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Abstract: Integral bridges are a class of bridges with integral or semi-integral abutments, designed
without expansion joints in the bridge deck of the superstructure. The significance of an integral
bridge design is that it avoids durability and recurring maintenance issues with bridge joints, and
maybe bearings, which are prevalent in traditional bridges. Integral bridges are less costly to con-
struct. They require less maintenance and therefore cause less traffic disruptions that incur socio-
economic costs. As a consequence, integral bridges are becoming the first choice of bridge design
for short-to-medium length bridges in many countries, including the UK, USA, Europe, Australia,
New Zealand and many other Asian countries. However, integral bridge designs are not without
challenges: issues that concern concrete creep, shrinkage, temperature effects, bridge skew, struc-
tural constraints, as well as soil-structure interactions are amplified in integral bridges. The in-
creased cyclic soil-structure interactions between the bridge structure and soil will lead to adverse
soil ratcheting and settlement bump at the bridge approach. If movements from bridge superstruc-
tures were also transferred to pile-supported substructures, there is a risk that the pile—soil interac-
tions may lead to pile fatigue failure. These issues complicate the geotechnical aspects of integral
bridges. The aim of this paper is to present a comprehensive review of current geotechnical design
practices and the amelioration of soil-structure interactions of integral bridges.

Keywords: integral bridge; integral abutment bridge (IAB); semi-integral abutment bridge (SIAB);
cyclic temperature loading; stress ratchetting; settlement bump; earth pressure distribution; soil-
structure interactions (SSI)

1. Introduction

Traditionally, bridges are designed and constructed with expansion joints and bear-
ings to accommodate the expansion and contraction of the bridge due to temperature and
stress changes. However, expansion joints and bearings need regular maintenance and
replacement due to cyclical deck movement, traffic loading, trapped debris, and salt and
moisture intrusion [1,2]. Degradation of expansion joints is a persistent cause of costly
maintenance and rectification work [3]. Failure to maintain the bridge joints and bearings
could cause overstress and structural distress in the bridge structure, which must be
avoided. Rectification work is often disruptive to traffic flow and causes an increase in
travel time that also incurs socio-economic costs for road users. Although conventional or
jointed bridges still outnumber integral bridges, the overall trend of bridge construction
towards integral bridges is increasing to avoid the recurring maintenance issues related
to bridge joints and bearings.

Integral bridges have been used since 1938 in Ohio, the United States of America
(USA) [4]. During the construction boom of the National Interstate Highway System, in
the late 1950s and mid-1960s, several USA states began to use integral bridges as a con-
struction choice for bridges. In 1980, the American Federal Highway Association (FHWA)
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recommended bridges to be constructed as integral bridges for steel bridges with overall
lengths up to 90 m, cast-in-place concrete bridges up to 150 m and post-tensioned bridges
up to 183 m [5]. According to Tabatabai et al. [6], approximately 70% of the USA State
Department of Transportation (DOT) have already included integral bridges in their ju-
risdictions. In 1996, the British Highway Agency recommended adopting an integral
bridge design approach for any bridge with a length of up to 60 m [7]. Integral bridges in
other regions and countries, e.g., Europe, Japan, Canada, China and Oceania, also wit-
nessed rapid development in the last few decades.

Under cyclic thermal, environmental and mechanical loading, the bridge superstruc-
ture expands and contracts. Movements particularly in the bridge deck of integral bridges
will cause the bridge abutment to displace directionally into and away from the approach
fill with each cycle. The movements of the abutment and substructure mobilise significant
soil-structure interaction (SSI) effects [8-11], such as stress variations, soil densification,
stress ratcheting [12-14], heave, settlement and/or slumping of the backfill soil [15,16],
which in turn affect the overall performance of integral bridges. Stress ratcheting is the
phenomenon that increases the lateral earth pressure applied on the abutments due to
cyclic movements transferred from the bridge deck [12]. Pile-supported systems will also
be affected by the abovementioned issues of integral bridge. The repeated actions of deck
movements, much of which is induced by temperature changes, may be transferred to the
piles, changing the soil properties around the pile. Many researchers have reported that
the overall pile-soil interaction is dependent on various factors including pile type, pile
orientation, pile flexibility, soil properties around piles and substructure stiffness [17-20].
Cyclic displacements and moments transferred to pile foundations are at risk of causing
pile fatigue failure [21]. The complexities associated with pile-soil interaction ultimately
affect the overall performance of the integral bridge including the bridge approach. De-
spite this, Philip [22] reported that only two states in the USA consider the pile stress due
to thermal movements, while other states neglect this aspect in the integral bridge design.

It is quite evident from literature that different countries and jurisdictions are using
a variety of design guidelines and practices to deal with the geotechnical issues for abut-
ments and pile foundations. Therefore, this paper aims to present a comprehensive review
of the design guidelines and the literature relevant to the recommended practices corre-
sponding to the geotechnical aspects of integral bridges incorporating the effects of SSI.
In the literature, a variety of definitions and terminologies have also been used to describe
integral bridges. This can sometimes cause confusion to the reader. Hence, this paper be-
gins with a discussion on different terminologies and definitions used for integral bridges
to establish the context for the review.

2. Terminologies and Definitions of Integral Bridges

The diversity in design and construction of integral bridges created various termi-
nologies and definitions. The type of design and construction ultimately has ramifications
on the geotechnical aspects of integral bridges. According to the widely accepted defini-
tion used by bridge engineers, an integral bridge is one where the bridge deck is without
any expansion or contraction, and they can be sub-categorised as an integral abutment
bridge (IAB) or a semi-integral abutment bridge (SIAB). A bridge with a fully continuous
or integral connection between the deck and the abutment is defined as an IAB. In the
literature, IABs are also referred to as fully integral abutment bridges (FIABs). The SIAB,
like the IAB, has a continuous deck without joints, but with bearings between abutments
and the bridge deck, such that the superstructure is not continuous or monolithic with the
abutments. It is noted that the terms IAB and SIAB are quite extensively used in North
America.

The American Association of State Highway and Transport Officials (AASHTO)
Load and Resistant Factor Design (LRFD) Bridge Design Specifications [23] offers a
slightly different definition. According to AASHTO, an integral bridge is a bridge without
deck joints having integral abutments that are rigidly attached to the superstructure and
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supported on a spread footing or pile foundation designed to resist and/or absorb creep,
shrinkage, and thermal deformations of the bridge superstructure. This definition is anal-
ogous to that of an IAB as defined in the paragraph above. SIAB unfortunately does not
fit into this definition. The AASHTO does not further sub-classify integral bridges, alt-
hough most of the states in the USA have included design guidelines for different sub-
classes of integral bridges in their design manuals.

In European countries, integral bridges are commonly defined as either fully integral
bridges or semi-integral bridges [24]. Integral bridges are defined based on the connection
between the continuous deck and abutment. There are no expansion joints and bearings
in fully integral bridges, and this is analogous to the definition adopted by others for IABs.
In the same way, semi-integral bridges are analogous to the definition of SIABs.

PD 6694-1 [25], published by the British Standards Institution (BSI), defines an inte-
gral bridge as a continuous bridge (continuous deck without any joints), which accommo-
dates expansion and contraction of the bridge deck by the movement of the abutments in
and out of the backfill. It also classifies the types of integral and semi-integral abutments
for the integral construction of the integral bridges. PD 6694-1 categorises three types of
abutments for integral construction: full height frame abutments as shown in Figure 1a—
¢, embedded wall abutment as shown in Figure 1d, and end screen abutments as shown
in Figure le—i.

(a) (b) (c)
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Figure 1. Types of integral and semi-integral abutments [25]. Reprinted from PD 6694-1:2011+A1:2020. Recommendations
for the Design of Structures Subject to Traffic Loading to BS EN 1997-1:2004+A1:2013; BSI (British Standard International):
London, UK, 2020 (Copyright permission BSI 2020).

The movements in full height frame abutments are accommodated by rotation or
flexure of the abutment wall —whereas, in end screen abutments, the abutments can trans-
late in and out of the fill to compensate for the deck movements. PD 6694-1 [25] provides
further sub-classifications for end screen abutments: bank pad abutments including those
supported on the ground or piles as shown in Figure le-g, flexible support abutments as
shown in Figure 1h, and semi-integral abutments as shown in Figure 1i. According to PD
6694-1 [25], semi-integral abutments consist of the movement bearings at the connection
between the vertical support at the end of the bridge deck and conventional or embedded
walls or reinforced soil abutments. The movement bearing connection accommodates the
deck expansion and contraction without transferring the effect to the bridge abutment.

As it may be observed, the various definitions used in North American and European
practice do not map entirely onto each other and may thus cause ambiguity in some cases.
To avoid ambiguity, this paper is written in terms of integral bridge and those of its two
major subcategories, namely IAB and SIAB, as defined in the first paragraph of this sec-
tion.

3. Geotechnical Guidelines and Practices for the Design of Integral Bridges

The design standards and practices with respect to the types of abutments, design
limitations of integral bridges, and design consideration and mitigation measures con-
cerning geotechnical requirements of integral bridges are reviewed in this section. The
review focusses on the countries of USA, UK, Canada, Japan, Spain, Switzerland, Sweden,
Finland, Australia, and New Zealand.

