 
the 9-ft depth . Models c o uld be develo ped t o obta.in 
clo ser agreement at lower pile depths , bu t this was 
no t pursued since the pile stresses at those depths 
are likely to be less than tho s e near the t op of t h e 
pile. 
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Figure 15. Bending moment in pile. 
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Figure 16. Comparison of calculated, yield, and plastic moments. 
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Pile Stresses 

Pile bending moments for four sets of soil constants 
are shown in Figure 15. For the more firm soil 
(KS = 60 pci) , the maximum moment is 1842 kip• in. 

The maximum moment at the top of the pile is con­
trolled primarily by the modulus of subgrade reac­
tion KSl. Holding KSl constant and doubling KS2 
will have less than a 5 percent influence on the 
maximum moment. At the top of the pile, the maximum 
moment causes tension on the inside edge of the 
flange. Going down the pile, the moment goes to 
zero and increases to cause tension on the outside 
edge of the flange. These maximum moments are about 
23 percent of the top maximum moments and occur at 
7-10 ft below the top of the pile. 

Bending moments are related to bending stress by 
F = M/S, where F is the bending stress, M is the 
bending moment, and s is the elastic section modulus 
for the pile. HP10x42 piles were used in the abut­
ment with the minor axis of the pile in line with 
the longitudinal axis of the bridge. The elastic 
section modulus for the pile is 14.2 poi. Based on 
the maximum bending moments from Figure 15, the max­
imum bending stresses are 9.6, 33.4, 59.3, and 129.7 
ksi. Since some of these moments are beyond the 
yield strength for the steel, the assumed elastic 
behavior for the analysis model was not correct. 

Bending moments for that case that most closely 
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fits the actual pile deflections are shown in Figure 
16. The lower portion of Figure 16 shows a plot of 
the calculated moment in the pile, and the upper 
portion shows a plot of the range in moments to 
cause yielding in the pile for different yield 
strengths of steel. The yield moment occurs when 
the outer fiber of the flange reaches the yield 
stress. The plastic moment occurs when the strain 
has been sufficient to cause yielding at middepth of 
the member . The guaranteed minimum yield strength 
(Fyl for the pile steel was 36 ksi. Very little 
steel would be produced at that level, and the aver­
age value would be closer to 40 or 44 ksi. If 44 
ksi is used as the yield strength of the steel, then 
yielding took place in less than the top 1 ft of the 
pile, and at the top of the pile the yielding was 
only on each outer one-fourth depth of the flange. 

Are the calculated stresses in Figure 16 correct, 
since the model was based on an elastic analysis and 
the stress nesr the top of the pile was beyond the 
elastic limit? The error is believed to be minor 
because the yielding was not sufficient to form a 
plastic hinge. 

CONCLUSIONS 

Based on the one year of measurements at the bridge 
and study of the data, the following conclusions 
were made: 

1. The maximum change in length of the bridge 
due to thermal change can be estimated by using a 
temperature change equal to 

DT = Tl - 72 + (T3 - Tl )/3 (I) 

where 

Tl = air temperature at dawn on the hottest day, 
T2 = air temperature at dawn on the coldest day, 

and 
T3 maximum air temperature on the hottest day • 

2. The above change in bridge length agrees well 
with changes in lt!ngth determined trom tape measure­
ment and measurements of openings in expansion 
joints. 

3. The change in bridge length did not result in 
equal movement at the two ends of the bridge. At 
the point of maximum bridge shortening, the south 
abutment moved in 1.96 in and the north abutment 
moved in 0.74 in from their initial August positions. 

4. In one year, the gap between the abutment and 
the backfill closed about 0.5 in on the north abut­
ment and 0.75 in on the south abutment. 

5. The vertical movements of the abutments and 
piers were nearly zero. 

6. The method of measuring pile stresses 
failed. However, pile stresses were calculated and 
resulted in pile displacements that matched those 
from the slope indicator measurements. For the max­
imum measured abutment movement of 1.96 in, the 
stress at the top of the pile was sufficient to 
initiate a yield stress in the steel but not suffi­
cient to cause the formation of a plastic hinge. 

