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Expansion and contraction of integral abutment bridges due to temperature
changes force integral bridge abutments (IBAs) to move toward and away from
the backfill, thus increasing horizontal earth pressures behind the abutments
and inducing bending moments on pile foundations. This paper presents the
state of knowledge and recent advances in understanding the behavior of IBAs
in response to temperature changes including abutment movement, pile
response, and horizontal earth pressure behind the abutment, examines the
effect of bridge skew on the behavior, and discusses possible measures to
mitigate temperature change-induced problems for IBAs. Field data show that
both bending moments of piles near the bottom of abutments and axial loads of
piles fluctuated with temperature. Redistribution of dead loads among bridge
components due to planar temperature gradients and earth pressure changes
behind the abutment contributed to axial load fluctuations in piles. Magnitude
and distribution of horizontal earth pressures behind the abutment depend on
factors such as abutment movement and abutment movement mode. Most of
the current design methods overestimated the horizontal earth pressures at the
bottom of the abutment during bridge expansion. Compressible inclusions
placed behind the abutment, geosynthetic-reinforced backfill, and lightweight
backfill in place of typical aggregate backfill are helpful to reduce horizontal
earth pressures behind the abutment at high temperatures and temperature
change-induced backfill settlements.
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Introduction

Integral bridges can be classified into three types: 1) full integral bridge
(i.e., bridge decks as components of the superstructure rigidly connected to
abutments as a monolithic unit); 2) semi-integral bridge (bridge decks not
rigidly connected to abutments); and 3) deck-extension bridge (bridge decks not
connected to abutments but extending over abutments) (Weakley, 2005). This paper
refers to full integral bridges as integral abutment bridges (IABs). Figure 1 shows the
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FIGURE 1

Connection between bridge superstructure and abutment of: (A) conventional bridge and (B) integral abutment bridge.

connections between superstructures and abutments of
conventional bridges and IABs. In a conventional bridge,
the bridge superstructure is simply supported by abutments
or piers via movable shoes or hinged shoes (Tatsuoka et al.,
2009) while the bridge superstructure in an IAB is rigidly
connected to its abutments or piers to form a monolithic unit
(Jorgenson, 1983). IABs have several advantages over
conventional bridges including but not limited to: 1) lower
total cost due to elimination of expensive material, and
installation and maintenance of shoes; 2) better riding
quality due to elimination of expansion joints; 3) more
rapid and economical construction because of fewer piles
required to support the abutment (Tatsuoka et al., 2009); 4)
simpler design by simplifying the bridge superstructure,
piles, abutments into a continuous frame structure (Burke,
1993); 5) higher seismic stability due to rigid connections
between bridge superstructures and abutments; 6) smaller
buoyancy loads during hurricanes and tsunamis due to
thinner bridge superstructures (Tatsuoka et al., 2009); 7)
larger resistance against uplift forces acting on the ends of
bridge superstructures; and 8) more structural components
to resist horizontal loads (e.g., braking forces). However, the
inherent problems of IABs include: 1) relative movement
(e.g., differential settlement between abutments and piers),
inducing additional shear force and moment in the
continuous frame structure; 2) seasonal and daily
temperature changes, causing backfill settlements and
(Liu et 2020); 3)
expansion of bridge superstructures at high temperature,

aggravating bump problems al.,
inducing bending moment in the bridge superstructure,
and high horizontal earth pressures behind the abutment
that cause large shear forces and bending moments to the
abutment in turn; 4) horizontal displacements of piles
induced by expansion and contraction of the bridge
superstructure, reducing vertical bearing capacity of the
piles and even causing yielding of the piles due to plastic
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hinging (Greimann and Wolde-Tinsae, 1998; Frosch et al,,
2006); 5) contraction of bridge superstructures, resulting in
rotation and cracking in wing walls (Wolde-Tinsae and
1987); and 6) unbalanced moments in the
horizontal plane if the from both
abutments do not balance each other in skewed IABs

Klinger,
horizontal loads

(Burke, 1993). Abutment movements in IABs have caused
most of the above inherent problems. Earth pressure,
hydrostatic pressure, traffic, impact, wind, and seismic
loading can all induce abutment movements in both
conventional bridges and IABs. However, some factors,
such as thermal (daily or seasonal) expansion and
contraction of bridge superstructures, concrete shrinkage,
and material creep, cause abutment movements in IABs (Ooi
et al., 2010). Barker and Carder (2001) found that 85% of
shrinkage and creep of bridge superstructures occurred
the first 3 years

construction. However, unlike thermal expansion and

approximately within after bridge
contraction that move the abutment toward and away
from the backfill, shrinkage and creep only pull the
away from the backfill. Therefore, the

of bridge superstructures induced by

shrinkage and creep of concrete may be more than the

abutment
contraction

expansion of bridge superstructures at high temperatures
for short-span IABs (Ooi et al, 2010). As a result, high
horizontal earth pressures behind the abutment may not
be an issue of concern for some short-span IABs.
Researchers and engineers have increasingly paid
attention to the behavior of IABs, especially as a result of
temperature changes. The performance of IABs depends on
site characteristics and bridge geometries. For example,
abutment movements in IABs depend on the type of
abutment and the type of soil supporting the abutments.
Darley and Alderman (1995) found that abutment rotation
was the primary movement mode due to temperature
changes when the abutment was supported by a spread
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footing seated on a strong soil. However, abutment
translation was the dominating movement mode of the
short abutment supported on steel H-piles, due to the
expansion and contraction of the bridge superstructure
(Kim and Laman, 2012). To understand the state of
knowledge in IAB behavior and performance, this study
conducted a comprehensive literature review including
33 monitored IABs and the relationship between air
temperature and temperature in IABs. Based on the
literature review, this paper summarizes the performance
of TABs in response to temperature changes including 1)
abutment movements; 2) horizontal earth pressures behind
the abutment; and 3) pile responses, and discusses the effect
of bridge skew. Furthermore, this paper presents recent
advances in measures to mitigate temperature change-
e.g., of
compressible inclusions, use of geosynthetics to reinforce
backfill, and use of lightweight backfill.