3.1. USA Practices

The USA is the first country that utilised integral bridges on a large scale. According
to Tabatabai et al. [6], approximately 65% of the States Department of Transportation
(DOTs) prefer IABs over traditional bridges, whereas one state (Arizona) prefers SIABs.
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However, the USA practices still produce significant variations in the design guidelines
among different states.

3.1.1. AASHTO LRFD Bridge Design Specification

The AASHTO LRFD Bridge Design Specification [23] provides guidelines concerning
the design of bridges including the calculations of earth pressures behind the bridge abut-
ments. Article 11.6.1.3 of LRFD Design Specification [23] specifies that integral abutments
should account for shrinkage, creep and thermal deformations of the superstructure. Lat-
eral pressure calculations for integral abutments are generally based on the lateral earth
pressure coefficients: Kj for the at-rest condition, K, for the active condition and K, for
the passive condition. Methodologies used to calculate these lateral earth pressure coeffi-
cients are discussed in the AASHTO LRFD Specification [23]. The coefficient, K, is calcu-
lated using the well-known Jaky’s formula [26] for normally consolidated soil and Mayne
and Kulhawy’s formula [27] for over-consolidated soil. The coefficient, K,, is calculated
based on the Coulomb wedge theory. It further recommended that, when Coulomb’s the-
ory is not suitable, the active earth pressure can be estimated using the trial procedures
based on Culmann’s wedge theory [28].

The AASHTO LRFD Specifications [23] refer to the graphs developed by the U.S. De-
partment of Navy [29] to determine the coefficient K,, for the case of a sloping or vertical
wall. However, for conditions that deviate from those described by the U.S. Department
of Navy [29], it recommends using Terzaghi’s log spiral wedge theory [28] to determine
the magnitude of K,. Although the mobilised earth pressure depends on the expan-
sion/contraction of the bridge superstructure, the AASHTO LRFD Specification only pro-
vides guidance on approximate values of abutment displacement required to fully mobi-
lise active or passive earth pressure. It does not provide explicit guidelines on the follow-
ing aspects:

e  Calculations of K, when the movement is more than zero but less than the movement
required to fully mobilise passive and/or active pressure; however, some USA states
use linear interpolation to estimate the mobilised earth pressure for such cases;

e  The abutment displacement (A) is taken as the displacement at the top of the abut-
ment regardless of whether the mode of movement is rotational, translational or a
combination of both;

e  The values of fully mobilised displacements are based on a study conducted by
Clough and Duncan [30] under monotonic loading. However, the abutment-soil in-
teraction in integral bridges involves cyclic loading, which almost certainly differs
from the monotonic loading case.

3.1.2. Practices in USA States

The consideration of the design loads that emerged from the lateral earth pressure
acting on the abutment of integral bridges in the USA varies from state to state. In fact,
there is no single approach in the USA to address this point, notwithstanding the availa-
bility of the AASHTO [23] guidelines. The DOTs rely primarily on previous experience
and, in a few cases, on data from in-service bridges to develop their design methodologies.

Most of the USA states have defined and discussed the integral and semi-integral
abutment as the two types of abutment in integral bridges. Here, integral abutment refers
to an abutment of an IAB, while semi-integral abutment refers to an abutment of an SIAB.
Alaska has discussed only the SIAB [31], while Idaho [32] and North Dakota [33] have
discussed only the IAB in their design manuals. Virginia [34] and Maine [35] have used
the term “full integral abutment” instead of “integral abutment”.

The recommended limiting design criteria for the design of integral bridges in the
different states, such as length of the bridge, the bridge’s skew angle, and the preferred
type of abutment foundation, vary from state to state. Most of the states have recom-
mended IABs as the first design choice of the bridge and SIABs as a second choice only if
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the design requirements exceed the limiting design criteria of IABs. Some states, such as
Ohio, also emphasized the choice and design of integral bridge based on the foundation
requirements [36]. Ohio prohibited the integral abutment from being placed on mechani-
cally reinforced earth (MSE), and spread footing is recommended for the semi-integral
abutment [36].

The magnitude of the thermal movements of the integral bridge directly relates to
the temperature changes in that region. Therefore, the maximum allowable length of the
integral bridge should depend on the weather conditions in the state. As such, the maxi-
mum allowable length of the integral bridges is not uniformly standardized in the design
guidelines of the states. Very few states, in fact, have provided the design criteria for the
design of integral bridges based on maximum allowable abutment displacement, such as
provided by Utah [37] and Oregon [38]. New Jersey [39] has provided the expansion
length of the bridge as limit criteria to limit the construction of integral bridge, whereas
Ohio [36] has provided both expansion length and total bridge length as limit criteria. Not
all the states (e.g., Alaska [31]) have recommended considering the thermal effects on lat-
eral earth pressure in the design of integral bridges. Some states (e.g., Ohio [36], Utah [37]
and Massachusetts [40]) have provided the equations to calculate the design earth pres-
sure distribution behind the abutment of IABs and SIABs based on abutment displace-
ment. However, most states are still using the traditional earth pressure theories (e.g.,
Rankine or Coulomb earth pressure theory), which were developed specifically for the
retaining structures under monotonic loadings. The necessity of the SSI analysis for the
design of integral bridges has been recommended in only a few states. Even in states that
have recommended SSI analysis (e.g., Virginia [34] and Massachusetts [40]), the guidelines
on SSI are not comprehensive.

Few states provided advice on mitigation measures to lessen the effects of the SSI in
integral bridges (IABs and SIABs). A thick sheet of compressible inclusions (e.g., polysty-
rene, expanded polystyrene (EPS) and expanded polyethylene pad) has been recom-
mended to be used behind the integral and semi-integral abutments in some states
[34,41,42]. The use of approach slab is the most common method adopted by these states
to minimise the settlement and cracking issue near the bridge abutments. The integral
connection between the approach slab and bridge abutment helps to shift the soil settle-
ment away from the abutment, to where soil settlement is less problematic, and mainte-
nance is more accessible and less expensive. In addition to the approach slab, some states
(e.g., Idaho [32] and New Hampshire [43]) have recommended using a sleeper slab at the
end of the approach slab to compensate for the settlement and movements at the end of
the approach slab.

For ease of reading, a more detailed summary of the recommendations from several
USA state DOTs regarding the types of abutments in integral bridges, limiting criteria for
selecting integral bridges, and design parameters and mitigation measures, particularly
in respect of geotechnical requirements, are presented in Appendix A, B, C and D.

3.2. UK Practice

In the UK, the BSI published PD 6694-1:2020 Recommendations for the design of
structures subjected to traffic loading BS EN 1997-1:2004+A1:2013 [25]. BS EN, the British
counterpart of European Standard (EN), is released by the BSI. Since EN 1997-1 [44] does
not have specific design requirements for integral bridges, it refers to an earlier UK High-
way Agency design manual BA 42/96 [45] to design integral bridges. The design recom-
mendations in BA 42/96 [45] did not incorporate the response of backfill soil behind bridge
abutments subjected to cyclic thermal movements. Moreover, information contained in
BA 42/96 [45] has not always been correctly interpreted by practitioners. Meanwhile, a
number of studies, for example [12,14,46,47], and [48], also found that repeated cycles of
thermal movement have resulted in an increase in soil pressure. PD 6694-1 [25] updates
the information in BA 42/96 taking into consideration of the effects of soil-structure inter-
actions in alignment with the findings reported by these researchers.
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The PD 6694-1 [25] recommends two methods of analysis for the design of integral
abutments: limit equilibrium approach and SSI analysis. It states that the limit equilibrium
approach is applicable for the design of the integral abutments satisfying the following
criteria:

e the characteristic thermal movement of the end of the deck is less than or equal to 40

mm;

e the skew angle does not exceed 30°.

Here, the characteristic thermal movement is defined as the total thermal movement
of the end of the deck from its maximum contraction position to its maximum expansion
position, based on the maximum and minimum uniform bridge temperature for a 50-year
return period. It further states that the affected depth of soil due to the abutment move-
ment can be identified without SSI analysis for the following abutments:

1. abutments on spread footings (e.g., full height frame abutments as shown in Figure
1a);

2. end screen abutments;

3. abutments seated on pile caps with more than one row of piles, provided that the
sway at pile cap level is sufficiently small for at-rest earth pressure to be considered
at pile cap level.

However, for other types of abutments, such as integral abutments on single rows of
piles and embedded wall abutments, and for over-consolidated backfill material, cohesive
soil and layered soil, limit equilibrium methods are not adequate. Hence, SSI analysis
should be used to calculate the horizontal earth pressure behind integral abutments.

3.2.1. Limit Equilibrium Approach

For abutments such as bank pad and semi-integral abutments, where the thermal
movement is accommodated by abutment translation without rotation, PD 6694-1 [25]
recommends the limit equilibrium method. The design earth pressure coefficient for ex-
pansion (K;) may be calculated using the following equation but should not be taken as
greater than (K, ):

40d;,\**
K=Ky, + (Td> Kyt 1)

where d; = wall movement of the end screen calculated at #/, below the ground level
following clause 9.4.2 [25], z = height of the end screen, and K, = passive earth pressure
coefficient determined using the design value of the internal friction angle ¢, from a
triaxial test.