7. An analytic model was used to predict 
stresses in the piles due to movements of the abut­
ments. The two parameters that have the most influ­
ence on pile stresses are the amount of abutment 
movement and the modulus of subgrade reaction near 
the upper portion of the pile. 
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Effective Coefficient of Friction of Steel Bridge Bearings 
ALI MAZROI, LEON RU-LIANG WANG, AND THOMAS M. MURRAY 

A study to determine experimentally the effective coefficient of friction of four 
classes of steel bridge bearings used by the Oklahoma Department of Transpor­
tation is reported. As-built, rusted, and in situ (debris at the moving surfaces) 
conditions were tested by using full-scale bearings under normal loads to 250 000 
lb. In addition, the effects of manufacturing tolerances on bearing performance 
were analyzed. From the tests it was found that unturned pipe rollers exhibit 
the lowest effective coefficient of friction of the four rolling devices tested. For 
turned pipe rollers it was found that the equivalent coefficient of friction is a 
function of the amount of horizontal movement from the centerline. A geomet­
ric explanation was devised, and excellent agreement between predicted and 
measured results was achieved . Tests with a pintle rocker showed that fabrica­
tion inaccuracies, especially in the sole plate socket radius, can significantly af­
fect the performance and effective coefficient of friction of the bearing. In all 
cases, tests with rusted bearing plates or with saad spread over the lower bearing 
plate showed significant increases in the effective coefficient of friction . 

Expansion and contraction caused by temperature 
changes, deflection, relative support settlement, 
creep, and other factors will produce motion in a 
bridge. The movement is very slow, but the forces 
involved can be tremendous and usually are accommo­
dated by bearings at piers or abutments. If the 
bridge does not have the ability to move, because 
either it does not have a bearing or the bearing is 
not working, it pushes and tears at its supports 
until it achieves the ability to move. 

Even if the bearing is working properly, hori­
zontal force is transmitted to the pier or abutment 
through friction caused by relative motion of the 
bearing parts or by eccentric loading of the bearing 
as found in certain "pipe" bearings. This force 
must be accommodated in the design of the supporting 
structure: if not, structural damage can occur. 

The purpose of this study was to determine exper­
imentally the effective coefficient of friction of 
several classes of bridge bearings used by the Okla­
homa Department of Transportation (ODOT). Both as­
built conditions and simulated conditions, as found 
after several years of use, were used in the testing 
program. A thorough literature search revealed that 
very few studies of the behavior of complete bearing 
assemblies have been conducted and that specifica­
tion provisions have been based on classic values of 
coefficients of friction between sliding parts with­
out regard to effects of manufacturing tolerances or 
environmental effects. This study is an attempt to 
assess these effects and to provide guidelines to 
establish accurate estimates of horizontal force 
requirements for the class of bearings tested. 

For the purpose of this study, the effective 
coefficient of friction (µeffl is defined as 

(I) 

where F is the horizontal force to overcome the 
resistance to allow motion and N is the normal force 
applied to the bearing. The value of F was deter­
mined experimentally for the entire assembly for an 
applied normal force N, from which \Jeff is cal­
culated. 

BACKGROUND 

Many types of bearing devices are used to accommo­
date bridge movement: single rollers, groups of 
rollers, rockers, elastomeric pads, sliding plates, 
sliding tetrafluorethylene (TFE), etc. In general, 
bridge bearings can be classed in two categories: 
elastomeric and mechanical <.!.>· According to a 
recent National Cooperative Highway Research Program 
synthesis on the design, fabrication, construction, 
and maintenance of bridge bearings (2), the elasto­
meric bearing pad is perhaps the -best expansion 
bearing because it is unaffected by weather (e.g., 
it has no moving parts to freeze), has nothing to 
corrode, is low in cost, and requires almost no 
maintenance. However, elastomeric bearing pads are 
limited to 700 psi for vertical load capacity and 3 
in for horizontal movement and their success depends 
on the quality of the material. On the other hand, 
for mechanical bearings the movements and rotations 
are accommodated by rolling, rocking, or sliding 
actions, usually on metal parts that can accommodate 
much larger bearing pressures. Furthermore, mechan­
ical bearing devices can be designed for virtually 
unlimited horizontal motion (2). 

One of the simplest type; of mechanical bearing 
is the roller or "pipe roller", simply a piece of 
steel pipe with a stiffener as shown in Figure la. 
The load-carrying capacity of the roller is a func­
tion of its radius and can be found from the follow­
ing formula (}.) : For diameters up to 25 in, 

P = [(Fy - 13 000)/20 000) 600 d (2) 

and for d i ameters f rom 25 to 125 in , 

P = [(Fy - 13 000)/20 000] 3000 Yd (3) 

where 

p = 
d 

Fy 

allowable bearing (lb/linear in), 
outside diameter of the roller (in), and 
minimum yield point in t e nsion of the steel 
in the roller or bearing plate , whichever is 
the smaller (psi) . 


