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ABSTRACT 

 

Integral abutment bridges (IABs) are monolithically rigid structures distinguished by 

eliminating the use of expansion and bearing joints. This leads to enhanced structural 

performance and reduced maintenance costs. However, the complex soil-structure 

interactions (SSI) of IABs in response to seasonal variations in ambient temperatures are 

not yet fully understood. This research aims to use comprehensive numerical models to 

expand the understanding related to the intricate SSIs of these structures in response to 

various conditions. The Middlesex bridge in Vermont, USA, was selected as a case study 

for this research. The thermal response of the bridge was monitored over a period of two 

years, in which the acting pressures, internal forces, and deformations were measured. The 

numerical research conducted in this study first involved the development of two- and 

three-dimensional finite element (FE) models using the software PLAXIS, where the 

corresponding findings were verified against field acquired measurements for a single case-

study bridge. Parametric studies were then conducted to investigate the effects of varying 

the constitutive soil model, thermal loading, backfill stiffness, abutment stiffness, pile size 

and orientation, and span length on the resultant earth pressure distributions and pile 

bending moments. It was found that using a linear constitutive soil model resulted in 

significant inaccuracies in the results. It was also found that theoretically approximated 

abutment displacements obtained using the measured temperatures yielded similar results 

to the field measured deformations. They hence can be used for future performance 

predictions for climate change studies. The study also revealed that increasing the backfill 

stiffness was found to increase backfill stresses and decrease pile bending moments. It also 

showed that varying the abutment stiffness had no impact on the earth pressures and pile 

bending moments. Smaller pile sections oriented for weak-axis bending yielded smaller 

pile bending moments and larger earth pressures. Increasing the span length increased 

backfill stresses and pile bending moments. 

 

Keywords: Integral abutment bridge, thermal loading, piles, earth pressure, pile moment, 

soil-structure interaction, hardening soil model, Finite element modelling 
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CHAPTER 1 INTRODUCTION 

 

1.1 Research Background 

 
Bridges constructed prior to the 1930s utilized expansion and bearing joints, typically 

situated above bridge piers and between neighboring spans, to accommodate induced 

bridge movements and deformations, as indicated in Figure (1.1a) (Chang and Lee 2002; 

Kong et al. 2016). These deformations may be caused due to variations in ambient 

temperature and humidity levels, creep and shrinkage effects, dead and live induced axial 

and flexural strains, vehicle impact loads, seismic activities, and overloads. Bridges also 

resist secondary loads such as tilt and settlement, mining subsistence, and construction 

loads (Lee 1995). However, full-scale field investigations have indicated the shortcomings 

associated with the use of expansion and bearing joints. For instance, using expansion and 

bearing joints require significant maintenance costs, since these joints are susceptible to 

moisture-induced corrosions. Furthermore, sensitive structural components are prone to 

significant deterioration due to their exposure to salts and de-icing chemicals, thus 

compromising their structural performance. Significant unexpected stresses were observed 

to develop within the superstructure as empty voids within expansion joints were often 

clogged with frozen water and debris, thus hindering the contraction and expansion 

mechanisms of structural members (Lawver et al., 2000). 

Consequently, the concept of integral abutment bridge (IAB) construction was first 

introduced during the 1930s, before rapidly becoming widespread after the 1960s (Arsoy 

et al. 1999; Kong et al. 2016). As shown in Figure (1.1b), IABs are continuous structures 
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which are distinguished by omitting the use of expansion and bearing joints. This is 

achieved by integrally casting the deck and abutments, and rigidly embedding the girders 

into the abutment. As a result, the superstructure and substructure are connected 

monolithically to act as a one rigid body in response to induced primary and secondary 

loads (LaFave et al. 2021). Incorporating such a configuration was found to reduce 

construction and maintenance costs, enhance seismic performances, lessen construction 

durations, improve vehicle riding quality, and increase the structure’s service life (Abdel-

Fattah and Abdel-Fattah 2019). IABs constructed in the US and Canada typically utilize a 

stub-type abutment supported by a single row of vertical steel HP piles oriented for weak-

axis bending (Arockiasamy et al. 2004; Breña et al. 2007). Furthermore, common practices 

in North America involve drilling piles into over-sized holes filled with loose granular soils 

to reduce the down drag forces acting on the piles and resistance against lateral movements 

(Yang et al. 1985; Husain and Bagnariol 2000). However, a survey conducted by White II 

et al. (White II et al. 2010) indicated that IABs constructed in Europe commonly opt for 

flexible abutments supported by shallow foundations. 
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Figure 1.1 Typical bridge designs: (a) jointed bridge, (b) IAB (Li 2020) 

 

Although IABs have several attributes, their soil-structure interactions (SSIs) under the 

influence of cyclic thermal loading are extremely complex and yet to be fully understood. 

Since IABs eliminate the use of expansion and bearing joints, laterally induced thermal 

loads cause a rigid body translation and rotation of the abutment and piles. Consequently, 

this mode of deformation may potentially increase the stresses within the piles and backfill 

soil significantly (Lawver et al., 2000). Furthermore, research conducted by Faraji et al. 

(Faraji et al. 2001) indicated that one of the challenges related to the use of IABs involves 

accurately idealizing the SSIs of IABs under induced thermal movements during design 

and analyses, since the behavior of the soil significantly impacts the corresponding 
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magnitudes of stresses generated within the backfill and supporting piles. If the induced 

abutment movements are large enough, the response of the soil, therefore, becomes highly 

nonlinear and varies as a function of the abutment displacement. Hence, a unified design 

and analysis approach is yet to be accomplished. 

The SSIs of IABs are commonly analyzed via the p-y method or the full continuum 

approach. As part of the p-y method, structural members are idealized using finite element 

(FE) beam elements, divided into n intervals, with corresponding node endings. The 

behavior of the soil is approximated through a series of discrete and unconnected horizontal 

and vertical spring elements, connected to the structural member at the corresponding node 

endings (Potts and Zdravkovic 1999). While this is a simple and quick approximation of 

the complex SSIs related to IABs, this approach neglects and simplifies several 

geotechnical concepts and interactions such as: the continuous nature of soil in relation to 

SSIs, drainage, pore-water pressures, torsional soil resistance, and coupled axial and lateral 

soil resistance (Dhadse et al. 2021; Greimann et al. 1986). 

The full continuum approach, however, is capable of realistically modelling complex SSIs 

that occur as IABs resist induced thermal loads such as changes in geometry, non-

homogeneous material conditions, and nonlinear stress-strain behaviors. Unlike the p-y 

method, this approach considers the entirety of the problem as a full continuum discretized 

into finite elements. Elements are connected via node endings to form a global mesh 

(Abdel-Fattah and Abdel-Fattah 2019). Since each element incorporates a stiffness matrix, 

corresponding nodal displacements are thus determined based on the global loading and 

boundary conditions (Dutta and Roy 2002). In addition, this approach allows for the use of 

advanced constitutive soil models to simulate the nonlinear stress-strain response of soils 
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for various stress levels and paths, generation of pore-water pressures, and coupled 

consolidation analyses. Furthermore, the relative deformation, stress transfer, and slippage 

between the abutment-soil and pile-soil can be simulated by using zero thickness interface 

elements, whose properties depend on the parenting soil (Dhadse et al. 2021; Potts and 

Zdravkovic 1999). 

As a stepping stone to better understand the complex response of IABs to thermal loading, 

several researchers have conducted full-scale investigations to monitor the thermal 

performance of IABs over a certain period (Huntley and Valsangkar 2013; Huntley and 

Valsangkar 2014; Kim and Laman 2012; Kong et al. 2015; LaFave et al. 2021). In addition, 

extensive numerical parametric studies were conducted to investigate the changes in the 

performance of IABs in response to varying model conditions (Civjan et al., 2007; Huang 

et al., 2008; Kalayci et al., 2012; Quinn and Civjan, 2017).  

However, the numerical studies conducted by previous research utilized the p-y approach 

to simulate the SSIs of IABs under induced thermal contractions and expansions. Hence, 

this research aims to build upon previous work by analyzing and modelling the SSIs of 

IABs under thermal loadings within a continuous soil medium, with corresponding 

interface elements, using the full continuum approach. In accordance with the monitored 

IAB in Vermont, USA, advanced two- and three-dimensional FE models using the 

PLAXIS software are developed to mimic the thermal response of the structure, where the 

corresponding backfill earth pressures and pile bending moments are verified against 

available field measured data. In addition, comprehensive parametric studies are conducted 

to investigate the changes in earth pressure distributions and pile bending moments in 
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response to varying the constitutive soil model, thermal loading, backfill stiffness, 

abutment stiffness, pile size and orientation, and span length. 

1.2 Research Objectives 

 
This research aims to numerically analyze the thermal performance of IABs under induced 

cyclic thermal loadings within a continuous soil medium. For this thesis, the primary 

objectives of the conducted research can be stated as follows: 

• Investigate the field measured thermal response of an integral abutment bridge in 

Vermont, USA. 

• Develop comprehensive two- and three-dimensional finite element models using the 

full continuum approach to simulate the thermal response of abutment and verify the 

lateral earth pressure distributions and pile bending moments against field acquired 

data. 

• Conduct parametric studies using the calibrated models to investigate the changes in 

earth pressures distributions and pile bending moments under various conditions. 

 

1.3 Thesis Outline 

 
The chapters contained in this thesis are ordered as follows: 

• Chapter 1 introduces the research topic for this thesis and the corresponding 

objectives.  
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• Chapter 2 presents extensive details related to the IAB construction and design 

concepts. Moreover, this chapter compares current design practices and guidelines 

employed across various regions worldwide. 

• Chapter 3 presents the results of the conducted two-dimensional modelling of integral 

abutment bridges. The content of this chapter is currently under consideration to be 

published as a journal paper in the Transportation Geotechnics Journal.  

• Chapter 4 presents the results of the conducted three-dimensional modelling of 

integral abutment bridges. The content of this chapter is also under consideration to be 

published as a journal paper in the Transportation Geotechnics Journal . 

• Chapter 5 summarizes the key findings described in this thesis, along with 

recommendations for future work. 
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CHAPTER 2 LITERATURE REVIEW 

 

Jointed bridges have been commonly constructed by transportation networks worldwide to 

provide alternative traffic routes over a variety of crossings (Zhao and Tonias 2014). 