As shown in Figure 2, for these types of abutments, the pressure diagram is assumed
to be (right) triangular with the design pressure at depth z equal to yK;zy;, where y; is
the partial factor for the weight of soil.

yKjz L A

I\

Figure 2. Earth pressure distribution on the bank pad abutment.
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For abutments designed to accommodate thermal movements by rotation or flexure
and/or combination of both, such as full height abutments on spread footings, PD 6694-1
[25] suggests a linear increase of an earth pressure coefficient corresponding to the value
K; over the top half of the retained height of the wall, but the earth pressure then de-
creases linearly from Kj; at mid-height to k, at depth H* as shown in Figure 3. For such
abutments subjected to cyclic translational movements, PD6694-1 [25], clause 9.4.3 recom-
mends the following equation to calculate Kj;, but should not be taken as greater than
Kp.;:

d’ 0.6
K, =Ky + (H—"> Kyt )

where H* is the vertical distance from the ground surface to the level at which the integral
abutment is expected to rotate, which is the top of the base slab for rotationally rigid foun-
dations (see Figure 3a) and the underside of the base slab for rotationally flexible founda-
tions (see Figure 3b), and

e  Cdepends on Young's modulus of the subgrade, E;

e  (Cis20 for foundations on flexible soils (E < 100 MPa);

e (s 66 for foundations on rock or soils (E > 1000 MPa), and C may be calculated by
linear interpolation for values of E between 100 and 1000 MPa.

dy may conservatively be taken as 0.5dy for abutment with rotationally rigid foun-
dation (see Figure 3a), and 0.7d; for abutments with pinned walls or rotationally flexible
foundations (see Figure 3b). Furthermore, it may be determined using a realistic model of
the abutment considering the effects of earth pressure applied to it.

—r—

“l

Hy/2
-

yK H* 2

H2

(@ (®) (©)

Figure 3. Earth pressure distribution on full height abutment: (a) rotationally rigid abutment; (b)
rotationally flexible abutment; (c) earth pressure distribution.

For the limit equilibrium approach, the design value of total thermal movement (dg)
is taken from the characteristic minimum temperature position, i.e., d; = 0.5dk(1 + @y,)
where dy is the characteristics value of the movement range, and y, and ¢ are partial
factors for thermal actions (BS EN 1990:2002+A1, 6.3.1).

3.3. Australian and New Zealand Practices

The Australian Bridge Design Guideline, AS 5100:2017, does not contain any design
information for integral bridges [49,50]. Therefore, some states have developed their own
design guidelines for integral bridges in conjunction with the AS 5100:2017, such as Vi-
cRoads BTN2018/010 by Victoria, Bridge Policy Circular BPC 2007/05: Design of integral
bridges [51] by NSW, and Design Criteria for Bridges and Other Structures by Queensland
Department of Transport and Main Roads (TMR). State design guidelines in Australia on
integral bridges regarding both structural and geotechnical (which includes lateral earth
pressure) aspects are mainly based on BA 42/96 [45] and/or PD 6694-1 [52].
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According to the design manual published by the Queensland Department of TMR,
the increase in lateral earth pressure due to the stress ratcheting effects needs to be con-
sidered in the design of the integral bridges, and the design specifications can be based on
the geotechnical investigation report, and consideration of established design guidelines,
such as:

e  Design Manual for Roads and Bridges, Design of Integral bridges BA 42/96 [45];

e PD 6694-1[52] Recommendations for the design of structures subjected to traffic load-
ing to BS EN 1997-1:2004. PD 6694-1:2011 is now superseded by PD 6694-
1:2011+A1:2020 [25].

VicRoads BTN2018/010 is primarily based on the UK BA 42/96 [45], recommenda-
tions given by the United States Precast/Prestressed Concrete Institute (PCI), and research
and case studies conducted in the UK. However, secondary sources for the design and
specifications shall be obtained from the AS 5100 and other Victorian and/or Australian
design standards [49,50].

Design requirements and limitations specified in the NSW Bridge Policy Circular
BPC 2007/05 [51] are based primarily on the UK BA 42/96 [45], design practices in the USA,
and VicRoads BTN2007/014.

Bridge design engineers in New Zealand generally refer to the Transport Agency
(NZTA) Bridge Manual for guidance on the design of integral bridges, including specifi-
cations on the lateral earth pressure [53]. The geotechnical provisions for calculating the
earth pressure distribution behind the abutments of integral bridges are provided in
NZTA'’s Bridge Manual and NZTA research report 577 [54] based on the provisions of BA
42/96 [45] and PD 6694-1 [52]. It has further emphasized the parameters that need to be
considered for the SSI analysis for full height integral abutments founded on a single row
of vertical piles and integral embedded wall abutments (which will be discussed in Sec-
tion 3.9.1).

3.4. Canadian Practices

The construction of the integral bridges in Canada started in 1970 [55]. Most of the
provinces in Canada have their own design guidelines for the design of integral bridges
(for e.g., Alberta, Ontario, and Manitoba). In Alberta, both integral and semi-integral
bridges are used in practice and discussed in their design guidelines [56]. Alberta limits
the span of its integral bridge typically to 100 m for the IAB and 60 m for the SIAB, with
skew angle less than 20°. Alberta sub-categorised the abutments for SIAB: (a) semi-inte-
gral abutment with pinned connection, (b) semi-integral abutment with sliding bearings,
and (c) semi-integral abutment with partial backwall. For the semi-integral abutment with
pinned connection, there is a pin connection between superstructure end and abutment,
and only a single line of H-pile is recommended for such type of abutment. Where a single
line of H-pile is not applicable (such as stiff soil condition and skewed bridges), a semi-
integral abutment with sliding bearings with the double row H-piles or stiff piles is rec-
ommended. A distinguishing type of semi-integral abutment, the so-called “semi-integral
abutment with partial backwall”, is similar to the semi-integral abutment with sliding
bearings but with partial height backwall. Unlike others, in a semi-integral abutment with
partial backwall, the approach slab slides over the partial backwall, which helps to reduce
the earth pressure behind the end of the superstructure due to cyclical movements. Spec-
ifications regarding the geometry requirements of the components of the integral bridges
(e.g., size of the abutment, length of the wingwall and depth of the girder) are advised to
minimise the earth pressure on the abutment and abutment foundation. Although a com-
prehensive design of integral bridge with pile foundation is recommended, for example,
detailed design analysis of the pile with the development of the plastic hinge, detailed
information for the careful design of the abutment pile foundation has not been discussed.
Furthermore, it is advised to design the abutment for the at-rest earth pressure.
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Ontario has limited the total bridge span length to 100 m, and skew less than 20° for
both IABs and SIABs. In addition, it has limited the height of the abutment to 7 m and
length of the wingwall to 6 m to reduce the effect of soil pressure on the abutment [57].
SIABs are advised to be used only if IABs are not appropriate (e.g., total length of the pile
required for foundation is less than 5 m). Piles less than 3 m in length are generally not
economical, and, in that case, SIAB with spread foundation, or the use of caissons should
be investigated. Integral abutments are normally designed for the active earth pressure.

3.5. Japanese Practices

Integral bridges are not as popular in Japan as in the USA and UK. The jointless
bridge without bearings has been defined as either the portal frame bridge (PFB) or inte-
gral bridge based on the connection between the superstructure and substructure [58]. If
there is a hinged connection at the connecting part between the super and substructure in
the jointless bridge, it is defined as the integral bridge. On the other hand, if there is a rigid
connection between super and substructure in the design, the bridge is known as the PFB.
After 1995, because of the lack of design guidelines of the integral bridges, and its poor
performance in the extreme earthquake condition, PFBs have been extensively con-
structed in Japan instead of integral bridges [59]. Based on the definitions gathered from
the other sources and practices in many countries, which have been discussed in Section
2, PFB can be considered as an IAB, and the integral bridge as an SIAB. There are no design
guidelines available for the design of integral bridges in the Design Standards of Railway
Structures and Specification for Highway Bridges [60]. However, some companies in Ja-
pan, such as NEXCO, have included design guidelines for the single span integral bridges
in their Design Guidelines Part II [61]. In the Design Guidelines Part II [61], the maximum
skew angle allowed for the design of integral bridge is 15°, and it is advised to consider
one side earth pressure for each abutment, and Coulomb earth pressure theory is recom-
mended to be used to calculate the earth pressure. The bridge length limit and SSI analysis
method are not discussed and included in the design guidelines. Guidelines for Planning
of Steel Integral Bridges (draft) [62], developed by Public Works Research Centre and Nip-
pon Steel Corporation, also proposed the design guidelines for the single and multiple
span bridges. The allowable maximum bridge length is limited to 50 m, and the skew
angle limit is 0°. It also advised to consider the earth pressure, but there is little detailed
information provided to calculate the design earth pressure and consider the SSI effects
[60].