induced abutment problems, utilization

Background and common practice of
integral abutment bridges

In the late 1930s and early 1940s, the U.S. started to
construct IABs, followed by the United Kingdom in the
1970s. In the United Kingdom and Ireland, IABs with a
length up to 60 m and a skew not exceeding 30° are only
permitted if there are no overriding reasons (British
Highways Agency, 2003). The US Federal Highway
Administration (FHWA) suggests the lengths of IABs
should be less than 91, 152, and 183 m if bridge girders
are steel, cast-in-place concrete, and prestressed or post-
stressed concrete, respectively. However, IABs with a length
up to 305 m are permitted in Louisiana, and a skew angle up
to 45° is allowable in California and Nevada (Lan, 2012).
Figure 2 shows the four types of integral bridge abutments
classified by British Highways Agency (2003) including 1)
frame abutment; 2) embedded abutment; 3) bank pad
embankment; and 4) end screen abutment (typical for
semi-integral bridges). The United Kingdom practice
prefers the frame abutment because the bridge and the
approach pavement are believed to settle equally, thus
avoiding a differential settlement at the interface between
the abutment and its adjacent pavement. According to a
survey, Maruri and Petro (2005) reported that more than
70% of state agencies in the U.S. preferred to use embedded
H-piles for their IABs. The reason for this preference is that
H-piles allow abutments to translate and rotate easily in
response to the expansion and contraction of bridge
superstructures (White et al., 2010).

Table 1 presents the summary of 33 monitored IABs from a
literature review. This table shows that steel H-piles (HP),
steel tube (CFT) piles,

concrete-filled spread footings
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(i.e, frame abutments), precast concrete (PC) piles, and
prestressed precast concrete (PCC) piles are used to support
the abutments in real projects. The dimensions of CFT are
expressed as “outer diameter x thickness of steel tube.” For
example, “0.356 m x 0.008 m” means the outer diameter of
the CFT was 0.356 m and the thickness of the steel tube was
8 mm. Six IABs in Table 1 used shallow foundations to support
their abutments and the maximum bridge length of these bridges
was 60 m. Six IABs with lengths ranging from 33 to 110 m used
concrete-related piles including CFT, PC, PPC piles to support
their abutments, while the remaining 21 IABs with lengths
ranging from 18.9 to 297 m used steel H-piles to support their
abutments. Steel H-piles are susceptible to corrosion and carry
applied loads mostly through their skin friction and/or end
bearing (e.g., bedrock). As a result, steel H-piles are a good
choice in stiff soils or where bedrock is close to the surface
(Kamel et al., 1996), but concrete piles are a better choice than
H-piles in a corrosion-susceptible and scour-susceptible
environment (Ooi et al., 2010). In addition, concrete piles are
a preferred alternative to steel H-piles where the length of the
H-piles in sand and/or aggregate exceeds 30 m because the steel
H-piles are expensive and impractical if they become too long. In
addition, concrete piles with large cross-sections may densify
soils during pile driving thus increasing the pile load capacity
(Kamel et al., 1996). Based on a finite-element study, Civjan et al.
(2007) observed that the backfill condition affected the
of IABs the
expanded at high temperatures, while the pile restraint

performance predominantly when bridge
condition affected the performance of IABs predominantly
when the bridge contracted at low temperatures. As the IAB
expanded, denser backfill increased abutment rotation, reduced
pile moment, and increased horizontal earth pressures behind
the abutment. In addition, less pile restraint increased horizontal
earth pressures behind the abutment as the IAB expands. As the
IAB contracted, less pile restraint reduced abutment rotation and
pile moment.

High horizontal earth pressures behind abutments are one of
the design and performance concerns for IABs. Pressure relief
systems have been adopted in IABs at times in the past. For
example, the Cass County Bridge (Jorgenson, 1983) used
corrugated metal plates to retain the backfill behind the
abutment, and then placed vertical pressure relief strips
between the abutment and the corrugated metal. When the
bridge superstructure expanded, the strips were compressed,
thus reducing the deformations of the backfill and the
horizontal earth pressures behind the abutment. Compressive
materials were glued to both sides of the web of H-piles in this
bridge. This practice reduced the resistance of H-piles to
In addition to

compressive materials, other measures have been commonly

longitudinal movements of the bridge.
used to reduce the restraints from piles. For example, placing

a corrugated polythene pipe sleeve into a predrilled hole and then
backfilling the hole with loose sand or aggregate after H-pile
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TABLE 1 Summary of instrumented IABs in the field.

References

Elgaaly et al. (1992); Sandford and Elgaaly,

(1993)

Darley and Alderman, (1995)
Darley and Alderman, (1995)
Darley et al. (1998)

Barker and Carder, (2001)
Laaksonen, (2011)

Frosch et al. (2006)

Abendroth et al. (2007)
Qoi et al. (2010)

Pétursson and Kerokoski, (2013)

Huffaker, (2013)
Kong et al. (2015)
Jorgenson, (1983)
Girton et al. (1991)
Girton et al. (1991)
Lawver et al. (2000)

Civjan et al. (2004); DeJong et al. (2004)

Brena et al. (2007)
Hassiotis et al. (2005)
Frosch et al. (2006)

Frosch et al. (2006)
Shoukry et al. (2006)

Huntley, (2009); Huntley and Valsangkar,

(2013) and (2014)
Kalayci et al. (2012)
Kim and Laman, (2012)
Kim and Laman, (2012)
Kim and Laman, (2012)
Kim and Laman, (2012)

Length (m)

56.7
48
60
50.2
28.0
110.1

30
24.4

50

97.4

91 (only first eleven spans)
135

97.35

96

66

82.3

45.6
44.8
76

67.6
128

52.4
34.7
18.9

Skew

angle
(degrees)

20

Curved
Curved
0

45

30

25
55

Curved

o © ©

Span length
(m)

50.3

2@28.4

2@24

26.3, 23.9

8,12, 8

18.6, 3@24.3, 18.6

33

24.4

15.5, 19, 15.5
25.8, 45.8, 25.8
6@22.5

24, 2@24.7,24

294,372,294
3@22
24.4, 335, 244

26, 3@29.5, 34.4, 4@30.5, 26

2@22.8
14.78, 15.24, 14.78
2@38

2@33.8

26.8, 2@37.2, 26.8
14.3, 26.8, 11.3
34.7

18.9

Girder type

Five inverted U steel
frames

Reinforced concrete deck
Reinforced concrete deck
12 precast PC beams

Reinforced concrete deck

Five PPC girders

Five PC girders

12 precast concrete
voided planks

Reinforced concrete deck

Eight PC girder

Five PC box girders

PC girders (C80R)

steel girder

Four PPC bridge girders

Four steel plate girders

Four prestressed
concrete girders

Seven W steel girders

Eight PC girders

Five steel plate girders
Four PC girders
Four PC girders
Four PC girders
Four PC girders