However, according to statics gathered by the U.S. Department of Transportation, it was 

found that the number of structurally deficient bridges exceeded 27% by the year 2003. 

Thus, bridge engineers have begun to realize the numerous shortcomings associated with 

the use of deck and bearing joints. During the early 1930s, engineering practitioners began 

to transition towards constructed joint-less bridges by eliminating expansion and bearing 

joints. Such structures are categorized as integral abutment bridges (IABs). Approaching 

the late 1960s, IAB construction significantly grew in popularity becoming widespread in 

North America and Europe. It was soon realized however, that opting for such structures 

would lead to significantly larger secondary stresses within the superstructure. 

Nevertheless, the shortcomings related with jointed bridges considerably outweighed those 

associated with joint-less bridges (Burke 2009). 

The structural and economical performances of jointed bridges were seen to be inferior to 

IABs since these structures require constant maintenance and operate for short periods of 

time. According to Burke (Burke 2009), jointed bridges are associated with two major 

shortcomings. Firstly, under thermally induced contractions and expansions, 

corresponding pavement growths lead to the closure of the deck joints. This induces 

substantial compressive pavement pressures on the abutment, girders, and deck 

components, thus potentially invoking severe structural ruptures. In some instances, these 

stresses were seen to exceed approximately 7000 kPa. Moreover, induced compressive 

stresses because of pavement growth were seen to cause wing-walls and piers to fracture 
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and crack, respectively. Secondly, by utilizing expansion and bearing joints, structural 

elements are susceptible to corrosion and deterioration due to the leaking of de-icing 

chemicals used to dry pavements in areas with extreme snow and rain falls. This led to 

closure of several bridges for repair and maintenance, and in some instances, bridges were 

seen to collapse due to loss in durability and structural failures (Burke 2009). 

With departments of transportation (DOTs) gradually transitioning to the construction of 

IABs, existing jointed bridges were retrofitted into continuous spans. This was first seen in 

the 1960s by DOTs in the states of Massachusetts and Wisconsin (Burke 2009). A survey 

conducted by Burke (Burke 2009) saw that approximately 30% of the DOTs have 

successfully retrofitted at least one bridge. Furthermore, as indicated by Hassiotis et al. 

(Hassiotis et al. 2006), a conducted survey showed that 20 DOTs transitioned to the 

construction of IABs over jointed bridges. This was strongly influenced by the high 

rehabilitation costs required to maintain such structures. For example, a study conducted 

in New York in 1992 concluded that the transformation of existing bridges to encompass 

continuous spans resulted in the annual saving of $0.5 – $1.25 million associated with 

maintenance. In addition, research conducted by Tabrizi et al. (Tabrizi et al. 2016) saw that 

the required costs to replace a deteriorated bridge joint ranged between $188,000 – 

$285,000. Research conducted by Weyers et al. (Weyers et al. 1988) in which the cost-

effective bridge maintenance and rehabilitation procedures were discussed indicated that 

the minimum cost required to restore 22,500 bridges in Pennsylvania was $2.5 billion. 

As defined by Burke (Burke 2009), IABs are single or multi spanned bridges in which the 

superstructure and abutments/piers are constructed monolithically, deprived of expansion 

and bearing joints. This results in a continuously rigid assembly between the superstructure 
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and substructure components as shown in Figure (2.1). A survey conducted by 

Arockiasamy et al. (Arockiasamy et al. 2004) indicated that most of DOTs across Canada 

and the United States do not follow special considerations when designing the bridge 

girders and deck. However, during the design of the superstructure, a fixed condition 

between the superstructure and abutment is assumed. Furthermore, IAB girders and deck 

are designed to induce equal displacements at each abutment and resist induced secondary 

stresses under time-dependent effects. IABs commonly utilize pre-stressed concrete and 

steel webbed girders to support a reinforced concrete (RC) deck. Typically, pre-stressed 

concrete girders are rigidly connected to the abutments via dowels, while steel webbed 

girders usually rest on a base cap plate rigidly connected to the pile cap (Arockiasamy et 

al. 2004). 

Arockiasamy et al. (Arockiasamy et al. 2004) indicated that the foundations of most IABs 

utilize a stub-type abutment. Depending on the geographical area, abutments are either 

constructed as shallow or deep foundations. A study conducted by Caristo et al. (Caristo et 

al. 2018) to numerically investigate the thermal response of IABs under cyclic loading 

specified that European regions utilize either full-height or slide-on-backfill shallow 

foundations. Thus, under lateral loading, induced contractions and expansions are 

accommodated via the flexural flexibility of the reinforced abutments. Accordingly, the 

abutments distribute the corresponding stresses amongst the backfill soil, pavements, and 

foundations (Arockiasamy et al. 2004). A survey conducted by Soltani and Kukreti (Soltani 

and Kukreti 1992) found that the design of IAB abutments is closely related to the 

magnitude of backfill passive stresses, since inadequately designed abutments are 

susceptible to cracking under considerable passive stresses. 
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However, within North America, it was stated that abutments are commonly supported by 

piles, where induced lateral loadings due to temperature and shrinkage effects are 

accommodated via the flexibility and fatigue resistance of the piles. LaFave et al. (LaFave 

et al. 2016) also stated that some IAB piles are designed to exceed the material’s yield 

strength under thermally induced cyclic loadings by forming plastic hinges. As part of the 

design process, the pile and soil response to lateral loading are analyzed simultaneously, 

since the deflection of the pile depends on the resistance provided by the soil and vice 

versa. Thus, the lateral response of the soil is a nonlinear function of the pile deflection 

(Arockiasamy et al. 2004). A report prepared for the Indiana Department of Transportation 

in 2011 by Frosch and Lovell (Frosch and Lovell 2011) indicated that IABs constructed in 

Indiana can only be supported by using steel H-piles oriented about the weak axis of 

bending or concrete filled steel pipe piles. 

Multi-spanned IABs are either constructed using rigid piers with movable bearings or 

flexible piers rigidly connected with the girder and deck components (Burke 2009). 

However, according to the New Jersey DOT, pier bearings are only to be fixed when the 

induced expansions from the bearings to the bridge abutments or neighboring piers are 

equal. IAB piers are designed to resist and distribute considerable lateral and longitudinal 

induced movements from the superstructure to the foundations, respectively. Thus, the 

magnitudes of such stresses must be considered during the design phase to adopt 

appropriate pier and foundation sizes (Arockiasamy et al. 2004). 

Poured separately from the abutment and superstructure, RC approach slabs are designed 

to provide a smooth transition to the bridge in the event of backfill settlement. Furthermore, 

these slabs aid in the distribution of vehicle stresses over a greater area, thus reducing 
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abutment damages corresponding to impact stresses. RC approach slabs also enhance 

roadway drainage, and therefore mitigating erosion and freezing/thawing effects in 

saturated backfills (Arockiasamy et al. 2004).  

Cantilevered wing-walls are designed to retain soils beyond the width of the abutment 

back-wall. Canadian and American practices typically utilize parallel, flared, and U-type 

wing-walls. Kunin and Alampalli (Kunin and Alampalli 2000) indicated that these 

components are designed independently of the abutments to minimize their relative 

movement with the abutment under induced contractions and expansions. The orientation 

of the wing-walls significantly impact the corresponding passive pressures behind the 

abutment wall during induced expansions. It was seen that compared to transverse wing-

walls, U-type wing walls resulted in greater passive earth distributions. However, flared 

and U-type wing-walls are commonly adopted to prevent scouring effects owing to stream 

velocities and alignments (Arockiasamy et al. 2004). 

Piles accommodate induced superstructure expansions and contractions by laterally 

displacing within the subgrade soil. However, the extent of lateral pile movements under 

induced displacements is dependent on the resistance provided by the surrounding soil. 

Thus, in stiffer soils, the corresponding pile stresses under induced lateral contractions and 

expansions increase. However, research conducted by Arsoy et al. (Arsoy et al. 1999) 

indicated that for IABs, the aim is to minimize the generated stresses within the foundation 

piles. Therefore, IABs constructed above stiff soil involve driving piles into predrilled 

holes filled with granular soils such as loose sand or pea stone to reduce corresponding pile 

stresses (Breña et al. 2007; Husain and Bagnariol 2000). Similarly, research conducted by 

Yang et al. (Yang et al. 1985) indicated that within the state of Iowa, piles supporting IABs 
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with a total length exceeding 40 m are to be driven into predrilled holes with a minimum 

depth of 2.6 m below the base of the abutment. Finally, the use of predrilled holes has also 

been recommended to reduce the down drag forces acting on the piles (Yang et al. 1985). 

The design procedure of IABs comprises of several steps, and can be summarized as the 

following. Firstly, general bridge dimensions such as width, length, and overhead 

clearances are specified according to highway engineer requirements. Then, initial designs 

of girders, deck, and piers are assumed according to minimum design requirements based 

on the AASHTO bridge design manual. This is then following by determining the loads 

acting on the bridge, with the corresponding load combinations. The structural capacity of 

the initial superstructure design is compared to the applied stresses to ensure adequate 

resistance is provided. If the applied stresses exceed the resisting capacity of the superstore, 

initial designs are revised accordingly. Finally, stresses acting on the foundation are 

utilized to design the bridge piles, where the number and type of piles, spacing, and 

embedment lengths are determined (AASHTO 2020). 

Due to the relatively recent introduction of IABs, their design guidelines and criteria widely 

vary across different regions, since they are based on engineering judgements and 

experience. Thus, precise and uniform design criteria and guidelines are yet to exist. This 

paper aims to provide a comprehensive review on IABs and the various design 

considerations and criteria specified in the literature and DOTs worldwide. First, the 

attributes and shortcomings associated with the use of IABs are highlighted. Then details 

on the various types of loads acting on IABs are described along with the corresponding 

state-of-the-art design load determination methods. This is then followed by the description 

of a rational design and analysis method of IABs piles used in current practices. Finally, 



 

 

17 

 

IAB design guidelines and criteria specified by DOTs around the world are compared with 

the corresponding design limits found in the literature. 