3.6. Swedish Practices

In Sweden, all types of integral bridges are commonly called “end screen bridges”,
irrespective of the connection between the super and sub-structure of the bridge structure
[63]. In end screen bridges, end screen is integrally connected to the end of the deck and
vertical forces are transferred to the foundations and soil through separate piers or a wall.
In the most common practice, there is a bearing connection between the upper part of the
vertical structural member and bridge girder. The maximum bridge length limit is 60-90
m for the concrete bridges and 40-60 m for steel-concrete composite bridges depending
on the average low temperature [63]. Unlike others, the maximum bridge length limit is
determined on the basis of acceptable pavement cracks in the approach embankments
[63]. The earth pressure behind the abutment due to the abutment displacement is calcu-
lated using the equation as shown below [64,65]:

Po if§=0
p= p0+61*6*200/1_1*(pp—p0) if 0 <6<H/200 (3)
Po + C1 * (pp — o) if6>H/500

where:
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C; =1 (for unfavourable earth pressure conditions, such as forces from temperature
changes)

C; = 0.5 (for favourable earth pressure, such as forces from braking vehicle)

p, = at-rest pressure

pp = passive earth pressure

H = abutment height

0 = horizontal abutment displacement towards the embankment.

3.7. Swiss Practices

In Switzerland, the construction of the integral bridges has increased significantly
during the main construction period (1960-1985) of the national motorway network [66].
The design guidelines published in 1990 by the Swiss Federal Roads office (FEDRO)
avoided the use of expansion joints for the bridge length between 30 m to 60 m. As a result,
by now, more than 40% of the bridges in the FEDRO network are integral bridges. The
revised FEDRO guidelines [67] have advised on the limit for the bridge end displacement
as 30 mm for integral bridges (IABs and SIABs) rather than the maximum bridge length
limit [66]. The passive earth pressure behind the abutment is usually calculated using
Coulomb or Rankine theories.

3.8. Finnish Practices

In Finland, interest on the construction of the integral bridges has increased consid-
erably in recent years. According to Kerokoski [68], by 2004, there are almost 7.2 per cent
of the total bridges constructed as integral bridges. In the design guidelines, the limit cri-
teria on the selection of the integral bridge construction are provided on the basis of the
expanding length, traffic load and skew angle of the bridge. The limiting criteria are based
on the expansion length, rather than the bridge total length, like criteria given by Ohio
[36] and New Jersey [39] DOTs for the design of integral bridges. The maximum expand-
ing length for the integral bridges is 35 m in the case of a normal load bridge and 45 m in
the case of light traffic bridges. If the bridge is totally symmetric (0° skew), maximum
expanding length for the integral bridges is 70 m in the case of normal load bridges and
90 m in the case of light traffic bridges. The design guidelines advised to design the inte-
gral abutment for the passive earth pressure based on the work conducted by Finnra
(2000, cited in Kerokoski [68]). According to the design guidelines, a small amount of
abutment displacement,0.002H and 0.006H, is sufficient to produce passive earth pressure
on an integral abutment for the dense sand condition and loose sand condition, respec-
tively. SSI analysis of integral bridges is recommended, and it advised to consider the SSI
effects caused by the bridge deck expansion due to a 30° Celsius rise in temperature and
bridge deck contraction due to a 20° Celsius drop in temperature. However, the method
to perform the SSI analysis is not discussed in the design guidelines.

3.9. Comments on Geotechnical Guidelines and Practices for the Design of Integral Bridges
under Thermal Loading

It is evident that the lateral earth pressure specifications recommended by different
states in the USA are not uniform. In addition, the design limitations with respect to the
length and skew angle of the bridge, definition of skew angle, maximum allowable dis-
placement, types of the abutment, abutment foundation, and bridge vary from state to
state and are not uniformly adopted. Some states are still using the traditional Rankine
and Coulomb active and passive earth pressure theories, although these classical theories
are developed explicitly for retaining structures under monotonic loading. It is also found
that some European countries such as Finland and Switzerland are also using traditional
earth pressure theories to calculate the design earth pressure for the integral abutments.
A few states (e.g., Ohio, Utah, Virginia, and Massachusetts) in the USA specified the lat-
eral pressure coefficient on the abutment of integral bridges as a function of the abutment
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displacement, but most states ignored this. Researchers have found that the soil properties
behind the abutment and abutment foundation change with thermal-induced cyclic dis-
placements [8,12,14,46-48]. Therefore, lateral earth pressure relationships should include
key influencing factors for a well-grounded design and assessment of integral bridges.
Restrictions on abutment foundation are imposed in some states, such as in Utah where it
is specified that spread footing should not be used in integral abutments, and, in Ohio, a
single row of piles should not be used in semi-integral abutments [36,37]. States some-
times provide contradictory guidelines lacking in clarity as to why certain specific design
practices have been adopted.

Where the earth pressure equations have been adopted in the USA, UK, and Sweden,
the amplitude of the characteristic thermal movement and the details to calculate the de-
sign value of abutment displacement are dissimilar among the different practices. For ex-
ample, PD 6694-1 [25] applies partial factors (y, and ¢) to the thermal actions of the char-
acteristic thermal movement in determining the design value of abutment displacement,
whereas, in the USA, the design abutment displacement is taken directly as the character-
istic thermal movement. Moreover, the design abutment displacement in PD 6694-1 also
considers the flexibility or rigidity of the abutment foundation, whereas this is not
adopted in the practices in the USA.

Some USA states (e.g., Massachusetts, Virginia and Idaho) recommend that the ther-
mal effects and resulting SSI mechanisms should be considered in the design only if the
designed integral bridges exceed the limits of the bridge length and skew angle imposed
by the design manuals. PD 6694-1 [25] recommends SSI analysis only for the full height
integral abutments on a single row of piles and embedded wall abutments. The general
recommendation is that consideration of SSI may be necessary to take into account the
actual stress ratcheting effect. However, there is little mention of soil flow, soil slumping,
and settlement trough that may result in settlement bump at the abutment approach.

It is noted that the popularity of the integral bridges is significantly increasing in
European countries. Out of the European countries discussed above, most of them have
ignored the effects of the cyclic abutment displacement and SSI effects on the abutment
and on the overall integral bridge system.

3.9.1. SSI Analysis

The impact of SSI is more significant in an integral bridge than a traditional bridge
because of thermal changes which are not accommodated but are instead transmitted to
the backfill and/or foundation soil [8,69-72]. Some states in the USA, such as Virginia and
Massachusetts, recommend analyzing the SSI mechanism of integral bridges using 3D
analysis. However, comprehensive design guidelines to estimate the actual stress ratchet-
ing effects with the consideration of the SSI mechanism have not yet been included in
guidelines published in the USA and most of the European countries (excluding the UK),
Canada, and Japan.

For the embedded wall abutment and full height frame abutment founded on a single
row of vertical piles, PD 6694-1 [25] does not recommend the limit equilibrium approach.
PD 6694-1 advises that, for such abutment types, more comprehensive and complex full
soil-structure interaction analysis is required to determine the effects of the resistance
provided by the soil subjected to stress ratcheting. Furthermore, PD 6694-1 suggests that,
for bank pad abutment founded on a single row of piles, the abutment may also be de-
signed as a piled foundation using SSI analysis.

According to the NZ Transport Agency research report 577 [73], SSI analysis of full
height frame abutments founded on a single row of vertical piles and embedded wall
abutments should consider the same factors as reported in PD 6694-1 [25], which is dis-
cussed in Section 3.9.1.1 below.

3.9.1.1 SSI Analysis Based on PD 6694-1
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PD 6694-1 [25] provides a method for determining the earth pressures behind em-
bedded wall abutments and full height frame abutment using SSI analysis. The SSI anal-
ysis needs to be carried out using the numerical model. The method has been calibrated
against a number of experimental results reported by England et al. [12], Springman et al.
[14], Tapper and Lehane [47], and Hambly et al. [74]. Furthermore, it is advised that the
SSI analysis method may be used as an alternative design option to the limit equilibrium
method for frame abutments on spread footings. For the calculation of the lateral earth
pressure profile along the integral abutment at various depths below the ground level, PD
6694-1 [25] advises that the following points should be considered for the SSI analysis:

¢  the nonlinear response of the backfill to deck expansion and contraction;

o the effect of cyclic movement of an abutment on soil properties, which may be based
on 120 cycles with a magnitude of characteristic thermal movement (d);

variation of soil properties at different depths and at different strains;

the degree of compaction of soil;

the superimposed thermal effects of daily and seasonal temperature changes;

the rotational and axial stiffness of the deck;

horizontal soil arching between piles;

in certain conditions, minimum earth pressure can be more vulnerable than maxi-
mum earth pressure. Therefore, the pressure envelope design covering all the possi-
ble conditions of expansion and contraction is needed. This should incorporate the
possible combinations of minimum earth pressures with maximum expansion and
maximum earth pressures with minimum expansion.

e o o o o o

PD 6694-1 [25] advises that an appropriate numerical model capable of addressing
all the factors to be considered as described above is required for numerical modelling. It
further advises that the analysis approach needs to be calibrated against comparable ex-
perience, experimental results, field monitoring data, laboratory modeling, and/or case
histories. There are few studies examining the SSI effects of integral abutments with dif-
ferent modes and magnitude of abutment movements on abutment foundation and back-
fill. The small scale (1 g) tests conducted by England et al. [12] were for a stiff abutment
subjected to different magnitudes of cyclic rotational movements. Springman et al. [14]
investigated embedded and spread foundation abutments retaining Leighton Buzzard
sand under a range of cyclic movements in the centrifuge. Tapper and Lehane [47] also
studied an abutment pinned at the base, retaining sand in the centrifuge under cyclic am-
plitudes of 0.10%, 0.40% and 1.26% d/H.