Pile type
and bending
orientation

Shallow foundation

Shallow foundation
Shallow foundation
Shallow foundation
Shallow foundation
Shallow foundation
CFT

0.356 m x 0.008 m

0.3 m x 0.3 m PC piles
Drilled shafts

CFT

0.711 m x 0.014 m
Driven piles (0.32 m)
PPC piles

HP 250 x 62 (weak axis)
HP (strong axis)

HP 310 x 79 (weak axis)
HP 250 x 85 (weak axis)

HP 360 x 152

HP 360 x 132 (strong axis)

Bridge
width
(m)

113

9.75
12.4

18.1
11.9
14.4

9.1
17

11

21.3
15
9.6
12
9.6
12
9.8

HP 310 x 79 (Weak axis) and CFT piles (0.368 m x 0.006 m) --

HP 310 x 79
HP 310 x 132

HP 360 x 174

HP 310 x 110 (weak axis)
HP 310 x 110 (weak axis)
HP 310 x 110 (weak axis)
HP 310 x 110 (weak axis)

134
17.6

113
129
13.6
13.6
13.6

(Continued on following page)
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HP 310 x 110 (weak axis)

HP 310 x 125

Four PC girders

18, 27, 18

37
43

10
15

63

Kirupakaran et al. (2012)

14.2

Five steel plate girders

37
43

(2012), Civjan et al. (2013)

Kalayci et al.

10.2
7.9

HP 310 x 125

Five steel plate girders

Kalayci et al. (2012); Civjan et al. (2013)

HP 250 x 85 (weak axis)

Four I-shaped plate

girders

25.9, 454, 259

Curved

98.3

Deng et al. (2015)

21

HP 360 x 174

Eight plate girders

38.1, 46.3, 46.3, 36.6

56.2

30

167.3
56.2

LaFave et al. (2017)

21

HP 360 x 132

Ten plate girders

42.5

LaFave et al. (2017)
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driving allow large bending of the piles when the bridge
superstructure expands or contracts, thus reducing the
moment induced in the H-piles (White et al., 2010).
Additionally, some states in the U.S. require the strong axis of
H-piles to be parallel to the bridge expansion and contraction
direction, thus reducing the bending resistance from the H-piles
when the bridge superstructure expands or contracts.
Furthermore, loose aggregates have usually been placed
between the back of the abutment and the backfill to create a
compressible inclusion right behind the abutment, thus reducing
horizontal earth pressures on the abutment when the bridge
superstructure expands. Abendroth et al. (2007) even suggested
the utilization of carpet wrap on top of concrete piles to reduce
rotational constraints to the abutment so that the abutment could
move with a pinned connection to the piles. Also, Kim and
Laman (2012) reported that the use of a non-rigid bridge-to-
abutment construction joint in bridge design could permit
differential rotation (i.e., the abutment could rotate less than
the bridge superstructure), thus reducing the induced moment in
the piles.

Accurate predictions of horizontal earth pressures behind
abutments induced by the expansion of bridge superstructures
are critical for abutment design and performance. However,
the existing methods to predict horizontal earth pressures
behind the abutment vary from country to country and even
from agency to agency (White et al., 2010; Sigdel et al., 2021).
Germany uses passive horizontal earth pressures behind the
abutment, while Ireland and England use intermittent
horizontal earth pressures between “at-rest” earth pressures
and passive earth pressures depending on the movement
magnitude of an abutment. In addition to “at-rest” earth
pressures, Sweden considers additional horizontal earth
pressures induced by the abutment movement toward the
backfill. According to Maruri and Petro (2005), different
agencies in the U.S. used different horizontal earth
pressures behind the abutment, e.g., from active earth
pressures to passive earth pressures, and some agencies
even did not consider horizontal earth pressures behind the
abutment. The commonly used methods to predict horizontal
earth pressures behind the abutment will be presented and
discussed later in this paper.

Relationship between air and bridge
temperatures

Length change (AL) of a bridge superstructure without any
end constraints due to a uniform temperature change is the
product of the bridge superstructure length (L), the
temperature change (AT), and the thermal expansion
coefficient of bridge superstructure material («). According
to the field monitoring results of an IAB, Jorgenson (1983)
suggested that the temperature change calculated by adding
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the air temperature difference at dawn between the hottest day
and the coldest day and one-third of the maximum air
temperature change on the hottest day should be used to
estimate the maximum length change of IABs. However, the
temperature distribution in the bridge structure is typically
non-uniform since its superstructure components are made of
different materials. Based on the distributions of temperature
changes and materials in the bridge superstructure, its cross-
section has many parts (e.g., n parts). Girton et al. (1991)
proposed Eq. 1 to calculate the overall length change of a
bridge superstructure:

Y (AT E;A;) L

AL =
Z:-Ll (EjAj)

1

in which aj, AT, Ej, and Aj are the thermal expansion
coefficient, the temperature change, the elastic modulus, and
the area of the jth part, respectively.

Temperature gradients in a bridge deck are mainly caused
by solar radiation and distributed in the longitudinal and
transverse directions. However, the vertical temperature
distribution in a bridge superstructure mainly depends on
heat transfer rate, heat capacity, heat source, heat sinks in the
superstructure, and superstructure geometry (Sandford and
Elgaaly, 1993). Abendroth et al. (2007) found that the vertical
temperature gradient in the bridge superstructure changed
daily and seasonally. During daytime and in summer months,
heat transfer—typically from the bridge deck surface exposed
to solar radiation to the bridge girder bottom in
shadow—resulted in temperature reductions as the depth
increases (i.e., positive thermal gradient). An asphalt overlay
cover can further increase the temperature on the bridge deck
surface at daytime and in summer months. At night and in
winter months, the temperature typically decreases with
depth (i.e., negative thermal gradient) because the bridge
deck surface is more affected by the cooling effect of
atmosphere (air temperature and surface convection
behavior like wind) than the bridge girder. In addition,
the vertical temperature gradient in the superstructure is
more significant in summer than that in winter because of
higher solar radiation in summer. Based on four subdivided
radiation zones in the U.S., AASHTO (2014) specified the
positive and negative thermal gradients with consideration of
structure materials, geometries, and overlay types. The
existence of underground water would also cause
temperature differences between two abutments of a
bridge. If one abutment is exposed to underground water
and the other abutment is not, underground water would
cool the abutment in summer months and warm the
abutment in winter months, causing lower temperatures in
summer but higher temperatures in winter as compared with
those temperatures in the other abutment not exposed to

underground water (Abendroth et al., 2007). Furthermore, it
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that
bridge superstructure lag that of the atmosphere during

is  recognized temperature changes in a
a day.