 

 

Figure 2.1 Design concept of IAB (Arsoy et al. 1999) 

 

2.1 Advantages and disadvantages of IABs 

 
IAB construction has recently become more widespread, since eliminating expansion and 

bearing joints resulted in enhanced structural and economical performances (Mourad and 

Tabsh 1999). However, due to the joint-less nature of these structures, researchers have 

also indicated the limitations of incorporating continuous spans. Hence, this section 

highlights the attributes and limitations of using IABs. 

 

2.1.1 Attributes 

 
IAB construction has been associated with lower construction costs owing to the absence 

of expansion and bearing joints (Soltani and Kukreti 1992). The costs linked to maintaining 



 

 

18 

 

IABs have also been seen to decrease, since the absence of bridge joints have prevented 

the deterioration and damaging of the bridge deck under the operation of snow ploughs. In 

addition, the continuous nature of IABs have reduced the costs of maintaining corroded 

superstructure and substructure elements caused by water leakages (Kaufmann and Alvarez 

2011). Research conducted by Frosch et al. (Frosch et al. 2009) and Hoppe and Gomez 

(Hoppe and Gomez 1996) to evaluate the behavior of IABs under seismic activities have 

indicated that these structures exhibited enhanced seismic performances owing to their 

continuous and redundant design. IABs encompass simpler foundations since these 

structures utilize a single row of piles as opposed to the complex battered foundations of 

conventional bridges (Burke 2009; Mourad and Tabsh 1999; Soltani and Kukreti 1992). 

Owing to their continuous and monolithic nature, IABs have been associated with rapid 

construction times and efficient designs (Burke 2009; Chovichien 2004). As described by 

Burke (Burke 2009), these structures can be designed to encompass larger end span ratios 

due to the large weights of the bridge diaphragms, approach slabs, and wing-walls. Finally, 

since IABs deprive the use of expansion joints, this corresponded to smoother riding 

experiences and comfort (Soltani and Kukreti 1992). 

2.1.2 Limitations 

 
Given the many desirable attributes associated with IABs, researchers have also indicated 

their limitations. First, piles supporting IABs are susceptible to the exceeding the yield 

strength of the pile material, and in some cases, develop plastic hinges. This owed to 

considerably high magnitudes of flexural stress induced to the bridge piles during 

contractive and expansive movements (Burke 2009). Furthermore, induced lateral stresses 

have resulted in reducing the axial resisting capabilities of the piles under combined 
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loading (Chovichien 2004). Under cyclic lateral contractions and expansions, significant 

longitudinal compressive stresses are induced upon the approach slab, abutment, and 

superstructure of IABs as debris accumulates within pavement segment cracks. 

Consequently, this leads to the structural failures of the bridge superstructure and approach 

systems (Hoppe and Gomez 1996). An experimental study conducted by England et al. 

(England et al. 2000) indicated that under induced abutment contractions and expansions, 

IABs are susceptible to experience soil ratcheting due to their joint-less nature. This 

involves the gradual accumulation of permanent strains in settled soil wedges at the 

backfill-abutment interface, thus significantly increasing the corresponding passive 

pressures during consecutive expansive cycles (Khodair 2009). The first consequence of 

this phenomenon is the possible failure of the abutment with considerable structural 

distress. The second corresponds either to the formation of a bump at the surface of the 

abutment back wall, or the flexural failure of the approach system (Hovarth 2005). Finally, 

as IABs are susceptible to differential settlements under induced thermal movements, 

considerable shear and bending stresses develop within the bridge deck and girders as a 

result (Chovichien 2004). 

 

2.2 Loads on IABs 

 
Loads subjected on integral abutment bridges (IABs) are categorized into three major 

groups: (1) primary loads; (2) secondary loads; and (3) seismic loads. Primary loadings 

acting on IABs comprise of dead loads, live plus impact loads, and wind loads, while 

secondary loads consist of creep and shrinkage effects, thermal gradients, differential 
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settlements, buoyancy, pavement growth, and thermal loads (Arockiasamy et al. 2004; 

Arsoy et al. 1999). Details concerning the types of loads acting on IABs are presented 

below. 

 

2.2.1 Primary loads 

 
Primary loads acting on IABs comprise of permanent loads (dead loads) sourcing from the 

self-weight of structural components such as girders, reinforced concrete (RC) deck, 

diaphragms, approach slabs, steel reinforcements, and RC railings, and temporary loads 

due to live plus impact loads and wind loads (Zhao and Tonias 2014). 

 

2.2.2 Secondary loads 

 
Effects due to creep are time-dependent effects since their impact on the structural 

performance of IABs occur over time. Under prolonged loading, concrete components 

within IABs such as the deck and girders undergo creep induced deformations due to the 

following. Subsequent to construction, the initial loadings acting on concrete components 

induce instantaneous strains. As these loads are sustained over time, creep strains which 

are approximately three times the magnitude of those applied initially are induced to the 

deck and girder components (Zhao and Tonias 2014). This effect generates additional 

stresses which magnify the curvatures and deflections within the superstructure 

(Arockiasamy et al. 2004; Munuswamy 2004). However, it was seen that the degree of 

creep induced deformations primarily depends on the age of the concrete (Zhao and Tonias 

2014). As the maturity of the concrete increases, under the influence of sustained loading, 
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induced creep strains were seen to decrease. In addition, it was indicated that factors such 

as the humidity of the air and the concrete water/cement ratio were seen to limit the extent 

of creep. As humidity levels decrease, the effects of creep were seen to increase accordingly 

(Munuswamy 2004). Ultimately, creep induced deformations were seen to correspond to 

positive moments within the superstructure of IABs (Freyermuth 1969). 

Shrinkage, another time-dependent effect, occurs as the volume of the concrete girders and 

deck decrease due to moisture losses during drying periods. Thus, factors such as humidity 

levels and concrete water/cement ratio significantly influence the degree of shrinkage 

(Zhao and Tonias 2014). As opposed to positive moments induced due to creep, shrinkage 

induces negative moments within the superstructure (Freyermuth 1969). 

Thermal gradients within IABs are nonlinear temperature variations which occur over the 

depth of the bridge girders. These thermal variations are caused by the combined effects of 

ambient temperature fluctuations and the low thermal conductivity of concrete. This 

induces secondary stresses and moments within the superstructure, which may result in 

concrete cracking and serviceability failures if not accounted for. The magnitudes of these 

thermal gradients were seen to depend on the geometry of the bridge, site location, 

orientation, properties of the bridge, thermal conditions, and the presence of asphalt above 

the deck (Rodriguez et al. 2014). 

During the service life of IABs, abutments and piers are susceptible to settlement under 

induced thermal contractions and expansions. These uneven settlements can compromise 

the riding quality, bridge aesthetics, structural integrity, load distributing capabilities, and 

safety of the structure. As a result of differential settlements at the abutment, support 

reactions and girder stresses and moments were seen to increase (Grover 1978; 
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Walkinshaw 1978). The mode by which IABs settle are categorized intro three major types: 

(1) uniform; (2) tilt; and (3) non-uniform. Uniform settlements correspond to the equal 

settlements of abutment and pier foundations. Based on research conducted by Bozozuk 

(Bozozuk 1978) and Yokel (Yokel 1990), it was concluded that uniform settlement does 

not correspond to deck and girder distortions. However, Wahls (Wahls 1990) indicated that 

uniform bridge settlements give rise to bumps at the approach system of IABs and may 

affect the drainage within the backfill soil. Tilt or rotation settlements cause abutment and 

pier foundations to settlement via linear patterns along the length of the bridge. This type 

of settlement is typically common in single-spanned bridges due to their relatively high 

stiffness. The impacts corresponding to tilt or rotation settlements are like those caused 

during uniform settlements. Non-uniform settlements were seen to primarily occur in 

bridges with three or more spans. In this mode, bridges can follow a regular or irregular 

settlement pattern, with irregular settlements causing larger superstructure distortions 

compared to regular settlements. During the event of regular non-uniform settlements, 

downward movements occur primarily at mid-span. However, during irregular non-

uniform settlements, movements vary irregularly with length. Ultimately, non-uniform 

settlements induce significant secondary girder moments and stresses and increase 

reactions at the abutments (Barker et al. 1991). 

Owing to the continuous nature of IABs, locations with high water levels may induce high 

uplift forces due to buoyancy when fully submerged. This corresponds to additional 

stresses and moments within the deck and girders. Given that the self-weight of the bridge 

counters such forces, additional design provisions to minimize buoyancy effects must be 

considered (Burke 2009). 
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IABs are strongly susceptible to pavement growth effects due to the absence of expansion 

joints. Decreases in ambient temperatures and moisture levels induce contractions within 

pavement segments at saw-cut locations. During such periods, extremely stiff roadway 

debris deposit and accumulate beneath the surface of the saw-cuts. Thus, during periods of 

pavement expansions as ambient temperatures increase, accumulated debris prevent the 

full closure of the pavement cracks. Under sustained debris accumulation and the cyclic 

contraction and expansion, pavement segments were seen to significantly elongate, 

therefore inducing longitudinal compressive stresses to the abutment and girders. These 

induced compressive stresses may lead to the minor fracturing and violent rupturing of the 

bridge abutments and girders, respectively (Burke 2009). 

As ambient temperatures rise, the corresponding girders and deck composite expand. This 

induces an axial compressive force on the bridge abutment causing it to displace into the 

backfill soil. The lateral extent of abutment expansions is dependent on the material of the 

superstructure, the magnitude of the temperature change, and the backfill stiffness. 

Research conducted by Arsoy et al. (Arsoy et al. 1999) indicated that under seasonal 

expansions, IABs rotate and translate. However, research conducted by Huntley and 

Valsangkar (Huntley and Valsangkar 2013) saw that the primary mode of abutment 

expansion was abutment translation. Nevertheless, the degree and mode of abutment 

expansion was seen to influence the corresponding passive earth pressures. Due to the 

continuous nature of IABs, as the abutment contracts, a void is created where the backfill 

soil is invited to settle and rearrange behind the abutment wall, since these structures 

typically retain granular soil (Arockiasamy et al. 2004). This results in a soil wedge at the 

backfill – abutment interface. During periods of expansion, the backfill soil applies passive 
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stresses on the bridge abutment. Since the behavior of soil is highly nonlinear, the settled 

soil wedge prevents the full recovery of the abutment during expansive cycles. With cyclic 

abutment contractions and expansions, the soil wedge at the abutment wall interface 

accumulates irreversible strains, which corresponding to the strain response of the granular 

backfill during loading and unloading stress paths. This phenomenon is known as soil 

ratcheting. Ultimately, this leads to the gradual increase of passive stresses applied to the 

bridge abutment with each expansive cycle, which may lead to the formation of abutment 

cracks (Khodair 2009). 