England et al. [12] reported that a significant lateral stress increase occurred in the
first ten cycles, and the rate of increase slowed afterwards and then continued towards a
steady-state condition. In contrast, Springman et al. [14] found that the increase in lateral
stress was insignificant under small number of cycles but significantly higher under a
large number of cycles. However, the rate of lateral stress increase was much less after the
first twenty cycles. With more than a thousand cycles, Tapper and Lehane [47] showed
that lateral stress kept increasing until the passive pressure limit was reached. Therefore,
it is evident that the test findings are not always consistent and conclusive.

For the consideration of the rotational and axial stiffness of the deck, it is advised that
the SSI model may be done explicitly or by using elastic lateral and rotational springs.
Furthermore, to model the soil response using the springs, it is advised to convert the
elastic modulus to equivalent spring stiffness, which varies with the depth and the applied
soil strain. An approximate expression developed by OBrien et al. [75] may be used to
convert the elastic modulus of the soil to the horizontal spring stiffness per square meter
of the backfill behind the abutment:

Knora = L0 4
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where:

Kpora is the designed horizontal spring stiffness per square meter;
E'd is the design elastic modulus of the soil;

H, is the height of the end screen or wall; and

Ly is the width of the abutment.

For the soil model, PD 6694-1 [25] advises that the soil needs to be modelled as an
elastic medium with designed earth pressure restricted to lie in between active pressure
and quasi-passive limit. Quasi-passive limit is defined as the limiting passive resistance
of the soil at an applied average rotational strain in the soil used in the SSI analysis. The
sub-grade reaction model and continuum model may both be used to model the soil me-
dium. The soil model with the number of soil layers based on the depth of the soil influ-
enced by the abutment movement with properties of the backfill material (e.g., weight
density, angle of shearing resistance, and elastic modulus) are needed to be modelled in
the SSI analysis. The variations in the soil stiffness with depth for a given applied soil
strain should be considered with each repeated cycle, and it needs to be derived either
directly from the triaxial tests of the soils or based on the available published data.

For the granular soils, the effects of the repeated thermal cyclic movements need to
be considered. For the cases with the lack of in-depth analysis, it is advised that the soil
stiffness can be derived by assuming densification to at least 90% based on the findings of
Seed and Idriss [76], and then multiplying the soil stiffness by a factor of 1.5 based on the
works of Clayton et al. [46], or any other approach that satisfies these criteria. The stress
at the abutment-soil interface due to the cyclic thermal movement of bridge abutments
cannot be calculated simply from the statistical equation. The development of the soil
model for SSI analysis, which is governed by the complex SSI mechanism defined in terms
of the cyclic thermal movements of the integral abutments, is required.

3.9.1.2. Comments on SSI Research Studies and Current Published Guidelines

According to Al-Qarawi et al. [8] and England et al. [12], when the abutment moves
into the backfill behind the abutment, it causes soil densification, which increases the lat-
eral earth pressure on the abutment. On the other hand, when the abutment moves away
from the backfill, the granular soil flows towards the additional volume created adjacent
to the abutment, thus reducing the soil density and lateral earth pressure. England et al.
[12] reported that a balance between the opposite effects of soil densification and granular
flow could be reached when both effects are of comparable magnitude, leading to steady-
state cyclic lateral earth pressures. At this moment, residual volumetric strain changes
become insignificant with increasing cycles [8], resulting in closed hysteresis loops, which
means that the shakedown state has been reached [8,20,77,78]. The abutment type, mode,
and range of movements significantly impact the lateral earth pressure development.
Most importantly, the design recommendations based on the full-scale tests are still lack-
ing. More monitoring of various types of abutments, with different abutment foundations,
and in all possible cases and conditions of abutment movement are thus needed to further
clarify and justify the current design approaches.

Clayton et al. [46] performed strain-controlled stress path triaxial tests on clay sam-
ples, pluviated granular samples (Leighton Buzzard sand) and glass ballotini. Samples
were tested at different stress paths and cyclic straining experienced by backfill soil lo-
cated at mid-height behind integral abutments (full height frame abutment and embed-
ded wall abutment). The loading scheme for the laboratory triaxial tests was based on five
factors: (a) the location of the representative soil element and size of the idealised integral
abutment, (b) the initial stress on the soil element, (c) the total stress path that would be
imposed on the representative soil sample because of abutment movements, (d) the am-
plitude of the strain cycles that would be imposed as a result of temperature change and
deck length, and (e) the initial loading direction. Results showed that there is no accumu-
lation of lateral earth pressure in the clay samples and glass ballotini. However, there was
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a significant increase in lateral earth pressure for almost all cyclic strain levels in the plu-
viated sand specimens. It should be noted that the total stress path considered was con-
stant, irrespective of the imposed strain cycles and magnitude of strain cycles based on
the typical range of temperature cycles and bridge deck length. The results from Clayton
et al. [46] help develop the guidelines in PD 6694-1 [25]. While their observations and
findings are valuable, the cyclic stress paths emanating from soil-structure interactions in
an actual integral abutment are more complex; it may not be possible for a triaxial test to
capture the SSI comprehensively.

Integral bridges founded on piles are the most common practice in the USA, Europe,
Australia and other Asian countries. Razmi and McCabe [20] used three different methods
to compute the thermal displacement of piles and abutment: (a) the AASHTHO [23] which
computes the movement as the free expansion A= aLAT, where « is the coefficient of
thermal expansion, L is the expansion length, and AT is the difference between the ex-
treme temperature and installation temperature, (b) an analytical method, using classical
mechanics theory, which only considers the increase in soil pressure on the piles due to
thermal movements, and (c) a 3D finite element modelling (FEM), which considers both
effects from mechanical loads and the soil pressure due to temperature variations. The
comparative results indicate that the piles and abutment displacement using the AASHTO
[23] method is higher than the other two methods. Since the analytical method only con-
siders the soil pressure on the piles and excluded the soil pressure on the abutments, the
calculated displacement from the analytical method is also significantly higher than that
from the FEM method. Consequently, the effect on the abutment-soil interaction due to
the presence of pile foundations and the combined effect of the abutment on the pile-soil
interaction requires more investigation.

The stress profile during the cyclic movement of the abutment from the neutral posi-
tion could be different to when the cyclic movements start from a different position of the
abutment wall. In addition, it was observed by Clayton et al. [46] that the increase in lat-
eral stresses occurred only if the active state was reached at the end of each cycle. They
postulated that the readjustment of the soil fabric due to rotations of non-spherical sand
grains at the active state contributed to the build-up of maximum horizontal stress. How-
ever, it is not associated with the densification during cyclic movement, which was con-
firmed by subjecting spherical glass ballotini to the same stress path when no build-up of
horizontal stress occurred. Hence, further tests at various magnitudes of cyclic abutment
movement and at the different direction of the initial loading are needed to confirm the
current design approaches and postulate further recommendations for future design
methods depending on the starting point of cyclic loading movement.

Sandberg et al. [7] performed a comprehensive SSI study on a 140 m long integral
bridge and compared the obtained earth pressure distribution behind the abutment with
the earth resistance calculated using the Limit Equilibrium (LE) approach specified in PD
6694-1 [25]. For the SSI approach, a soil model that satisfied clause 9.2.2 in PD 6694-1 was
developed, and soil stiffness parameters for the SSI analysis were taken from the pub-
lished literature. The stress profiles obtained from the LE approach and SSI approach were
found to be significantly different. It was reported that the SSI stress profile at the top of
the abutment follows the passive limit (K). In addition, the stress profile below the peak
resistance from the SSI approach was significantly less than that of the LE approach. This
being the case, the authors recommended further studies on the range of abutment types
and stiffness to correlate the effects of stiffness of the structure and soil on the performance
of integral bridges.

An experimental study conducted by Huang et al. [17] to examine the combined ef-
fects of abutment-soil interaction and pile-soil interaction under cyclic horizontal dis-
placements has also confirmed the stress ratcheting effects behind the abutment. From the
experimental results, it was found that the earth pressure coefficient was approximately
equal to the passive earth pressure coefficient suggested by the England et al. [12],
NCHRP [79], Burke and Martin [80], Chen [81], Helmut [82] and Dicleli [83] when A/ y s
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lower than 0.004. Moreover, the earth pressure coefficient was approximately equal to
two-thirds of the earth pressure coefficient of Rankine theory but significantly less than
that from Coulomb theory. When A/ g is higher than 0.004 and less than or equal to 0.006,
the passive earth pressure coefficient Kp from England et al. [12], NCHRP [79], Burke and
Martin [80], Chen [81] and Dicleli [83] are less than that of experimental results. Moreover,
Kp from Rankine theory is close to the test result, but still far less than the Coulomb theory
when A/ H reaches 0.006. The testing earth pressure coefficient is larger than all of those
except Coulomb theory when A/ y 1is between 0.006 and 0.012. However, it exceeds the
Coulomb theory when A/ p islarger than 0.012. The coefficient K from this test was 3.33
times as much as that of Rankine theory and 1.27 times as much as that of Coulomb theory
when A/  is equal to 0.016. The authors also reported that the shape of the pressure dis-
tribution depended on the magnitude of horizontal displacement, namely it was triangu-
lar in shape when the abutment displacement is less than 8 mm, and trapezoidal for the
displacement larger than 8 mm. Void formation behind the abutment and at the interface
between abutment and pile was also observed in the experiment, whereas the pressure
distribution given by PD 6694-1 [25] for different types of abutments depend on the mode
of abutment displacement and the type of abutment. The test results suggest that more
research to correctly estimate the passive pressure and pressure distribution on the abut-
ments and abutment foundation is needed.