Calculation of bridge length changes directly based on
air temperature would induce some errors because air
temperature cannot represent the temperature of the
entire bridge superstructure. To minimize these errors,
Girton et al. (1991) introduced the concept of effective
(EBT), based on the

maximum and minimum air shade temperatures with

bridge temperature which s
adjustments considering the bridge girder type and the
temperature gradient the bridge superstructure.
According to Hallmarkl (2006) and Arsoy (2008), the
seasonal EBT can be approximated by Eq. 2 (a sine

in

function).

EBT(t) = EBTumy sin(i om - to) YEBT,, ()
365
where EBT ., is one half of the difference between the maximum
seasonal EBT (EBT,,.) and the minimum seasonal EBT
(EBTpmin)s i€s EBTamp = (EBTpmay — EBTin)/2s EBTyg is the
average of seasonal EBTs; t is the number of days within one
year (1-365), starting from the beginning of calendar year, on
which the temperature [EBT(t)] is calculated; and to is the
adjustment factor to match the equation to the historical
EBTs. Razmi et al. (2013), Razmi et al. (2014), and Razmi
and McCabe (2020) concluded that Eq. 2 predicted the

seasonal  temperature changes conservatively and
represented the most extreme seasonal temperature
changes. AASHTO (2014) suggests two procedures

(Procedures A and B) to estimate the EBT range. Procedure
A determines the EBT ranges for bridges with concrete decks
on concrete beams (concrete bridges) or on steel girders (steel
bridges) based on the number of freezing days per year
(i.e., moderate climate if the number of freezing days is less
than 14, otherwise cold climate). For example, the EBT ranges
for steel bridges under moderate and cold climates are —17.8
to 48.9°C and -34.4 to 48.9°C, respectively, in the
United States while the EBT ranges for concrete bridges
under moderate and cold climates are —12.2 to 26.7°C and
—17.8 to 26.7°C, respectively. Procedure B suggests two maps
for the maximum EBTs and another two maps for the
minimum EBTs based on the locations in the United States
to estimate the EBT range for steel bridges and concrete
bridges. In addition to temperature changes, horizontal
earth pressures behind abutments and restraints from piles
affect
contraction (Liu et al, 2021b). For example, as the

supporting abutments bridge expansion and
temperature increases, the bridge superstructure expands
and is resisted by the increased horizontal earth pressures
behind the abutment and the restraints from the piles. As a
result, the bridge expands less than the bridge length change

(AL) without any restraints.
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Behavior of integral abutment bridges
Abutment movement

In general, backfill is placed after abutments and bridge
girders/decks are integrally constructed. Considering the type
and rigidity level of footings under abutments, abutment
performance can be evaluated in terms of three abutment
groups: 1) frame bridge abutment, 2) concrete pile-supported
abutment, and 3) steel H-pile-supported abutment.

Frame bridge abutment

A frame bridge abutment needs to be massive to resist large
shear forces and moments induced by high horizontal earth
pressures on the back of the abutment when the bridge
superstructure expands. This type of abutment requires
spread footings large enough to prevent soil bearing failure
and excessive settlement. The frame bridge accommodates
expansion and contraction of its superstructure through
horizontal movements and rotations of the abutment and/or
hogging/sagging of its superstructure, depending on the
restraint from its abutments. If the restraint from the
abutment is large, the horizontal movement of the abutment
will be small but hogging/sagging of its superstructure will be
significant (Darley and Alderman, 1995). For this type of
the

superstructure have little effect on the performance at the

abutment, expansion and contraction of bridge
base of the frame bridge abutment when the soil under the
spread footing is strong enough. However, it is possible that the
spread footing may translate and tilt if the soil underneath is not

strong (Darley et al., 1998).

Concrete pile-supported abutment

Ooi et al. (2010) found that drilled shaft (one type of concrete
the
movements during construction and seasonal temperature

piles)-supported abutments might have following

changes:

1) Before placement of planks, backfilling behind the abutment
caused the drilled shafts to bulge out from the backfill,
forming a pre-deflected profile in the abutment-pile system
when the subsurface soil was composed of soft highly plastic
clays. Placement of the planks induced the drilled shafts to
bulge out more from the backfill without causing significant
rotation of the abutment and the shafts. The loads from
cranes during the placement of the planks might counteract
the rotation tendency of the abutment.

2) The bridge superstructure expanded and contracted with
daily temperature changes. The expansion of the bridge
superstructure pushed the abutment toward the backfill
from morning to afternoon, and then the contraction of
the bridge superstructure pulled the abutment away from
the backfill from afternoon to night. The daily temperature
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change effect was more pronounced in the abutment facing
solar radiation, e.g., the abutment facing south in the U.S.

3) The abutment had an accumulated movement away from the
backfill over years. This accumulated movement might be
attributed to 1) creep and shrinkage of the bridge
superstructure and 2) increased restraint from the backfill
when the backfill material from the top filled the gap created
when the abutment moved away from the backfill in winter.

4) A high stream level in winter and a low stream level in
summer might induce abutment movements in unexpected
directions, i.e., movement away from the backfill in summer
but toward the backfill in winter.