 

2.3 Load calculations 

 
Following the discussion of the types of loads acting on IABs, this section introduces the 

state-of-the-art design methods used to determine the response of IABs under induced 

secondary loadings. 

 

2.3.1 Shrinkage and creep 

 
As the time-dependent effects of shrinkage and creep occur simultaneously, research 

conducted by Freyermuth (Freyermuth 1969) provided analytical solutions which 

approximate the total positive restraint moments in IABs bridges corresponding to creep, 

shrinkage, dead loads, and live plus impact loads. Dead loads, live plus impact loads, and 

creep effects acting on IABs induced positive restraint moments, which are counteracted 

by shrinkage induced negative moments. Thus, the total positive moment over piers is 

expressed via Eq.1: 
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𝑴𝒓 = (𝒀𝒄 − 𝒀𝑫𝑳)(𝟏 − 𝒆−) + 𝒀𝑳𝑳 − 𝒀𝒔 (
𝟏−𝒆−


)   (1) 

 

where Mr is the total positive restraint moment over pier conncections (kN.m), Yc is the 

restraint moment due to creep under pre-stress forces (kN.m), YDL is the restraint moment 

due to dead loads and creep (kN.m), Ys is the restraint moment due to shrinkage (kN.m), 

YLL is the moment due to live and impact loads (kN.m),  is the ratio of creep strain to 

elastic strain. 

The effects due to creep (1 − 𝑒−) can be determined via a five-step procedure for a given 

elastic strain. (1) For a concrete girder section with an initial modulus of elasticity Ei, the 

corresponding initial creep strain is acquired from Figure (2.2); (2) the creep strain from 

step 1 is then adjusted via a correction factor obtained from Figure (2.3) which considers 

the age of the concrete at loading; (3) given the volume to surface ratio of the girder, the 

value from step 2 is then multiplied by a size coefficient factor for creep as shown in Figure 

(2.4); (4) Using Figure (2.5), the degree to which the ultimate creep strain (𝜖𝑐𝑢%) has 

occurred when the girder and abutment form a fixed connection is determined. 

Accordingly, the creep strain (𝜖𝑐𝑟𝑒𝑒𝑝) is the product of the value obtained in step 3 and 

(1 − 𝜖𝑐𝑢%). Therefore, the ratio of creep strain to elastic strain () is then determined via 

(
𝜖𝑐𝑟𝑒𝑒𝑝

𝜖𝑒𝑙𝑎𝑠𝑡𝑖𝑐
); (5) Finally, using , the restraint moment creep factor correspond to the curves 

(1 − 𝑒−) or (
1−𝑒−

∅
) is then determined via Figure (2.6) accordingly. 

Assuming that girders behave elastically under induced negative moments due to shrinkage 

along the length of the superstructure, the shrinkage moment (Ys) is given by Eq.2: 



 

 

26 

 

 

𝒀𝒔 = 𝝐𝒔𝑬𝒃𝑨𝒃 (𝒆𝟐
′ +

𝒕

𝟐
)    (2) 

 

where Eb is modulus of elasticity of the RC deck (kPa), Ab is the cross-sectional area of the 

RC deck (m2), (𝑒2
′ +

𝑡

2
) is the distance between the RC deck midpoint and the centroid of 

the composite superstructure (m), t is the thickness of the RC deck (m), and 𝜖𝑠 is the strain 

due to differential shrinkage. By conducting tests on a specimen obtained from the material 

mix utilized during the construction of the superstructure, the strain due to differential 

shrinkage (𝜖𝑠) is approximated via Eq.3: 

 

𝝐𝒔 =
𝝐𝒔𝒖𝑻

𝑵𝒔+𝑻
     (3) 

 

where T is the time (days), 𝜖𝑠𝑢 is the ultimate shrinkage strain at time T equal to infinity, 

Ns is equal to 26𝑒
0.36𝑉

𝑆 , and 
𝑉

𝑆
 is the volume to surface ratio of the specimen. However, in 

the absence of measured data, Freyermuth (Freyermuth 1969) first suggested to assume an 

ultimate shrinkage strain (𝜖𝑠𝑢) at a relative humidity of 50% (correct for high or low 

humidity levels). The differential shrinkage (𝜖𝑠) is therefore the product of the assumed 

ultimate shrinkage strain (𝜖𝑠𝑢) and the corresponding shrinkage strain at time T from Figure 

(2.5). 
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Figure 2.2 Approximation of initial creep as a function of the elastic modulus 

(Freyermuth 1969) 

 

 

Figure 2.3 Age correction factor for creep (Freyermuth 1969) 
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Figure 2.4 Size correction factor for creep as a function of volume-to-surface ratio 

(Freyermuth 1969) 

 

 

Figure 2.5 Degree of shrinkage/creep as a function of time (Freyermuth 1969) 



 

 

29 

 

 

Figure 2.6 Creep restraint moment factor for shrinkage and creep (Freyermuth 1969) 

 

2.3.2 Differential settlement 

 
The settlement of abutment and pier foundations in cohesionless and cohesive soils can be 

estimated via several methods. Like shrinkage, the settlement of the abutments was seen to 

induce negative moments within continuous bridges. However, similar to the effects of 

creep, pier settlements induce positive moments within the superstructure (Burke 2009). 

 

2.3.2.1 Cohesionless soils 

 

A report prepared by Hannigan et al. (Hannigan et al. 2016) indicated that the 

approximation of elastic settlement via methods presented by Hough (1959) were 

conservative by a scale factor of 2. Thus, one of recommended techniques to predict 

vertical foundation settlement of IABs in cohesionless soil involved utilizing SPT test data. 
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Accordingly, the vertical settlement of a pile group in a homogenous cohesionless soil 

profile is given via Eq.4: 

 

𝑺 =
𝟒𝒑𝒇𝑰𝒇√𝑩

𝑵𝟏(𝟔𝟎)
      (4) 

 

and for silty sands, the vertical settlement can be estimated by Eq.5: 

 

𝑺 =
𝟖𝒑𝒇𝑰𝒇√𝑩

𝑵𝟏(𝟔𝟎)
      (5) 

 

where S is the predicted vertical settlement (in), pf is the acting design pressure on the 

foundation (ksf), B is the width of the pile group (ft), N1(60) is the corrected average SPT 

value at depth equal to B below the pile toe, and If is the group embedment influence factor. 

If can be determined through Eq.6: 

 

𝑰𝒇 = 𝟏 −
𝑫′

𝟖𝑩
≥ 𝟎. 𝟓     (6) 

 

where D’ is 2/3 the embedded length of the pile (ft). 

 

2.3.2.2 Cohesive soils 

 
When predicting pile settlement in cohesive soils, different equations have been provided 

for normally consolidated and overly consolidated soils. For normally consolidated soils 

where ’
vo = p, the settlement is given by Eq.7: 
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𝑺𝒄 = ∑
𝑪𝒄

𝟏+𝒆𝒐
𝑯𝒐 𝒍𝒐𝒈 (

𝝈𝒗𝒐
′ +∆𝝈

𝝈𝒗𝒐
′ )𝒏

𝒊     (7) 

 

where Sc is the settlement due to primary consolidation (ft), eo is the initial void ratio, Ho 

is the initial height of the soil layer (ft), p is the preconsolidation stress (psf), ’
vo is the 

vertical effective stress at the midpoint of each soil before loading (psf),  is the additional 

pressure due to the superstructure (psf), and Cc is the compression index obtained from a 

consolidation test. 

For an overly consolidated soil where ’
vo +  ≤ p, the corresponding consolidation 

settlement is given by Eq.8: 

 

𝑺𝒄 = ∑
𝑪𝒓

𝟏+𝒆𝒐
𝑯𝒐 𝒍𝒐𝒈 (

𝝈𝒗𝒐
′ +∆𝝈

𝝈𝒗𝒐
′ )𝒏

𝒊     (8) 

 

where Sc is the settlement due to primary consolidation (ft), eo is the initial void ratio, Ho 

is the initial height of the soil layer (ft), p is the preconsolidation stress (psf), ’
vo is the 

vertical effective stress at the midpoint of each soil before loading (psf),  is the acting 

pressure due to the superstructure (psf), and Cr is the recompression index obtained from a 

consolidation test. 

For an overly consolidated soil where ’
vo +   p, the consolidation settlement is 

expressed estimated through Eq.9: 

 

𝑺𝒄 = ∑
𝑪𝒓

𝟏+𝒆𝒐
𝑯𝒐 𝒍𝒐𝒈 (

𝝈𝒗𝒐
′ +∆𝝈

𝝈𝒗𝒐
′ ) +

𝑪𝒄

𝟏+𝒆𝒐
𝑯𝒐 𝒍𝒐𝒈 (

𝝈𝒗𝒐
′ +∆𝝈

𝝈𝒗𝒐
′ )𝒏

𝒊   (9) 

 



 

 

32 

 

where Sc is the settlement due to primary consolidation (ft), eo is the initial void ratio, Ho 

is the initial height of the soil layer (ft), p is the preconsolidation stress (psf), ’
vo is the 

vertical effective stress at the midpoint of each soil before loading (psf),  is the additional 

pressure due to the bridge superstructure (psf), Cr is the recompression index obtained from 

a consolidation test, and Cc is the compression index obtained from a consolidation test 

(Hannigan et al. 2016). 