Many prior studies have ignored the combined effect of the abutment—soil interaction
and pile—soil interaction during the thermal displacements of the bridge superstructures.
Most of the integral bridge design practices have also ignored the earth loads on the abut-
ment due to the thermal movements in the design of the pile foundation [6].

It is evident that the SSI analysis approach suggested by PD 6694-1 [25], bridge design
manuals published by DOTs of USA, Canada, Japan, Sweden, Spain, Switzerland, Fin-
land, Australia and New Zealand on integral bridge design still lack sufficient details in
one way or another. Not a lot of attempts have been made in the design guidelines to
address the “bump at abutment approach” issue. Design guidelines on how to incorporate
all factors affecting the SSI mechanism should be carefully studied. Research to under-
stand the complex SSI behind the integral abutment and abutment foundation is required
to correctly estimate the stress ratcheting effects [8,12], slumping, wedging and densifica-
tion of the soil behind the abutment, and to address persistent settlement issues at the
abutment approach.

3.9.2. Proposed Strategies to Minimise the Effects of SSI

The adverse effects of SSI may be mitigated using the principle of isolation [4,84-86].
Three degrees of isolation are generally used between the bridge structure and the back-
fill/foundation soil to deal with soil-structure interactions, namely:

e Noisolation;
e  Partial isolation;
° Full isolation.

The interactions may include superstructure and/or substructure interactions with
backfill/foundation soils or both. The soil-structure interactions are complex and depend
on (a) traffic and environmental loadings; and (b) the design of the integral and semi-
integral abutment, abutment foundation and backfill/foundation soils. While the vicissi-
tudes of traffic and environmental loadings are difficult, if not impossible, to control, en-
gineers have some control over the design of the integral bridge. The question is in choos-
ing the appropriate ways to mitigate or manage the adverse effects of soil-structure inter-
actions in integral bridges with or without soil-structure isolation. This can only be an-
swered by rigorous investigation and developing critical insights and understanding of
the soil-structure interactions.
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Partial and full isolation techniques such as (a) placing compressible inclusions (Cls),
made of low stiffness, highly compressible, and elastic materials, between the abutment
and the backfill [15,34,41,42] (Figure 4a,b) MSE stabilised embankment with compressible
inclusion [10,15,86] (Figure 4b) have been proposed to minimize or eliminate inherent ge-
otechnical problems in integral bridges.
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Figure 4. (a) partial isolation technique; (b) full isolation technique.

Horvath [15] suggested that a compressible inclusion (Figure 4a) would accommo-
date deck expansion. It helps to decrease the lateral pressure on the abutments. However,
compressible inclusions seem ineffective at controlling subsidence behind the integral
abutment [8,87]. In winter, as the superstructure contracts and pulls the abutment away
from the backfill, compressible inclusion is unable to restrain the soil from slumping
downward and towards the abutment [8,88,89].

A complete separation between the abutment and self-stable retained soil could be
another solution to avoid the effects of SSI in integral abutments (e.g., using self-stable
MSE approach embankment) (Figure 4b). The space between the abutment and self-stable
soil can be left as a void or filled with a compressible inclusion. However, leaving a void
is considered unacceptable due to the difficulty of maintenance [22].

Alberta province has avoided the use of foam inclusion materials behind the integral
abutments to minimize the earth pressure behind the abutment [56]. This is because the
foam material can be compressed due to backfill compaction during the construction and
due to the cyclic movements, and this could lead to unequal movements at the bridge
abutments. A similar recommendation is also advised by the Manitoba province, Canada.
The practice in Canada contrast with most of the design recommendations to use inclusion
materials behind the abutment to minimize the earth pressure due to the abutment move-
ments.

There is little or no information regarding the solutions to minimise the pile-soil in-
teraction in the IABs. Some design practices have recommended the single row of piles
and weak axis orientation with the centerline of the integral and semi-integral abutment.
A study conducted by Tabatabai et al. [6] showed that 21 out of 37 states in the USA prefer
to orient the pile to bend along the weak axis (due to longitudinal thermal movement),
whereas 5 out of 37 prefer to orient the pile to bend along the strong axis, and five states
do not have any preference. Pile orientation (see Figure 5) in integral bridges can affect
the amount of restraint to the thermal movements, force in the pile and overall pile per-
formance in the integral bridges.
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Figure 5. Orientation of the H-pile: (a) pile bent along the weak axis; (b) pile bent along the strong
axis.

In addition, pre-bored holes for piles, piles in sleeves, or corrugated pipe over the
pile (see Figure 6) are recommended to avoid the pile-soil interaction, reduce the friction
on the piles, and to mitigate the down drag forces. When the pile supporting the abutment
is first driven into the soil, negative stress can build on the pile face. The process is called
down drag, which can cause settlement issues on the backfill soil.
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Figure 6. Sleeves around the piles.

Finally, despite a preference for IABs over SIABs due to issues with the bearings, the
benefit of installing bearings is that it provides superstructure-to-substructure isolation.
This helps to mitigate the effects of superstructure expansion and contraction from trans-
ferring to the substructure and eventually interacting with the surrounding soil.

4. Conclusions

This review paper discussed the geotechnical design guidelines and practices for in-
tegral bridges in the USA, Australia, New Zealand, Canada, Japan, UK, and a number of
European countries. The SSI effects on integral bridges and how they have been incorpo-
rated in the design are reviewed. Although the popularity of integral bridges is increasing,
the knowledge gaps on the SSI effects and current design guidelines of integral bridges
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present many challenges for geotechnical engineers in mitigating stress ratcheting, settle-
ment, and pile flexural stiffness and fatigue issues. Therefore, augmenting design guide-
lines to enhance the applicability of integral bridges and to mitigate the geotechnical prob-
lems will help to strengthen the current design practice. The main conclusions drawn from
the past studies and current design practices of integral bridges are summarized below:

1.

The nomenclatures on integral bridges in the design guidelines are not standardised
across different jurisdictions. For example, AASHTO [5] defines an integral bridge as
an IAB and does not further sub classify the integral bridges. In European countries,
integral bridges are commonly defined as either fully integral bridges or semi-inte-
gral bridges based on the structural connection between the bridge deck and abut-
ment, though these are analogous to the definitions of IABs and SIABs, respectively.
A portal frame bridge (PFB) in Japan and end screen bridge in Sweden are other
prominent examples of disparate terminologies of the integral bridges in different
countries. There are also disagreements on the definitions and types of abutments in
different states of the USA. In this review, we have attempted to unify some of the
nomenclatures. An integral bridge is defined in this paper as a bridge structure where
the bridge deck is without any joints for expansion or contraction of the deck and
may be further sub-categorised as an integral abutment bridge (IAB) or a semi-inte-
gral abutment bridge (SIAB) depending on the connection between deck and abut-
ment.

The design method and the design lateral earth pressure distribution behind the
abutment (whether SSI is needed or not) are defined with respect to the type of abut-
ments, length, and skew angle limit of integral bridges. In addition, the design prac-
tices of integral bridges, including threshold limits on the bridge length and skew
angle, and types of abutments, vary across the literature. Knowledge gaps still exist
in understanding the effects of different type and geometry of abutment, length and
skewness of bridge, type of backfill and SSI. Filling the knowledge gaps is necessary
to extend the application and improve the performance of integral bridges.

The factors considered and the equations used to calculate the earth pressure distri-
bution behind the integral and semi-integral abutment (see Table Al in Appendix A)
in the USA vary from state to state. Some states are still using the traditional Rankine
and Coulomb active and passive earth pressure theories derived for retaining struc-
tures under monotonic loading cases. In addition, the designed abutment displace-
ment is considered as the displacement at the top, irrespective of the mode of dis-
placement and flexibility of the abutment. Moreover, the displacement of the abut-
ment is cyclic in nature, and the abutment displacement also depends on the nonlin-
ear response of the backfill.

Most of the design practices lack comprehensive design guidelines on pile founda-
tion for the integral bridges. The types of abutment foundation, restriction on the
abutment foundation, and design of the abutment foundation (such as the orientation
of the pile, type of pile and embedded length of the pile) have resulted in conflicting
practices in some cases. In addition, the transferred effects from the abutment and
abutment-soil interaction could have different effects on the pile foundation. Abut-
ment-soil interactions and pile—soil interactions should be investigated in a holistic
manner in the design of integral bridges.