Frosch et al. (2006) observed that the CFT-supported
little
temperature changes, and they attributed smaller abutment

abutments translated and rotated very due to
movements than expected to the backfill restraint, the pile
resistance, and the friction from the approach slab. In
addition, Kong et al. (2015) found that the abutment rotation
only contributed to 10% the total abutment movements due to
the temperature increases. In addition to compaction, moisture
content, and backfill type, the geometric configuration of a bridge
(e.g., different elevations for two abutments in an IAB) could
cause the movement differences between the two abutments
(Abendroth et al., 2007). For instance, the abutment at the
higher elevation moved less than the other abutment at the

lower elevation if the bridge surface had a gradient.

Steel H-pile-supported abutment

After constructing bridge decks, Shoukry et al. (2006)
observed that the abutment deflected away from the bridge
before placement of the backfill and then the abutment moved
back to its initial position after placement of the backfill. Lawver
et al. (2000) found that horizontal translation rather than
abutment rotation was the primary abutment movement
mode in response to expansion and contraction of the bridge
superstructure. However, Civjan et al. (2013) observed that
abutment base movements were just 1/3 to 1/2 of the
abutment top movements induced by abutment rotation. In
addition, of the
accumulation, and compaction behind the abutment, or

shrinkage bridge superstructure, soil
continued cambering of the bridge superstructure might result
in the abutment movements away from the backfill over time. For
H-pile-supported abutments, the flexural stiffness of the
superstructure, the rotational restraints from H-piles, and the
backfill material all affected the abutment rotation (Brefa et al.,
2007). Brena et al. (2007) pointed out that the longitudinal
restraint to the bridge decks from the backfill was negligible
and the restraint to the abutment base from the backfill changed a
little over years. In addition, based on the field monitoring
results, Breia et al. (2007) concluded that the compaction-
induced restraint difference of the backfill disappeared after a

few years. Kim and Laman (2012) concluded that the H-pile-
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FIGURE 2

T

Types of integral abutments: (A) frame abutment; (B) embedded abutment; (C) bank pad abutment; and (D) end screen abutment [modified

from British Highways Agency (2003)].

supported abutment movements due to the temperature changes
depended on the abutment height and the bridge length. For
example, the tall abutments experienced larger rotation as
compared with the short abutments. Furthermore, due to the
bridge-to-abutment construction joint, the abutment rotated less
than the bridge superstructure, reducing the moments in H-piles
induced by the abutment movements.

Horizontal earth pressure behind
abutment

Barker et al. (1991) indicated that the coefficient of horizontal
earth pressure (ie., the ratio of horizontal earth pressure to
vertical earth pressure) behind the abutment depended on the
ratio of the abutment top movement to the abutment height and
the backfill relative density. In other words, the horizontal earth
pressure coefficient is the same no matter whether the abutment
top movement is induced by abutment rotation or translation.
Design methods following the theories of Rankine (1857) or
Coulomb (1776) to predict horizontal earth pressures behind the
abutment often assume the backfill mobilizes its passive state, in
which the horizontal earth pressure behind the abutment is
calculated as the product of passive earth pressure coefficient
(K}) and vertical earth pressure (i.e., product of soil unit weight, y
and depth, z). Rankine’s and Coulomb’s passive earth pressure
coefficients are expressed in Eqgs. 3, 4, respectively:

_ 1+sing

3)

K, =
P 1 —sing

cos’g
- - 2
cos 0 - [1 + \lism(f:fe)sm"’]

where ¢ is the friction angle of the backfill, 6 is the interface

Kp = (4)

friction angle between the abutment and the backfill. Broms
and Ingelson (1971) suggested that horizontal earth pressures
behind the abutment should increase linearly from zero at the
abutment top to Rankine’s passive horizontal earth pressure at
two-thirds of abutment height, and then decrease linearly to
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Rankine’s active earth pressure at the abutment base.
Sandford and Elgaaly (1993) suggested that the horizontal
earth pressure should decrease linearly from Rankine’s passive
earth pressure at two-thirds of the abutment height to the at-
rest earth pressure at the abutment base. However, the
experimental studies (Terzaghi, 1936; Rowe, 1954; Sherif
et al., 1982; Fang et al,, 1994) showed that the magnitude
and the distribution of horizontal earth pressures behind the
abutment depended on both the abutment movement mode
and the abutment movement magnitude and the horizontal
earth pressures behind the abutment did not increase linearly
along the whole abutment. Massachusetts Department of
Transportation (MassDOT) (2007) proposed Eq. 5 to
calculate the horizontal earth pressure coefficient for
different abutment top movements for a standard backfill
material (i.e., compacted gravel):

490(%)
K=043+57[1-¢ | (5)
where § is the abutment top movement toward the backfill and H
is the abutment height. In addition to the at-rest earth pressures
behind the abutment, Sweden (Bro, 2004) proposed Eq. 6 to
calculate the additional horizontal earth pressures behind the
abutment induced by the abutment movement toward the
backfill. Equation 6 can be used to calculate the additional
horizontal earth pressures behind the abutment within the
upper half-height and then the additional horizontal earth
pressures decrease linearly from the middle height to zero at
the abutment base:

i (o)
AP =Cyz— [ —<0.005 (6)
H H
where C is a constant, equal to 600 for temperature change-
induced earth pressures.

For abutments with combined behavior of translation and
rotation, the UK Highways Agency proposed Eq. 7 to calculate
the horizontal earth pressure coefficient for the backfill within the
upper half of the abutment (British Highways Agency, 2003).
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Horizontal earth pressures behind the abutment predicted for the loose and dense backfills based on: (A) the methods independent of the
abutment movement, (B) the methods dependent on the abutment movement for the loose backfill, and (C) the methods dependent on the

abutment movement for the dense backfill.

Then, the horizontal earth pressure decreases linearly to the at-
rest horizontal earth pressure from the middle height to the
abutment base.

0.6
K=K+ (C"’?‘Sd> K, (K<K,)

Frontiers in Built Environment

09

where &, is typically 50%-70% the abutment top movement,
based on an assessment of the rotation and flexure in the bridge-
abutment-foundation system; K, is the at-rest horizontal earth
pressure coefficient (i.e., 1-sing); Cyq can be calculated by Eq. 8
based on the elastic modulus of the foundation soil supporting
the backfill (E; in MPa):
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Ca=051E +149 20<Cy <66 (8)
and K;, is Coulomb’s passive earth pressure coefficient when
the interface friction angle between the abutment
and the backfill is taken as half of the friction angle of the
backfill.