 

2.3.3 Passive earth pressures 

 
As ambient temperatures increase, the deck and girders components induce lateral 

displacements onto the abutments, causing them to expand into the backfill soil. A method 

was proposed by Burke (Burke 2009) to predict the ultimate design passive pressure at the 

backfill-abutment wall interface via Eq.10: 

 

𝑷𝒑𝒖 = 𝜸 𝒕𝒂𝒏 (
𝟒𝟓+𝝋

𝟐
)

𝟐

𝑯 + 𝟐𝒄 𝒕𝒂𝒏 (
𝟒𝟓+𝝋

𝟐
)

𝟐

   (10) 

 

where Ppu is the ultimate passive stress (kPa),  is the unit weight of the backfill soil 

(kN/m3),  is the internal angle of friction (degrees), H is the depth of the calculated 

pressure beneath the RC approach slab (m), and c is the soil cohesion (kPa). However, it 

was seen that only 2/3 of the ultimate passive pressure is consider in design for multi-span 

IABs. 
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2.3.4 Pavement growth 

 
Induced compressive stresses at the abutment because of pavement growth can be 

approximated via a method described by Burke (Burke 2009). The induced compressive 

stress is proportional to the concrete strain via Eq.11: 

 

𝒇𝒄 = 𝑬𝒄𝜺     (11) 

 

where fc is the induced compressive stress due to pavement growth (kPa), Ec is the modulus 

of elasticity of concrete (kPa), and  is the compressive stain. The strain  is assumed to be 

equal to 0.0003Ls, where Ls is the length of the pavement section between two contraction 

joints. Thus, by utilizing a unit strain, Eq.11 can be expressed via Eq.12: 

 

𝒇𝒄 = 𝟎. 𝟎𝟎𝟎𝟑𝑬𝒄    (12) 

 

2.3.5 Buoyancy 

 
In geographical areas where vertical uplift forces on IABs due to buoyancy are significant, 

the AASHTO LRFD bridge design specification manual (AASHTO 2020) considers uplift 

effects as the following. 

Firstly, the total uplift force acting on an IAB is taken as the summation of the vertical 

components of the acting static pressures. Static pressures acting on the bridge is taken as 

the product of the specific weight of water and the height of water above the point of 

interest. 
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Secondly, during the design of the foundation piles, the uplift resisting capabilities of the 

pile group are evaluated. The resistance provided by the pile group against uplift is given 

by Eq.13: 

 

𝑹𝑹 = 𝝋𝒖𝒈𝑹𝒖𝒈      (13) 

 

where RR is the factored pile group uplift resistance (kN), ug is the resistance factor equal 

to 0.5 for sand and clay subgrade soils, and Rug is the pile group nominal uplift resistance 

(kN). The factor Rug is taken as the lesser of the summation of the uplift resistance of a 

single pile or the uplift resistance of a block pile group. 

For a single pile, the uplift resistance Rug is given by Eq.14: 

 

∑ 𝑹𝑹 = 𝝋𝒖𝒑𝑹𝒔
𝒏
𝒊=𝟏      (14) 

 

where up is the uplift resistance factor equal to 0.35 for the Nordlund method, 0.25 for the 

-method, 0.2 for the -method, 0.3 for the -method, 0.25 for the SPT-method, 0.4 for 

the CPT-method, and 0.6 based on a load test. The term Rs is the axial skin resistance of an 

individual pile (kN). 

The nominal uplift resistance of a pile group block in cohesive soils as shown in Figure 

(2.7a) is expressed via Eq.15: 

 

𝑹𝒖𝒈 = (𝟐𝑿𝒁 + 𝟐𝒀𝒁)𝐒̅𝒖 + 𝑾𝒈   (15) 
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where X is the width of the pile group (m), Y is the length of the pile group (m), Z is the 

soil block depth (m), 𝑆𝑢̅ is the undrained shear strength of the soil (kPa), and Wg is the 

combined weight of the soil, piles, and pile cap (kN). 

For a pile group block in cohesionless soils as shown in Figure (2.7b), the weight of the 

block subjected to uplift forces is found by extrapolating a spread load beneath the base of 

the pile cap with a slope of 1H:4V, using the submerged unit weights of soil below the 

water table. 

 

 

Figure 2.7 Buoyancy loads on pile groups in: (a) cohesive soils; and (b) cohesionless 

soils (AASHTO 2020) 

 

2.3.6 Thermal gradient 

 
When analyzing the effects of thermal gradients, the AASHTO LRFD bridge design 

specification manual (AASHTO 2020) considers the axial expansion, flexural deformation, 

and internal stresses within the superstructure as the following. 
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The axial expansion of the superstructure is the uniform component of the thermal 

distribution along the superstructure depth, where the corresponding uniform axial strain 

u is given by Eq.16: 

 

𝜺𝒖 = 𝜶(𝑻𝑼𝑮 + 𝑻𝒖)     (16) 

 

where  is the coefficient of thermal expansion (m/m/oC), TUG is the average temperature 

across the cross-section (oC), and Tu is the uniform specified temperature (oC). The average 

temperature across the cross-section is calculated via Eq.17: 

 

𝑻𝑼𝑮 =
𝟏

𝑨𝒄
∬ 𝑻𝑮 𝒅𝒘 𝒅𝒛    (17) 

 

where Ac is the cross-sectional area (transformed for steel beams) (m2) and TG is the 

temperature gradient (oC). 

The flexural deformation within the superstructure corresponding to thermal gradients is 

given by Eq.18: 

 

𝑴 = 𝑬𝑰𝒄
′
     (18) 

 

where ’ is the curvature (1/m), E is the modulus of elasticity (kPa), and Ic is the moment 

of inertia of the cross-section (transformed for steel beams) (m4). The curvature is therefore 

calculated using Eq.19: 

 

 =
𝜶

𝑰𝒄
∬ 𝑻𝑮𝒛 𝒅𝒘 𝒅𝒛     (19) 
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where  is the coefficient of thermal expansion (m/m/oC), Ic is the moment of inertia of the 

cross-section (transformed for steel beams) (m4), TG is the temperature gradient (oC), and 

z is the depth from the center of gravity of the cross-section (m). 

Given that compressive stresses correspond to a positive value, the internal stress within 

the superstructure is given by Eq.20: 

 

𝝈𝑬 = 𝑬[𝜶𝑻𝑮 − 𝜶𝑻𝑼𝑮 − 𝒛]    (20) 

 

where E is the modulus of elasticity (kPa),  is the coefficient of thermal expansion 

(m/m/oC), TG is the temperature gradient (oC), TUG is the average temperature across the 

cross-section (oC),  is the curvature (1/m), and z is the depth from the center of gravity of 

the cross-section (m). 

As specified in clause 3.12.3 of the AASHTO LRFD bridge design specification manual, 

the positive temperature gradients along the depth of concrete and steel girders are 

presented via Figure (2.8). For negative distributions in concrete and steel superstructures, 

positive gradients are to be multiplied by -0.3 and -0.2, respectively. 
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Figure 2.8 Positive thermal gradients in concrete and steel superstructures (AASHTO 

2020) 

 

T1 and T2 values vary depending on the zone of construction within the United States as 

shown in Figure (2.9) and highlighted in Table (2.1). For all zones within the US, T3 is 

taken as 0oF in the case a site-specific value is not provided, however, must not exceed 5oF. 

 

 

Figure 2.9 Thermal zones in the United States (AASHTO 2020) 
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Table 2.1 Temperature gradient values (AASHTO 2020) 

Zone T1
 (oF) T2 (oF) 

1 54 14 

2 46 12 

3 41 11 

4 38 9 

 

For concrete IABs where the depth of the superstructure is greater than or equal to 407 mm 

(16 in), the dimension A in Figure (2.8) is taken as 305 mm (12 in). For concrete 

superstructures with depths less than 407 mm (16 in), the depth A is equal to 102 mm (4 

in) less than the actual depth of the superstructure. Finally, IABs utilizing steel girders, the 

dimension A is taken as 305 mm (12 in) and t is equal to the depth of the RC deck 

(AASHTO 2020). 

 

2.3.7 Wind loads 

 
The AASHTO LRFD bridge design manual assumes that winds act on IABs about the 

horizontal plane, unless otherwise stated. In the absence of measured wind data, the design 

wind pressure acting on IABs at a wind velocity of 100 mph is expressed via Eq.21: 

 

𝑷𝑫 = 𝑷𝑩
𝑽𝑫𝒁

𝟐

𝟏𝟎,𝟎𝟎𝟎
     (21) 

 

where PD is the design wind pressure (ksf), PB is the base wind pressure acquired from 

Table (2.2) (ksf), and VDZ is the design wind velocity (mph) at the design elevation given 

by Eq.22: 
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𝑽𝑫𝒁 = 𝟐. 𝟓𝑽𝒐 (
𝑽𝟑𝟎

𝑽𝑩
) 𝒍𝒏 (

𝒁′

𝒁𝒐
)    (22) 

 

where V30 is the wind velocity (mph) at 30 ft above the design water table elevation, VB is 

the base wind velocity equal to 100 mph, Z’ is the height of the bridge subjected to wind 

above 30 ft of the design water table elevation (ft), Vo is the friction velocity acquired via 

Table (2.3) (mph), and Zo is the upstream fetch friction length based on Table (2.3) (ft) 

(AASHTO 2020). 

 

Table 2.2 Base pressures for various superstructures at base wind velocity equal to 100 

mph (AASHTO 2020) 

Superstructure component Windward Load 

(ksf) 

Leeward Load (ksf) 

Trusses, Columns, and Arches 0.05 0.025 

Beams 0.05 N/A 

Large Flat Surfaces 0.04 N/A 

 

Table 2.3 Friction velocity and length values for different upstream surface conditions 

(AASHTO 2020) 

Condition Open country Suburban City 

Vo (mph) 8.20 10.90 12.00 

Zo (ft) 0.23 3.28 8.20 

 

2.3.8 Thermal loads 

 
Under temperature fluctuations, the design thermal movement range for IABs is 

determined via Eq.23: 

 

∆𝑻= 𝜶𝑳(𝑻𝑴𝒂𝒙 𝑫𝒆𝒔𝒊𝒈𝒏 − 𝑻𝑴𝒊𝒏 𝑫𝒆𝒔𝒊𝒈𝒏)    (23) 
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where T is the design range of thermal expansions and contractions (in), L is the length of 

the bridge (in),  is the coefficient of thermal expansion depending on the superstructure 

material (in/in/oF), and TMax/Min are the design maximum and minimum temperatures 

obtained from Table (2.4) (oF) (AASHTO 2020). 