Measures to reduce adverse SSI effects and the consideration of the SSI in the design
of integral bridges are required. Both have been recommended in principle and to a
different extent in the design standards. Some standards have advised 3D analysis of
the integral bridge system incorporating the SSI (e.g., PD 6694-1 [25] and Massachu-
setts LRFD Bridge Manual-Part I [40]). However, there is very little information on
the 3D coupled analysis of the integral bridge structure and soil. Appropriate guide-
lines to identify the governing soil parameters and changes in soil behavior during
cyclic abutment displacement are needed to develop the numerical soil model to
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study the SSI mechanism in integral bridges. The numerical studies should be com-
bined with scaled model laboratory experiments and field monitoring of actual inte-
gral bridges to gain critical insights into the SSI effects (e.g., as recommended in PD
6694-1 [25]).

Seasonal and diurnal temperature cycles cause dissimilar period and amplitude var-
iations in the displacements of the bridge structure. In addition, the superimposed
thermal effect (daily and seasonal temperature changes) can have different effects on
integral bridges compared to the daily or seasonal thermal changes only. However,
design guidelines (such as PD 6694-1 [25] and AASHTO [5]) mainly focus on the ef-
fects of the seasonal cycles. In addition, some studies found that the shape of the earth
pressure distribution behind the integral abutments depends on the magnitude of
the abutment displacement [17]. Some standards (e.g., PD 6694-1 [25]; Massachusetts
LRFD Bridge Manual-Part I [40]; Utah Bridge Design Manual [37]) further recom-
mend that the magnitude of lateral pressure should be considered as a function of
abutment displacement. These indicate the importance of considering the superim-
posed effects of seasonal and diurnal temperature cycles in postulating the earth
pressure and establishing the bending moment distribution on the integral and semi-
integral abutment, abutment foundation, and development of the settlement trough
at the bridge approach.

The review suggests that the principle of isolation being applied to mitigate SSI ef-
fects needs more detailed study. Abutment-backfill separation with the use of com-
pressible inclusion and reinforced backfill (MSE wall) are just two more common ap-
proaches to mitigate the soil flow, soil slumping, soil settlement and stress ratcheting
effects on integral bridges. Other self-stable backfill systems, e.g., soil-cement column
wall [10] and EPS geofoam embankment [15], are potential solutions as well. How-
ever, most of these suggestions are derived from the lab experiments and finite ele-
ment analysis, and no explicit design guidelines for such approaches are yet availa-
ble. In contrast, Alberta and Manitoba strictly avoided the use of foam material be-
hind the integral abutment, as they can be compressed in the long term, which could
develop unequal movements at the bridge abutments. Therefore, most appropriate
solutions to minimise the earth pressure behind the abutment need to be explored
and discussed in the design guidelines to increase the applicability of the integral
bridges, and to substitute the integral bridges as an option for longer traditional
bridges.
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Appendix A

Table Al. Integral bridge practices in USA states.

Types of Integral . .. . o Geotechnical Design Considera- Mitigation Measures with Respect to
States Limiting Design Criteria . . R .
Abutments tions/Practices Geotechnical Requirements
Bridge length up to 120- No explicit guidelines. However, it - A combination of mechanically re-
Integral abut- . . " . . .
Colorado [41] m for steel, cast-in- stipulates, “Appropriate earth pres- inforced earth (MSE) with a non-

ments and semi-

place concrete bridge sures and predicted settlement collapsible gap with low-density
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integral abut-
ments

and precast and post-
tensioned concrete
bridge.

Skew angle limit is 30°

should be provided in a geotechnical
investigation”.

polystyrene can be considered
when reduced earth pressure ef-

fects are required.

Alaska [31]

Semi-integral
abutments

Not defined

Thermal movement and live load ef-
fects are neglected for the abutment ~
and abutment foundation.

The design of the end diaphragm of
the abutments must account for the
lateral earth pressure. However, the
magnitude and distribution of earth
pressure are not explicitly discussed.

Recommends using a 13 mm ex-
panded polyethylene pad on both
faces of the bearing pad to accom-
modate thermal movement. The
bearing pad provides rotational
isolation between the bridge girder

and abutment.

Integral abut-
ments and semi-

Bridge expansion -
lengths up to 76.2 m
(121.92 m total length)
Skew angle limit is 30° -
Integral abutment de-
signs placed on MSE
wall are prohibited, but

Assumes two-thirds (2/3) of total
design movement could occur in
one direction.

Earth pressure distribution ranging
between the at-rest and the full pas-
sive pressure, which is calculated
using the Coulomb equation and de-

Ohio [36] . semi-integral abutment pends on the magnitude of thermal - Not defined
integral abut- desi .
esigns are allowed. displacement of the abutment.
ments No skew limitation for - The movement required to mobilize
the semi-integral full passive pressure is five percent
bridges. of the height on which the passive
Semi-integral bridges pressure acts. Height is measured
restricted when a sin- from the bottom of the foundation to
gle row of piles is used. the roadway surface.
- Passive earth pressure increases lin-
early for the top third of the abut-
ment, then linearly decrease to the
at-rest pressure at the bottom end of
th t t B.1).
Bridge lengths up to 98 N .abu ment (see . ) . .
. - An in-depth analysis of soil pressure- Approach slab is strongly recom-
m for concrete bridges R . . .
distribution is required for bridges mended for integral abutment
and 37m for steel . . - . .
. exceeding the design criteria. bridges with a total thermal move-
bridges. . . . .
Skeve effects have to be Vertical loads piles shall be designed ment higher than 19 mm.
Integral abut- . in accordance with AASHTO LRFD - A sleeper slab at the end of the ap-
Idaho [32] considered for a skew . . e . L.
ments o Bridge Design Specification [90]. proach slab with the joint seal ma-
angle greater than 25 . . . -
in which forces tending” Lateral loads on piles on bridges terial is required to compensate for
& skewed more than 25° need to be the settlement of the approach slab
to rotate the structure . . .
considered to resist soil pressure and movement at the end of the
shall be accounted for .
. - forces tending to rotate the struc- approach slab (see C.1).
in the design.
ture.
- Piles must be ductile enough to ac-
commodate both thermal move-
ments and dead load and live load
rotations of the superstructure.
- Coulomb triangular passive earth
(a) For full integral pressure distribution is considered
abutment; in the design of fully integral abut-
for abutments with ments.
piles, bridge lengths up- Rankine active earth pressure is rec-
Full integral to 91.5 m for steel and ommended to design semi-integral - Approach slabs should be used
Maine [35] abutments and 152.4 m for the con- abutments. when integral bridge lengths ex-
ne semi-integral crete bridge structure - Bridge abutments with displace- ceed 24.4 m for steel structures and
abutments skew angle of 20° or ments over 25.4 mm may require a 43 m for concrete structures.
less detailed pile analysis to consider all
(b) There is no limit cri- applicable forces and moment de-
teria for the semi-inte- mands, including thermal, skew ef-
gral abutments. fects and deflections of the bridge
superstructure.
Bridge lengths up to 43 - The magnitude of lateral earth pres-
Integral and m for steel bridges and sure is considered as being devel-
Massachusetts semfinte ral 61 m for concrete oped to be between full passive and - An approach slab is preferred to
[40] & bridges at-rest earth pressure, which depend be used with all IABs.

abutments

Skew angle limited to
30°

on the relative wall displacement,
6r/H, where H is the combined
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height of the pile cap and the abut-
ment diaphragm and &7 is the hori-
zontal displacement of the pile head.
Active earth pressure coefficients
(K,) shall be estimated using Cou-
lomb theory. Passive earth pressure
coefficients (K,) shall be estimated
using Rankine or Log Spiral Theory.
The lateral earth pressure coefficient
(K) from the compacted gravel bor-
row backfill shall be estimated using
the equation:

K=043+57 (1 - e‘”"(%r))
Bridges exceeding the specified
bridge length limit and skew angle
need to be analysed using the 3D
Space Frame Analysis Method to de-
termine the soil-structure interac-
tion effects.

North Dakota

Integral abut-
[33] ments

Bridge length up to 105~
m and skew angle limit
of 30°

It specifies that a uniform pressure

of 47.8 kPa should be considered in
the design of integral abutments and -
31.1 kPa in the design of the wing
walls.

Not defined

Pennsylvania
[42]

Integral and
semi-integral
abutment

Bridge total length up
to 180 m for concrete
structures and 119 m
for steel structures
Minimum allowable
skew* angle is 70° for a
single span in excess of -
40 m or for multiple
span structures
Minimum allowable
skew* angle is 60° for a
single span in excess of
28 m but not longer
than 40 m -
Minimum allowable
skew” angle is 45° for
single spans 28 m or
less

Note: skew* is the com-
plement of the skew
angle defined in Ap-
pendix D.

Only for the bridges exceeding the
bridge length limit, the integral
abutment bridges need to consider -
the effects of secondary loads such

as creep, shrinkage, thermal gradi-
ent and differential settlements for
the design of the integral abutment.
The design of abutment components
is based on the full passive earth
pressure.

Approach slabs are strongly rec-
ommended, and special backfill
materials such as open-graded
stone are required to be used.

A 51 mm thick sheet of cellular
polystyrene is required against the
entire area of the back face of the
abutment to attenuate the earth
pressure. Cellular polystyrene is a
synthetic aromatic hydrocarbon
polymer made from the monomer
styrene, and styrene is available as
a solid form or as foam having a
closed-cell structure.