Using the data presented in Civjan et al. (2007), ie., a
dense backfill soil having a density of 2,240 kg/m’ and a
friction angle (¢) of 45° and a loose backfill having a
density of 1760 kg/m’ and a friction angle of 30°, the
horizontal earth pressures behind the abutment were
predicted by different methods for a 6-m tall IBA with
dense and loose backfill as shown in Figure 3. The UK
Highways Agency method used 20 for C4 and 50% the
abutment top movement for §; because H-piles commonly
used to support IABs are flexible. In addition, the Sweden
design method and the Massachusetts Department of
Transportation (MassDOT) design method used §; equal to
0 when the abutment had the same movement at its active and
passive positions. The horizontal earth pressures behind the 6-
m tall abutment were predicted by the MassDOT, Sweden, and
UK Highways Agency methods when the abutment top moved
0.025, 0.05, or 0.10 m toward the backfill. When the interface
friction angle between the abutment and the backfill was two-
thirds of the backfill friction angle, Rankine’s and Coulomb’s
passive earth pressure coefficients were 6.1 and 46.1,
respectively. However, Rankine’s and Coulomb’s passive
earth pressure coefficients were 5.0 and 21.4, respectively
when the interface friction angle was one half of the
backfill friction angle. Figure 3A shows that the horizontal
earth pressures at the abutment base predicted by Broms and
Ingelson (1971) and Sandford and Elgaaly (1993) for the dense
backfill were less than those for the loose backfill (i.e., lower
“at-rest” earth pressure coefficient for the dense backfill than
that for the loose backfill). In addition, since all the design
methods in Figure 3A depend on passive earth pressure
friction angle of the backfill), the
horizontal earth pressures behind the abutment predicted

coefficients (i.e.,
by each method increased as the backfill relative density
additional
predicted by the Sweden method increased with § until the
ratio of 8/H reached up to 0.005 (6 = 0.03 m if H was 6 m),
explaining why the horizontal earth pressures predicted by the

increased. The horizontal earth pressures

Sweden method were same when the § values were 0.05 and
0.10 m for both the loose backfill and the dense backfill, as
shown in Figures 3B,C. In general, the predicted horizontal
earth pressures behind the abutment increased as the
abutment movement toward the backfill and the backfill
relative density increased.

Huntley and Valsangkar (2013) observed that the
horizontal earth pressures behind the abutment predicted
by the methods of Rankine (1857), Coulomb (1776), Caquot
and Kerisel (1948), Broms and Ingelson (1971), and England
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and Tsang (2005) did not agree well with the measured
pressures behind the abutment. The horizontal earth
pressures in the middle or within the lower portion of the
backfill were lower than those predicted, while the horizontal
earth pressures within the upper portion of the backfill might
be higher than those predicted, likely due to the compaction-
related effect. Behind an abutment, horizontal earth pressures
may increase after several expansion-contraction due to
temperature changes. This phenomenon is referred to as
earth pressure ratcheting. Huntley and Valsangkar (2013)
found that the horizontal earth pressures behind the
abutment increased over 3 years and reached up to or even
exceeded Rankine’s passive earth pressures at times.
However, they did not attribute this observation to earth
pressure ratcheting because such a phenomenon could also be
caused by water accumulation in the backfill. In addition,
they pointed out that the rotational movement was
considered as the primary movement mode for the
abutment when the horizontal earth pressure ratcheting
was observed. However, in addition to Huntley and
Valsangkar (2013), Kong et al. (2015) and Lawver et al.
(2000) observed that translation was the primary abutment
movement mode for some IABs. Kong et al. (2015) found the
horizontal earth pressures behind the abutment decreased at
the same movement in the second and third years as
compared with those pressures in the first year, and they
attributed this phenomenon to the soil disturbance and
softening when it was pushed against by the abutment in
the first year. Earth pressure ratcheting was not observed
behind the abutment by Civjan et al. (2013) either.

Pile response

Ooi et al. (2010) found that the axial loads in drilled shafts
estimated from strain gauges were much higher than expected
after the placement of bridge planks. They attributed the
differences to: 1) the difference between actual and estimated
axial stiffness of drilled shafts, 2) the down-drag forces, 3) the
creep of drilled shafts, and 4) the uneven distribution of the loads
among drilled shafts. In addition, the axial loads in the shafts
fluctuated seasonally and daily with temperatures (i.e., the axial
loads were higher at night and in winter, but lower at daytime and
in summer). Lawver et al. (2000) suggested that the redistribution
of dead loads onto the piles due to the non-uniform solar-
radiation-induced deformations across the bridge width might
be one reason for this fluctuation. Ooi et al. (2010) attributed the
observed seasonal fluctuations of axial loads partly to higher
stream levels in winter and lower stream levels in summer, thus,
reducing and increasing side frictions along the shafts,
respectively. Huntley and Valsangkar (2014) pointed out that
soil-structure interaction might also contribute to axial load
fluctuations with temperatures in H-piles.
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Pressures behind the abutment and induced pile moment profile: (A) in summer and (B) in winter (modified from Huntley and Valsangkar, 2014)

Figure 4 illustrates the forces applied onto the back of the
abutment from the backfill and the possible pile moment profiles
in summer and winter (8 is the interface friction angle between
bridge abutment and backfill). In summer, the abutment moves
toward the backfill, increasing the horizontal earth pressures
behind the abutment, even up to the passive earth pressures. The
upward movements of the backfill relative to the abutment apply
uplift forces onto the abutment, thus reducing the axial load in
the pile. However, the downward movements of the backfill
relative to the abutment apply the down-drag forces onto the
abutment, thus increasing the axial load in the piles in winter. As
shown in Figure 4, one side of the H-pile closer to the backfill and
near the abutment base is under compression while the opposite
side is under tension when the bridge superstructure contracts.
However, the closer side of the H-pile is under tension but the
opposite side is under compression when the bridge
superstructure expands (Huntley and Valsangkar, 2014). In
addition, the H-pile is bent in a double curvature if the
primary movement mode of the abutment due to temperature
changes is translational. Given the orientation of the H-pile with
the weak axis parallel to the bridge contraction and expansion
direction, the bending moment in the strong axis can be induced
by a thermal gradient along the bridge width, asymmetric loading
on the bridge deck, and asymmetry of the superstructure.