 

Table 2.4 Design temperature ranges depending on the superstructure material (AASHTO 

2020) 

Climate Steel Concrete Wood 

Moderate 0o – 120oF 10o – 80oF 10o – 75oF 

Cold -30o – 120oF 0o – 80oF 0o – 75oF 

 

2.4 Design and analysis of IAB piles 

 
A uniform design procedure for IAB piles does not currently exist across DOTs within the 

US. Thus, pile design has been commonly based on engineering intuition and experience. 

Since longer spanned bridges correspond to larger lateral expansions and contractions, the 

total lengths of such structures are limited by the lateral capacities of the piles, since applied 

axial loads further reduce the lateral resisting capabilities of the piles. Thus, efficiently 

designing piles under combined axial and lateral loads could allow for the construction of 

longer spanned IABs. The design of IAB piles consists of satisfying three design 

conditions. First, the structural capacity of the piles to resist axial and flexural stresses 

under combined axial and lateral effects are checked (Case A). Then, the piles are designed 

to ensure that the structural member adequately transfers the induced loads onto the 

surrounding soil (Case B). Finally, the capability of the surrounding soil to resist the 

induced loads from the bridge piles are checked (Case C) (Abendroth and Greimann 1989). 
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Case A involves designing piles to ensure adequate resistance is provided against applied 

axial and flexural stresses. A widely-accepted design approach associated with IAB piles 

involves idealizing the piles as equivalent beam-columns. As shown in Figure (2.10), the 

actual pile system supporting the abutments comprises of a length lu and l corresponding 

to the length of the pile head above ground level and the pile length embedded in the 

subgrade soil, respectively. As part of the equivalent beam-column approach, the length l 

is transformed to an equivalent length where the base of the pile is fixed at a depth le below 

ground level, while lu remains unchanged. L’ is the total length of the equivalent beam-

column comprising of lu and le. The factor  is the induced lateral displacement at the pile 

head under abutment expansions and contractions. When applying the equivalent beam-

column approach, the first step involves determining the horizontal stiffness parameter kh 

of the subgrade soil. This is then followed by the calculation of the equivalent cantilever 

lengths for horizontal stiffness, bending, and buckling le (Abendroth and Greimann 1989). 

For uniform soil profiles, several methods are found in the literature which approximate 

the horizontal stiffness parameter kh of the subgrade soil. Using kh, the length lc is first 

calculated prior to the determination of the equivalent length le. This describes the degree 

of flexibility of the equivalent beam column ranging from flexible to rigid. Accordingly, lc 

is calculated via Eq.24: 

 

𝒍𝒄 = 𝟒√
𝑬𝑰

𝒌𝒉

𝟒
     (24) 

 

where E is the elastic modulus of the pile (kPa), I is the moment of inertia of the pile 

oriented in the direction of lateral bending (m4), and kh is the horizontal stiffness of the soil 
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(kN/m). Subsequently, by utilizing Figures (2.11) and (2.12), the equivalent lengths le for 

horizontal stiffness, bending and buckling for fixed and pinned pile head conditions, 

respectively, are determined (Abendroth and Greimann 1989). 

For non-uniform soil profiles, an equivalent soil stiffness ke corresponding to the existing 

soil layers is utilized in Eq.24 to determine an appropriate value for lc. For the same soil 

displacement, the work done by the existing soil profile and the work done by the 

equivalent soil system to provide lateral resistance are equated via Eq.25: 

 

∫
𝒌𝒉(𝒛)𝒚𝟐

𝟐

𝒍𝒐

𝒐
𝒅𝒛 = ∫

𝒌𝒆𝒚𝟐

𝟐
𝒅𝒛

𝒍𝒐

𝒐
    (25) 

 

where kh(z) is the horizontal soil stiffness (kN/m) at depth z, ke equivalent soil stiffness 

(kN/m), lo is the active length of the pile in bending (m), and y is the displacement shape 

function of the pile. The active length of pile in bending lo and displacement shape function 

y are given by Eq.26 and Eq.27, respectively: 

 

𝒍𝒐 =
𝒍𝒄

𝟐
      (26) 

 

𝒚 = ∆𝒈 (𝟏 −
𝒛𝟏

𝒍𝒐
)    (27) 

 

where g is the lateral displacement at the base of the abutment (m) and z1 is the depth of 

soil below the abutment (m). Thus, by substituting Eq.27 into Eq.25, the equivalent 

horizontal soil stiffness for a non-uniform soil profile ke is determined via Eq.28: 
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𝒌𝒆 =
𝟑

𝒍𝒐
𝟑 ∫ 𝒌𝒉(𝒛)

𝒍𝒐

𝒐
(𝒍𝒐 − 𝒛𝟏)𝟐 𝒅𝒛   (28) 

 

where ke is the equivalent horizontal soil stiffness for a non-uniform soil profile (kN/m), lo 

is the active length of pile in bending (m), kh(z) is the horizontal soil stiffness (kN/m) at 

depth z, and z1 is the depth of soil beneath the base of the abutment (m). Accordingly, after 

iterating Eqs.24-28, the equivalent cantilever lengths for horizontal stiffness, bending, and 

buckling le are then obtained by via Figures (2.11) and (2.12) for fixed and pinned pile head 

conditions, respectively (Abendroth and Greimann 1989). 

Then, based on methods described in the AASHTO LRFD bridge design specification 

manual (AASHTO 2020), the allowable axial and bending stresses Fa and Fb, respectively, 

and the elastic buckling stress Fe of the pile are calculated. 

Subsequently, the total applied axial stress on the piles are calculated via Eq.29: 

 

𝒇𝒂 =
𝑷𝒘+𝑷𝑻

𝑨
     (29) 

 

where fa is the total applied axial stress on the piles (kPa), Pw is the applied axial force due 

to the superstructure (kN), PT is the applied axial force due to thermal contractions and 

expansions (kN), and A is the cross-sectional area of the pile (m2). 

This is then followed by calculating the bending stress acting on the piles due to the 

combined axial and lateral loadings. Abendroth and Greimann (Abendroth and Greimann 

1989) provided two design alternatives to determine the bending stresses acting on the piles 

supporting IABs. Alternative 1 is an elastic design approach which disregards the pile’s 

capability of internally redistributing induced stresses by forming plastic hinges. Thus, 
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when utilizing design alternative 1, the bending stress acting on the pile is determined via 

Eq.30: 

 

𝒇𝒃 =
𝑴𝑻+𝑴𝒘

𝑺′      (30) 

 

where MT is the applied moment due to thermally induced displacements (kN.m), Mw is the 

applied moment due to the pile head rotation under superstructure dead load (kN.m), and 

S’ is the section modulus of the pile (m3). The factor Mw is calculated via Eq.31: 

 

𝑴𝒘 = [
𝟒𝑬𝑰

𝑳𝒆𝑴
] 𝜽𝒘    (31) 

 

where E is the elastic modulus of the pile (kPa), I is the moment of inertia about the plane 

of lateral bending (m4), LeM is the equivalent cantilever length for bending (m), and w is 

the pile rotation (rad). For alternative 1, the induced moment under thermal displacements 

MT is calculated via Eq.32: 

 

𝑴𝑻 =
𝑫𝟏𝑬𝑰∆

𝑳𝒆𝑴
𝟐      (32) 

 

where D1 is equal to 6 or 3 for a fixed or pinned head pile condition, respectively, E is the 

elastic modulus of the pile (kPa), I is the moment of inertia about the plane of lateral 

bending (m4), LeM is the equivalent cantilever length for bending (m), and  is the design 

lateral movement (m) under design temperature changes. 
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After calculating the bending stresses acting on the pile, it is required to satisfy the strength 

and stability interaction criteria under applied axial and bending stresses. The stability of 

the pile is checked via the following equation Eq.33: 

 

𝒇𝒂

𝑭𝒂
+

𝑪𝒎𝒇𝒃

[𝟏−
𝒇𝒂
𝑭𝒆

]𝑭𝒃

≤ 𝟏    (33) 

 

where fa is the total applied axial stress (kPa), fb is the total applied bending stress (kPa), 

Fa is the allowable axial stress (kPa), Fb is the allowable bending stress (kPa), Fe is the 

elastic buckling stress (kPa), and Cm is the moment gradient factor. Similarly, the strength 

of the pile is checked via Eq.34: 

 

𝒇𝒂

𝟎.𝟒𝟕𝟐𝑭𝒚𝑭𝑺
+

𝒇𝒃

𝑭𝒃
≤ 𝟏    (34) 

 

where fa is the total applied axial stress (kPa), fb is the total applied bending stress (kPa), 

Fy is the yield strength of the pile material (kPa), Fb is the allowable bending stress (kPa), 

and FS is the factor of safety accounting for an allowable axial stress increase as per the 

AASHTO design manual (AASHTO 2020; Abendroth and Greimann 1989). 

However, unlike alternative 1, alternative 2 is an inelastic design approach which assumes 

that piles provide adequate ductility such that stresses are redistributed through the 

formation of plastic hinges. Provided that the pile provides sufficient ductility to 

accommodate induced lateral strains, the ultimate strength of the pile is unaffected by the 

lateral expansions and contractions of the abutment. Thus, the total bending stress acting 

on the pile via alternative 2 is given by Eq.35: 
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𝑴 =
𝑴𝒔+𝑴𝒘

𝑺
     (35) 

 

where Ms is the induced second order moment (kN.m), Mw is the applied moment due to 

the pile head rotation under superstructure dead load (kN.m), and S is the section modulus 

of the pile (m3). The induced second order moment Ms corresponds to the product of the 

total axial force (Pw + PT) acting on the pile and the lateral displacement due to temperature 

rises and drops. This is calculated using Eq.36: 

 

𝑴𝒔 = 𝑫𝟐𝑷∆     (36) 

 

where D2 is equal to 0.5 or 1 for a fixed or pinned pile head condition, respectively, P is 

the total axial force due to thermal contractions and expansions and superstructure dead 

load (kN), and  is the design lateral movement under temperature fluctuations (m).  