Integral abut-
New Hamp- ments and Semi-
integral abut-
ments

shire [43]

(a) For integral abut-
ments;

total bridge length up

to 91 m for steel

bridges and 183 m for
concrete bridges
maximum abutment -
height of 4 m
Individual span length
between supports less -
than 45.7 m

Skew angle less than or
equal to 20°

(b) Semi-integral abut-
ments are the preferred
type of abutment when
the site conditions pre-
vent the construction

of full integral abut-
ments.

Design earth pressure varies linearly
from at-rest earth pressure to the full
passive pressure (see B.3).

The approximate values of relative -
movements required to reach full
passive pressure could be found
from AASHTO LRFD Table C3.11.1-
11[90].

Sleeper slab shall be used with all
approach slabs.
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Integral abut-
ments and semi-

For service limit states,
movement at the top of
integral abutment piles
does not exceed +38
mm from the unde-
flected position. -
Skew angle limited to
30°

It does not involve any explicit de-

scription of the lateral earth pressure

behind the integral abutments.

Oregon [39] . - Integral abutments - It states that the non-yielding walls, - Not defined
integral abut- with MSE walls are such as the integral abutments, must
ments prohibited. be designed using the at-rest earth

- Semi-integral abut- pressure.
ments preferred over
integral abutments
when the foundations
are stiff in the longitu-
dinal direction.

- (a) For full integral
abutments;

- - for steel bridges,
length up to 90 m for 0°
?cl)(re;i)?rslliivazg i m Right triangular passive earth pres-

8 sure distribution over the full height
- for concrete bridges, R .
of the abutment is used to design the .
length up to 150 m for . - Approach slab is recommended,
o abutment against thermal move- .
0° skew angle and 75 m ment. and joint between the approach
for 30° skew angle . slab and sleeper beam (sleeper
Full integral - Allowable maxigmum The K, of 4 shall be used with the slab) should Ee designed fof the

abutment and

Virginia [34] semi-integral

abutment

total movement at
abutment is 40 mm
(b) For semi-integral
abutments;

- for steel bridges,
length up to 135 m
for concrete bridges,
length up to 230 m
Skew angle limited to
30° angle

Allowable maximum
total movement at
abutment is 55 mm

designed EPS (expanded polysty-
rene) layer, whereas K, of 12 shall
be used for the structural backfill
without EPS layer.

For the abutments designed with the

bridge exceeding the given length
and skew criteria, a 3D analysis is
required to calculate the thermal ef-
fects on the bridge structures.

thermal movements.

A layer of Expanded Polystyrene
(EPS) shall be provided in between
the backfill and the abutment.
Minimum thickness of the EPS
layer should be 25 cm.

Integral abut-
ments and semi-
Utah [37] integral abut-

ments

Displacement of inte-
gral abutment due to
temperature load
should not exceed 76
mm.

Integral abutment is re-_
stricted to use with
spread footings.
Displacement of semi-
integral abutment due
to temperature move-
ments should not ex-
ceed 0.03 h, where h is
the height of the semi-
integral abutment dia-
phragm.

Semi-integral abutment
is preferred when su-
perstructure move-
ments exceed the pile
movement capacity.
Semi-integral abutment
is preferred where dif-
ferential settlement
along the abutment is
anticipated.

Design earth pressure varies uni-
formly over the height of the abut-
ment, and the pressure is calculated
using the formula:

_ (A 2H,
Bo=v(%o03n,)(*3)
where P, is the earth pressure in

Ksf, y is aload factor, in this case, it
isequal to 2, A is the effective abut-
ment displacement in feet, and it is
defined as the total abutment dis-
placement gap (if any gap is pro-
vided behind the abutment) and H,
is the height from the finished grade
to the bottom of the abutment in
feet.

Geofoam backfill is used to reduce
or eliminate fill settlement behind
the abutment.

If the slope of the geofoam surface
behind the abutment exceeds 1.
5H:1V, the effects of soil loads
transferred through the geofoam
need to be evaluated. There are no
explicit design guidelines for the
geofoam backfill design.
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Illinios [91]

Integral abut-
ments and semi-
integral abut-
ments

a) For integral abut-

ment;

(i) total allowable

length for steel struc-

tures is 94.5 m

(ii) total allowable

length for concrete .

structures is 125 m - For design, K, (earth pressure at )
(iif) maximum skew rest) = 0.5 should be used.
angle is 30°

b) When integral abut-

ment limitations are

exceeding, semi-inte-

gral abutment should

be used.

Not defined

Minnesota [92]

Integral and
semi-integral
abutments

(a) For integral abut-
ment;

bridge length < 300
feet (91.5 m) and skew
angle < 20°

bridge length < 100
feet (30.5 m) and skew
angle < 45°

bridge length is be-
tween 100 feet and 300 -
feet, and skew angle <
[45-0.125 (L - 100)],
where L is the length of
the bridge in feet

(b) Semi-integral abut-
ments are the preferred
type of abutment when
the requirements for
integral abutments can-
not be met. For semi-
integral abutments
with wing walls paral-
lel to the roadway, the
maximum skew angle
limit is 30°.

Lateral earth pressure profile varies
linearly from zero to the Rankine
passive earth pressure over the up-
per part of the abutment (above the -
moment relief joint) and remains
constant over the lower part of the
abutment (see B.2).

Not defined

Nevada [93]

Integral abut-
ments;
(a) diaphragm-
with-footing-
abutment, which
is semi-integral -
abutments as de-
scribed in other -
practices.
(b) diaphragm-
with-pile-abut-
ment, which is -
integral abut-
ments (full inte- ~
gral abutments)
as described in
other practices.

(a) For diaphragm-
with-footing-abutment;
bridge lengths up to
122 m for concrete and
76 m for the steel
bridge structure

skew angle of 30° or
less

(b) For diaphragm-

o ‘g"e"lljnal:ﬁ:‘fn; s~ AASHTOLFRD 3.11 guideline is fol-
m fo% Concgre te ar}: 446 lowed to estimate the lateral earth
m for steel bridge pressure acting on the abutment of

IABs [94].
structure s [94]

skew angle of 20° or
less

(The values are for cold
climate as per 4th edi-
tion of AASHTO LRFD
article 3.12.2.1 [94]. The
values may be in-
creased by 20% in areas
of moderate climate)

Not defined

New Jersey [39]

Integral abut-
ments and semi- -
integral abut-
ments

Integral abutments need to be de-
signed by considering the full pas-
sive earth pressure. However, the

(a) For integral abut-
ment bridge;

For bridge length over 46 m, provi-
sions shall be made for expansion
at the end of each relief slab by the
installation of a sleeper slab.
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method of calculation and the distri-
bution of the pressure are not explic-

bridge length up to 137
m and skew angle lim-

Sleeper Slab is a reinforced con-
crete block supporting the end of

ited to 30° itly discussed. the approach slab at the approach
(b) For semi-integral roadway end.

abutment bridge;

maximum skew angle

is 30°

maximum expansion
length is 61 m
Semi-integral bridges
restricted when a sin-
gle row of piles is used.

(Note

: all imperial units in design manuals are converted to SI units in the table).

Appendix B. Earth Pressure Distribution on Integral and Semi-Integral Abutment
Appendix B.1. Idaho

Figure B.1 shows designed earth pressure distribution behind an integral abutment
during bridge expansion and contraction recommended by the Idaho DOTs [32].

Design Loads for
Expansion Case

Design Loads for
Contraction Case

Soil Pressure
Distribution

oy = kpyH/3 >

¢ X

— + —Girder C.G. Z Z

T~ Cantilever Bending \Design Location
Design Location ™
; St F
‘\-,‘__ Fill Face ream race

Reinforcement

@, = kgyH Reinforcment

TT

———» Pile Lateral Force

Pile Moment \__*

J—'\.—'— Pile Lateral Force

U Pile Moment

Figure B.1. Earth pressure on integral abutment during bridge expansion and contraction—Idaho
DOTs [32].

Appendix B.2. Minnesota

Figure B.2 shows adopted design earth pressure distribution behind and integral
abutment recommended by the Minnesota DOTs [92].

?L

- N

Upper part of

Integral abutment

T

Moment relief joint

the abutment

S

Lower part of

the abutment

:

Figure B.2. Earth pressure on integral abutment —Minnesota DOT [92].
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Appendix B.3. New Hampshire

Height of the

diaphragm

Height of the

abutment stem

Figure B.3 shows design earth pressure distribution on integral abutment recom-
mended by the New Hampshire DOTs [43].

0

K

Pp

Appendix C. Sleeper Slab

00O

i

Figure B.3. Design earth pressure in IABs [43].

S

Bottom of the Diaphragm

Integral abutment

Figure C.1 shows the schematic diagram of the integral bridge system that comprises
the sleeper slab and the approach slab [32].

(8 —

T

!
f Relief Slab

[—

\ Girder

H-Pile

Sleeper slab

Wingwall

Integral Abutment

Figure C.1. Schematic diagram of the integral bridge system with the sleeper slab.

Appendix D. Skew Angle

Pennsylvania DOT defines skew angle as the smaller angle between the highway
centreline and a line parallel to the support (wall, abutment, pier, etc.) or to the centreline
of culverts [42]. AASHTO [23,90,94,95] defines skew angle as the angle between the cen-
treline of a support and a line normal to the roadway centreline. The sum of Pennsylvania
DOT’s and AASHTO's skew angle is 90°.
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