Because the air temperature varies daily and seasonally, the
fatigue damage of the materials in IABs should be taken into
account during bridge design. According to Razmi et al. (2013),
the material may have two types of fatigue behavior: low-cycle
behavior (i.e., the cyclic deformation is predominately inelastic)
and high-cycle behavior (i.e, the cyclic deformation is

predominately elastic). Because of the plastic deformation of
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H-piles in response to daily and seasonal temperature changes,
the piles may have low-cycle fatigue behavior. Based on the
numerical analysis, Razmi et al. (2013) found that the fatigue life
of an IAB supported by H-piles decreased exponentially as the
length of the bridge increased. They also found that the fatigue
life of an IAB was predominated by the daily fatigue life, not the
seasonal fatigue life because the daily temperature cycles had
much larger frequency than the seasonal temperature cycles. By
comparing the fatigue life from the finite element analysis (FEA)
with that from the experiment, Abdollahnia et al. (2021)
concluded that the FEA could accurately predict the fatigue
life of H-piles in the experiment.

Skew effect on integral abutment bridges
performance

In some projects, IABs are designed with a skew and
designers must consider skew effects on the IAB performance.
When the thermal movement of a bridge with a skew angle not
exceeding +10°C is within +9.5 mm, this bridge can be designed
without any special considerations about the skew effects
(Greimann et al., 1982). For extremely skewed bridges (e.g.,
skew angle larger than +40°), shear keys placed at the bottom
of pile caps could prevent the transverse movement of the caps
(Greimann et al., 1982). Expansion and contraction of a bridge
superstructure may induce biaxial bending in steel H-piles if the
H-piles are oriented with their strong axis being parallel or
perpendicular to the abutment facing in a long skewed IAB.
The horizontal earth pressures behind the abutment with a skew
may not be uniform. Due to expansion of the bridge
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Forces applied to abutments from the backfill at high temperatures (modified from Jessee and Rollins, 2013).

superstructure at a high temperature, the obtuse side of the
abutment in a skewed IAB moved more toward the backfill than
the acute side, inducing higher horizontal earth pressures on the
obtuse side than those on the acute side (Elgaaly et al., 1992;
Sandford and Elgaaly, 1993). However, the horizontal earth
pressures on the obtuse and acute sides were similar when the
bridge superstructure contracted at low temperatures (Sandford
and Elgaaly, 1993). Figure 5 illustrates the behavior of skewed
IABs at high temperatures. At high temperatures, the expansion
of the bridge superstructure pushes the west abutment and the
east abutment toward their backfill. In addition to the pressures
applied perpendicularly onto the back of the west abutment (the
resultant force of the pressures is P, ), the backfill applies the
shear stresses along its back (the resultant shear force P, in the
northeast direction) because of the tendency of the abutment to
move in the southwest direction. Similarly, the backfill applies the
normal pressures onto the back of the east abutment (the
resultant force of the pressures is P,..) and the shear stresses
along its back (the resultant shear force P, in the southwest
direction). Therefore, the total force and moment induced by the
interaction between the abutment and the backfill can be
calculated by Eqs. 9-11:

F, =Py, y—P,. (9)
F.=P.y-Pr, (10)
M=P,.-L,—P..-L; (11)

In the above equations, F,, and F. are the total forces in the
direction perpendicular to the back of the abutment and in the
direction along the abutment facing, respectively; M is the total
moment; L, and L, are the arm distances between P,_,, and P,_,,
and between P, and P,_., respectively. When the moment
induced by the perpendicular pressures (P,_. - L,) is larger than
that induced by the shear forces (P,_.-L.), the bridge
in the counterclockwise

superstructure tends to rotate
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direction. Therefore, the obtuse sides of the abutment tend to
move more toward the backfill than its acute sides, thus inducing
higher horizontal earth pressures on the obtuse sides than those
on the acute sides. Sandford and Elgaaly (1993) observed that the
skew effects diminished with time due to more permanent
deformations on the obtuse sides of the abutment than those
on the acute sides. Battered bridges may be constructed to
prevent the abutment from rotation when there is a large
skew during backfill placement.

Measures to mitigate temperature
change-induced problems

Civjan et al. (2013) observed that the denser backfill
resulted in higher horizontal earth pressures behind the
but
movements. The loose backfill reduced the horizontal earth

abutment, more abutment rotation, less pile

pressures behind the abutment; however, the backfill surface
settlements induced by cyclic abutment movements due to
daily and seasonal temperature changes increased
progressively. To mitigate the temperature change-induced
problems for IABs, rubberized soils, geocell-reinforced
backfill, bales

(compressed and compacted packages of used tires), or EPS

geogrid-reinforced backfill, waste tire
(expanded polystyrene) blocks have been used to replace
backfill (aggregates), earth

pressures behind the abutment as the abutment moves

typical reduce horizontal
toward the backfill, and reduce seasonal temperature
change-induced backfill surface settlements (Horvath, 2000;
Cui and Mitoulis, 2015; Zadehmohamad and Bazaz, 2017;
Duda and Siwowski, 2020). Waste tire bales and EPS blocks
are considered as lightweight backfill materials due to their
low unit weights, which lead to lower horizontal earth

pressures behind abutments. In addition, a compressible
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Measures to mitigate seasonal temperature change-induced problems: (A) compressible inclusion and (B) wrap-around geosynthetics.

inclusion (e.g., EPS foam, tire shred, or tire-derived
aggregates) has been placed between the abutment and the
backfill to reduce the horizontal earth pressures behind the
abutment and the pile moment (Hoppe, 2005; Caristo et al.,
2018; Duda and Siwowski, 2020; Liu et al., 2021a;
Zadehmohamad et al., 2021). Arsoy (2000) indicated that
flexible piles were beneficial to prevent damages of pile-
abutment connections. Construction joints between the
reduced the
moments of the supporting piles (Kim and Laman, 2012).
Fang et al. (1994) and Arsoy (2000) found that the
translational movement of the abutment toward the backfill

bridge superstructure and the abutment

resulted in higher horizontal earth pressures behind the
abutment than the rotational movement of the abutment
toward the backfill.