The stability and strength interaction criteria associated with alternative 2 are the same as 

those mentioned when utilizing alternative 1. However, since this alternative is an inelastic 

based approach, additional ductility criteria are considered. To ensure that the designed 

piles provide adequate ductility against induced thermal displacements, Eq.37 must be 

satisfied: 

 

∆ ≤  ∆𝒊      (37) 
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where i is the allowable lateral displacement at the pile head (m) and  is the design lateral 

movement under design maximum and minimum temperatures (m). The pile’s lateral 

displacement capacity i is expressed via Eq.38: 

 

∆𝒊= ∆𝒃(𝑫𝟑 + 𝟐. 𝟐𝟓𝑪𝒊)    (38) 

 

where b is the pile head lateral displacement at which the actual extreme fiber bending 

stress equals the allowable bending stress of the pile (m), D3 is equal to 0.6 or 1 for fixed 

or pinned pile head conditions, respectively, and Ci is the inelastic rotation capacity 

reduction factor. b is given by Eq.39: 

 

∆𝒃=
𝑭𝒃𝑺𝑳𝒆𝑴

𝟐

𝑫𝟏𝑬𝑰
     (39) 

 

where Fb is the allowable bending stress (kPa), S is the section modulus of the pile (m3), 

LeM is the equivalent cantilever length for bending (m), D1 is equal to 6 or 3 for a fixed or 

pinned head pile condition, respectively, E is the elastic modulus of the pile (kPa), and I is 

the moment of inertia about the plane of lateral bending (m4). Similarly, Ci is expressed via 

Eq.40: 

 

𝑪𝒊 =
𝟏𝟗

𝟔
−

𝒃𝒇√𝑭𝒚

𝟔𝟎𝒕𝒇
    (40) 

 

where bf is the flange width of the pile (m), tf is the thickness of the pile flange (m), and Fy 

is the yield strength of the pile material (kPa) (Abendroth and Greimann 1989). 
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After structurally designing the piles (case A), their capacity to transfer loads onto the 

surrounding soil must be checked (case B). As seen in Figure (2.10), the length of the pile 

below the ground surface is divided into two components. ln is the length of the pile where 

skin resistance is nonexistent and l’ is the remaining effective length of the pile. As 

indicated by Abendroth et al. (Abendroth et al. 1989), the skin resistance provided by the 

pile along the length l’ is unaffected by the induced lateral displacements, given that the 

magnitude of ymax at a depth ln does not exceed 2% of pile dimension oriented about the 

plane of bending. Firstly, given ymax, lu, and lc, the factor ln is determined utilizing Figures 

(2.13) and (2.14) for fixed and pinned pile head conditions, respectively. Then, the 

corresponding skin resistance provided by the pile along the length l’ is calculated. Thus, 

case B is satisfied given that skin resistance provided by the pile is greater than or equal to 

the total applied axial force. 

The final design step consists of ensuring that the surrounding soil provides adequate 

resistance against the transferred loads from the piles (case C). According to studies 

conducted by Abendroth and Greimann (Abendroth and Greimann 1989), the lateral 

movement of the bridge piles do not influence the resisting capabilities of the surrounding 

soil. In addition, this criterion is typically satisfied given that pile spacing is greater than 

the pile dimension by a factor of 3. 

Since IAB piles are subjected to combined lateral and axial loads, their design and analysis 

are based of empirical and finite element (FE) methods. These methods are based upon 

data acquired from full-scale tests conducted on laterally and axially loaded piles. Research 

conducted by Greimann et al. (Greimann et al. 1986) provided the specifics associated with 

the analysis of IABs under induced thermal effects utilized in current state-of-the-art 
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practices. Using structural FE software packages, the complex soil-structure interactions 

of IABs under induced cyclic thermal loadings are analyzed via the beam-column concept 

as shown in Figure (2.15). In these models, structural components such as abutments, piles, 

approach slabs, deck, and girders are modelled as finite elastic beam elements discretized 

at n intervals. These elements are formulated by the tangent stiffness matrix given by 

Eq.41: 

 

∆𝑭𝒋
𝒊+𝟏 = [𝑲𝒋

𝒊]
𝑻

∆𝑫𝒋
𝒊+𝟏     (41) 

 

where ∆𝐹𝑗
𝑖+1 is the applied load vector at step i + 1, [𝐾𝑗

𝑖]
𝑇
 is the tangential stiffness matrix 

comprised of conventional and geometric matrices during the previous step i, and ∆𝐷𝑗
𝑖+1 

is the nodal displacement at step i + 1 increments. 

In this analysis approach, the soil medium is idealized via discrete one-dimensional 

linear/non-linear winkler springs. These soil springs are connected horizontally and 

vertically via node endings at each interval along the length of the beam element. The soil-

structure interaction of the soil medium is defined through three stress-strain nodal 

relationships comprising of p-y, f-z, and q-z curves. The p-y stress-strain relationship 

characterizes the soil pressure acting on the pile about the lateral direction and the 

corresponding pile displacement. Similarly, the f-z stress-strain relationship represents the 

vertical skin resistance of the soil and the corresponding pile displacements in the vertical 

direction. The bearing stress at the pile toe and the corresponding settlements is described 

through q-z stress-strain relationships (Greimann et al. 1986). 
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This FE analysis approach is commonly used by DOTs worldwide to design and analyze 

IABs due to its simplicity and rapid computational times. However, the assumptions and 

shortcomings associated with this method must be understood. Firstly, by using the beam-

column approach, the generation of torsional stresses during soil-structure interactions are 

neglected. Moreover, the deformation and stress paths of the defined springs in the 

horizontal and vertical directions are independent, thus giving rise to discontinuities. 

Furthermore, about the two orthogonal lateral planes, soil deformations are independent 

(Greimann et al. 1986). Finally, employing skeletal soil springs prevents the simulation of 

essential geotechnical properties such as groundwater conditions, drainage, and internal 

stress paths and histories (Dhadse et al. 2020). 

 

 

Figure 2.10 Idealized equivalent beam-column cantilever pile system (Abendroth and 

Greimann 1989) 
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Figure 2.11 Equivalent cantilever lengths for fixed pile head conditions (Abendroth et al. 

1989) 

 

Figure 2.12 Equivalent cantilever lengths for pinned pile head conditions (Abendroth et 

al. 1989) 
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Figure 2.13 Displacement of embedded pile in uniform soil for fixed head conditions 

(Abendroth et al. 1989) 

 

 

Figure 2.14 Displacement of embedded pile in uniform soil for pinned head conditions 

(Abendroth et al. 1989) 
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Figure 2.15 Finite element analysis of an IAB (Greimann et al. 1986) 

 

2.5 Design practices and guidelines 

 
Over the years, the use of IABs rapidly grew in popularity due to their desirable economical 

and structural attributes compared to conventional jointed bridges (Kunin and Alampalli 

2000; Sigdel et al. 2021; White II et al. 2010). This was indicated via a survey conducted 

by Kunin and Alampalli (Kunin and Alampalli 2000), which investigated current practices 

associated with IABs across Canada and the US. Following the survey, it was found that 

by the year 1996, over 9,000 IABs were built across Canada and the US as shown in Figure 

(2.16). 
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Figure 2.16 IAB construction by numbers within various states in the US by the year 

1996 (Kunin and Alampalli 2000) 

 

Thus, due to the recent introduction of IABs, design and construction guidelines related to 

such structures is not currently addressed. It was seen that design limits and construction 

recommendations have been specified based on engineering intuition and experience 

(Frosch and Lovell 2011). By exploring invoked IAB design guidelines worldwide, 

practices across North America, Europe, Asia, and Australia and New Zealand were seen 

to vary (Kunin and Alampalli 20005; Sigdel et al. 2021; Tabatabai et al. 2017; White II et 

al. 2010). 

2.5.1 Maximum length limits 

 
Maximum allowable IAB lengths were seen to differ between various states across the US 

for steel and concrete structures. As indicated by a survey conducted by Tabatabai et al. 

(Tabatabai et al. 2017), maximum lengths for concrete bridges were seen to be greater than 
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or equal to steel IABs as shown in Figure (2.17). For concrete and steel structures, the 

average maximum lengths were seen to be 147 m and 107.5 m, respectively. 

 

 

Figure 2.17 Maximum allowable IAB length for concrete and steel structures (Tabatabai 

et al. 2017) 

 

Figure (2.18) compares the maximum allowable lengths for IABs in various countries 

worldwide (AASHTO 2020; CSA 2014; Kaufmann and Alvarez 2011; New Zealand 

Transport Agency 2013; Roads and Traffic Authority 2007; Sigdel et al. 2021; Tabatabai 

et al. 2017; White II et al. 2010). As shown in the plotted figure, the maximum allowable 

lengths of IABs across Europe were relatively similar, except for Sweden. The maximum 

lengths invoked in Canada and the US are considerably larger than those specified in 

Europe, Asia, and Australia/New Zealand. 
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Figure 2.18 Maximum allowable limits on length within various regions worldwide 

(AASHTO 2020; CSA 2014; Kaufmann and Alvarez 2011; New Zealand Transport 

Agency 2013; Roads and Traffic Authority 2007; Sigdel et al. 2021; Tabatabai et al. 

2017; White II et al. 2010) 

 

2.5.2 Maximum skew limits 

 
Figure (2.19) presents the maximum skew limitations for continuous bridges in the US, 

based on bridge design manuals across each state and surveys conducted by Tabatabai et 

al. (Tabatabai et al. 2017) and Sigdel et al. (Sigdel et al. 2021). As shown in the map, most 

states utilize IABs with skew angles less than or equal to 30o. From the 39 states which 

limit the degree of skew, 61% have adopted a maximum skew angle of 30o for IABs. In 

the state of Idaho, the DOT has specified that for IABs with a skew angle exceeding 25o, 

effects corresponding to skew must be considered during design. 