Liu et al. (2021a) and Liu et al. (2022a) conducted four
physical model tests to investigate the effects of footing
rigidity and abutment top movement magnitude on the
horizontal earth pressures behind the abutment and the
backfill induced by
temperature changes. In these tests, the abutment could

surface  settlements seasonal
rotate freely at the base of the abutment and the abutment
base movement depended on the footing rigidity. According
to the test results, the backfill surface settlements near the
abutment increased as the footing rigidity and the abutment
movement magnitude increased. In addition, the horizontal
earth pressures behind the abutment approached the constant
pressures after some seasonal temperature change cycles for
all four tests. Furthermore, the force required to push the
abutment toward the backfill decreased but the abutment base
outward movement from the backfill increased as the footing
rigidity decreased. Figure 6 shows two measures using the EPS
geofoam and wrap-around geosynthetics to reduce backfill
surface settlements induced by seasonal temperature changes
for TABs. Liu et al. (2021b) observed that the EPS foam
reduced the outward movement of the abutment base away
from the backfill induced by seasonal temperature changes,
and the thicker EPS foam with a lower density placed behind
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the abutment had more mitigation effects on the seasonal
temperature change-induced problems (i.e., high horizontal
earth pressures behind the abutment and large backfill surface
IABs.
geosynthetics can significantly reduce the backfill surface

settlements) for In addition, the wrap-around
settlements induced by seasonal temperature changes but
increase the maximum horizontal earth pressures behind
the abutment as the abutment moved toward the backfill.
Therefore, a thick EPS foam combined with wrap-around
geosynthetics is a promising measure to reduce horizontal
earth pressures and backfill surface settlements behind the
abutment induced by seasonal temperature changes. To
mitigate the effect of the differential settlement at the
backfill,

approach slab is typically used to smooth the transition

interface between the abutment and the an
between the backfill and the bridge abutment. Typically,
one end of the approach slab is seated on or connected
with the bridge abutment, while the other end is supported
on a sleeper slab with the adjacent pavement. As the
settlement of the backfill near the abutment increases, more
traffic loads on the approach slab are transferred onto the
sleeper slab due to the formation of a void between the backfill
surface and the approach slab, thus increasing the settlement at the
end of the approach slab on the sleeper slab. Because the bridge
abutment supported by a pile foundation or shallow foundation
has little settlement, the differential settlement between the two
ends of the approach slab results in a gradient change. Figure 7
shows the use of geosynthetics to reinforce the soil under the
sleeper slab to mitigate backfill surface settlements induced by
traffic
abutment movements. Through the physical model tests, Liu
et al. (2022b) found that geosynthetics under the sleeper slab
could reduce the gradient change of the approach slab and the

loading and seasonal temperature change-induced

differential settlement of the two ends of the sleeper slab. So far,
most of the mitigation measures for temperature change-induced
problems have been studied by small-scale physical model tests;
therefore, future studies and verifications through real projects are
necessary.
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Measures to mitigate sleeper slab and backfill surface settlement induced by seasonal temperature change-induced abutment movements and

traffic loading.

Conclusion

This paper summarizes the state of knowledge in integral

abutment bridges (IABs) including the behavior of IABs due to
seasonal temperature changes and presents the recent advances

in

the measures to mitigate temperature change-induced

problems for IABs. Based on this study, the following
conclusions can be made:

1)

2)

4)

The length of frame abutment bridges should not be too long
and over-lengthening of the bridge and large restraint from
the backfill may over-stress the bridge superstructure at high
temperatures.

Air temperature cannot directly represent the temperature in
the entire bridge superstructure due to the presence of planar
the bridge
superstructure. An effective bridge temperature (EBT)
based on an air temperature should be used to predict the

and vertical temperature gradients in

maximum bridge length change.

Abutment movement modes depend on abutment type,
bridge length, and abutment height. For frame bridge
abutments, the expansion and contraction of the bridge
have little effect at the base of the abutment. For tall H-pile-
supported abutments, the rotation of the abutment is the
primary movement mode due to temperature changes.
Fluctuations of pile axial loads with temperature changes
may be caused by the redistribution of dead loads in the
continuous frame structure due to temperature gradients.
The forces applied onto the back of the abutment by the
backfill may change with the temperature (i.e., uplift forces
at high temperature and down-drag forces at low
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temperature). The bending moment at the top of
the traffic
direction may vary with the temperature.

H-piles and perpendicular to moving
Mode and magnitude of abutment movements can affect
the magnitude and distribution of horizontal earth
behind  the

ratcheting was observed in some experimental studies

pressures abutment. Earth pressure
but rarely occurred in the field, likely due to the
difference of the primary abutment movement mode
between the abutment in the field and the simulated
abutment in the laboratory.

The skew effect on IAB behavior should be taken into
account during the bridge design. Likely, the obtuse side of
the abutment in a skewed bridge moves more toward the
backfill than the acute side at high temperatures. As a
result, the horizontal earth pressures on the obtuse side are
larger than those on the acute side. Over years, the skew
effect on the horizontal earth pressure difference between
the obtuse side and the acute side diminishes, likely due to
more permanent compression of the backfill on the obtuse
side than that on the acute side.

The horizontal earth pressures behind the abutment
increase as the relative density of the backfill and the
the backfill
Horizontal earth pressures behind the abutment
predicted by the methods of Rankine (1857), Coulomb
(1776), Broms and Ingelson (1971), and Sandford and
Elgaaly (1993) are not appropriate, because these
methods
movement magnitude on the horizontal earth pressures
behind the abutment. In addition, the predicted horizontal

abutment movement toward increase.

do not consider the factor of abutment
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earth pressures behind the bottom of the abutment by
Massachusetts Department of Transportation (MassDOT)
(2007) were much larger than those predicted by the design
methods adopted in Sweden and United Kingdom.

8) Measures have been used in the field to prevent abutments
and piles from failure, such as the use of a pressure relief
system behind the abutment, a joint connection between the
bridge superstructure and the abutment, a flexible
connection between the bridge abutment and the piles,
and a compressible material (e.g., loose sand and
aggregate) placed around H-piles. In addition,
geosynthetic-reinforced backfill and lightweight backfill
(e.g., EPS blocks and waste tire bales) have been used to
replace typical aggregate backfill and reduce the horizontal
earth pressures behind the abutment and the temperature-
change induced backfill surface settlements. However, the
mitigation benefits of these measures need to be further
verified through field tests before their applications in real
projects.
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