 

 

58 

 

 

Figure 2.19 Maximum allowable skew angles for IABs within the US (AASHTO 2020 

and corresponding state DOT design manuals) 

 

Figure (2.20) compares the maximum allowable skew angles for IABs in various regions 

worldwide. With most European practices limiting the degree of skew to a maximum value 

of 30o, countries such as Sweden, Germany, and Switzerland have not specified limits of 

skew (Kaufmann and Alvarez 2011; White II et al. 2010). Unlike, the US, Canadian DOTs 

utilize IABs with a maximum skew angle of 20o. According to Australian guidelines, IABs 

with maximum lengths less than or equal to 50 m are restricted to a maximum skew angle 

of 30o. However, bridge lengths ranging between 50 m and 70 m are limited to a skew 

angle of 20o (Roads and Traffic Authority 2007). Similarly, the bridge design manual set 

by New Zealand specifies that the maximum allowable skew angle is 30o, provided that 

the maximum lengths of concrete and steel structures do not exceed 70 m and 55 m, 

respectively (New Zealand Transport Agency 2013). Since IAB construction in Japan is 

not yet fully adopted, current practices only utilize straight bridges (Sigdel et al. 2021). 
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Figure 2.20 Maximum allowable limits on skew angle within various regions worldwide 

(AASHTO 2020; CSA 2014; New Zealand Transport Agency 2013; Roads and Traffic 

Authority 2007; Sigdel et al. 2021; Tabatabai et al. 2017; White II et al. 2010) 

 

2.5.3 Maximum and minimum design temperatures 

 
Figure (2.21) presents the various design minimum and maximum temperatures specified 

by the AASHTO and DOT bridge design manuals across the US for concrete and steel 

structures (AASHTO 2020 and corresponding state DOT design manuals). By looking at 

Figure (2.21a), most states specify a maximum temperature of 80oF for concrete structures, 

except for Illinois and Minnesota, which utilize maximum temperatures of 130oF and 

120oF, respectively. Similarly, for concrete structures, the minimum temperatures specified 

by the DOTs range between 0oF and 10oF, except for Illinois and Minnesota, which utilize 

minimum temperatures of -30oF as shown in Figure (2.21c). The maximum design 

temperatures for steel IABs for various states within the US are shown in Figure (2.21b). 

It can be seen that the average design temperature specified by DOTs is 120oF, which is 
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larger than the design temperature for concrete structures by 40oF. Figure (2.21d) shows 

the range of minimum design temperatures utilized for steel structures. By looking at 

Figure (2.21d), a wider range of minimum design temperatures are associated with steel 

structures, varying from -30oF to 10oF. 

Figure (2.22a) compares the design changes in temperatures corresponding to the 

contraction and expansion of concrete structures specified by various regions worldwide. 

It can be seen that the temperature changes specified by New Zealand and Switzerland are 

identical. The US utilizes the widest range of temperature changes, with a difference of 

57oF in magnitude. However, during design, Canada specifies the smallest temperature 

change for concrete structures with a magnitude of approximately 15oF. 

For steel structures, Figure (2.22b) shows the changes in temperatures specified across 

North America, Europe, and New Zealand. As seen in the plotted figure, Switzerland and 

New Zealand follow the same range of thermal drops and rises during design. Similar to 

concrete IABs, the US and Canada utilize the widest and shortest thermal fluctuations, 

respectively (AASHTO 2020; CSA 2014; Kaufmann and Alvarez 2011; New Zealand 

Transport Agency 2013). 
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Figure 2.21 Design maximum temperatures for concrete structures; (b) Design maximum 

temperatures for steel structures; (c) Design minimum temperatures for concrete 

structures; and (d) Design minimum temperatures for steel structures (AASHTO 2020 

and corresponding state DOT design manuals) 

 

 

Figure 2.22 Design temperature changes worldwide for: (a) concrete structures and (b) 

steel structures (AASHTO 2020; CSA 2014; Kaufmann and Alvarez 2011; New Zealand 

Transport Agency 2013) 
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2.5.4 Pile type, orientation, and embedment length 

 
Figure (2.23) plots the various pile types utilized across the US when constructing the 

substructures of IABs according to a survey conducted by Tabatabi et al. (Tabatabai et al. 

2017). As shown in the plotted figure, the four pile types utilized in the US comprise of 

steel HP piles, hollow steel tubes (HST), concrete filled steel tubes (CFT), and prestressed 

concrete piles (PCP).  Furthermore, it is clear that steel HP piles are the popular option for 

supporting integral abutments, with 30 states using such piles. However, with only 4 states 

employing PCPs, this pile type is the least favorable choice to support integral abutments. 

Figure (2.24) presents the various pile orientations utilized by DOTs across the US. By 

looking at the plotted figure, 57% out of the 37 states which consider IAB construction 

orient piles about the weak axis of bending to reduce the generated internal stresses, which 

correspond to induced thermal displacements. In addition to the 5 states which recommend 

strong axis orientation, it was found that the orientation of piles in 14% of the states were 

based on the designer’s judgement and preference (Soltani and Kukreti 1992). 

Figure (2.25) plots the various pile embedment lengths for three length ranges of 0.28 m – 

0.3 m (low), 0.46 m – 0.61 m (medium), and 0.76 m – 0.91 m (high) across the US. As 

seen in the plotted figure, the number of states which utilize low, medium, and high 

embedment lengths are 7, 18, and 3, respectively. Thus, common practices indicate that 

embedding the piles approximately 0.46 m – 0.61 m into the abutment is recommended 

(Soltani and Kukreti 1992). 

Finally, research conducted by White II et al. (White II et al. 2010) compared the types of 

piles used to support bridge abutments based on North American and European practices 

as shown in Figure (2.26). In addition to the common practice within North America to 
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utilize HP piles, it was found that within Europe, England and Ireland also employ HP piles 

during IAB construction. Furthermore, similar to North American practices, CFTs were 

utilized during the construction of IAB substructures in Finland. However, unlike North 

American guidelines, precast and prestressed concrete (PCP) piles were uncommon within 

Europe. White II et al. (White II et al. 2010) found that such piles were only used to 

construct IABs in Sweden. Similar to PCPs, the use of X – piles within Europe and North 

America is uncommon, with the exception of Swedish IABs. Moreover, it was found that 

reinforced concrete piles are common practice within Germany, since these piles reduce 

the moments at the mid-span of the bridge and restraint the abutments against rotation. 

Finally, as indicated by White II et al. (White II et al. 2010) and Caristo et al. (Caristo et 

al. 2018), IABs constructed within the UK commonly utilize a spread footing foundation 

supporting full height RC abutments. 

 

 

Figure 2.23 Utilization of various pile types within the US (Tabatabai et al. 2017) 
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Figure 2.24 IAB pile orientations across the US (Tabatabai et al. 2017) 

 

 

Figure 2.25 IAB pile embedment lengths across the United States (Tabatabai et al. 2017) 
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Figure 2.26 Different pile types utilized by North America and European practices 

(White II et al. 2010) 

 

2.5 Conclusions 

 
This paper first discussed the background of IABs and the corresponding attributes and 

shortcomings based on research found in the literature. This was then followed by 

describing the primary and secondary loads which act on IABs, along with various 

evaluation methods used during the design process. Details on the design and finite element 

analysis methods of IAB piles based on current practices were then presented and 

discussed. Then, IAB design guidelines and criteria within North America, Europe, Asia, 

Australia, New Zealand were compared where limits on length, skew angle, and pile type 

and orientation were highlighted. Based on the conducted research presented in this paper, 

the following conclusions can be drawn: 

1. IABs significantly reduce maintenance costs related to expansion and bearing joints. 

Studies have shown that expansion and bearing joint rehabilitation were estimated to 
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cost around $300,000. Furthermore, costs related to the rehabilitation of deteriorated 

bridges were seen to exceed $ 2.5 billion. 

2. The design of passive earth pressure distributions behind the abutment back wall via 

theoretical methods could lead to conservative predictions. Thus, numerically 

analyzing earth pressure distributions using the finite element method correlates to 

realistic deformations. Hence, bridge components such as abutments and piles can be 

designed more efficiently. 

3. Analyzing IAB piles via the beam-column approach gives rise to discontinuities, and 

thus unrealistically modelling the complex soil-structure interactions that occur under 

the applied loads. Furthermore, since the subgrade soil is idealized as skeletal springs, 

this prevents the simulation of pore water pressures, stress paths and histories, drainage, 

and the relative deformation between the piles and the surrounding soil. However, 

modelling the structural and soil elements as a continuum with corresponding interfaces 

would realistically simulate soil-structure interactions, thus resulting in more efficient 

designs. 

4. A comprehensive and uniform design guideline for IABs does not currently exist since 

the specified criteria were seen to vary across the US and around the world. Thus, 

extensive research is required to develop a unified design procedure to enhance the 

performance and efficiency of IABs. 

5. Since most of the DOTs around the world limit the skew angles of IABs to 

approximately 30o, research is required to further investigate the effects of high skew 

angles on the performance of the superstructure and substructure components. 
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6. Knowledge gap exists in understanding the impacts of curved IABs. Thus, by further 

expanding current knowledge on curved IAB, this will allow engineering practitioners 

and DOTs worldwide to extend on IAB applications and enhance the efficiency and 

performance of such structures. 
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CHAPTER 3 TWO-DIMENSIONAL MODELLING OF 

INTEGRAL ABUTMENT BRIDGES 

Ahmed Abdullah and Hany El Naggar 

3.1 Introduction 

 

Bridge construction is one of the oldest geostructural engineering practices. The use of 

integral abutment bridges (IABs), first introduced in the 1930s, began to become more 

widespread in the late 1960s. These bridges utilize a continuous rigid build between the 

superstructure and the substructure (Kong et al. 2016). The monolithic assembly of IABs 

eliminates the necessity of utilizing expansion joints and bearings (Civjan et al. 2007). In 

comparison to conventional bridges, IABs have reduced construction and maintenance 

costs, and can be constructed more quickly due to their simple design. Furthermore, these 

structures can utilize a single row of straight piles oriented for weak-axis bending to 

achieve greater end span ratios. Research conducted by Hoppe and Gomez (Hoppe and 

Gomez 1996) has indicated enhanced seismic performance with the use of IABs. In 

addition, the smooth, continuous nature of IABs has been found to improve driving 

comfort (Arsoy et al. 1999). Since the superstructure and substructure components act as 

a rigid body, at extreme high and low temperatures, the deck and girders undergo thermally 

induced lateral expansion and contraction, resulting in displacement of the abutments (Kim 

and Laman 2010). As the abutments move away and towards the backfill soil, resultant 

active and passive earth pressures occur at the abutment wall-backfill interface. In addition, 

the lateral response of the abutment to falling and rising temperatures induces positive and 
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negative bending moments in the foundation piles, since the piles are rigidly embedded in 

the concrete pile caps. 

Due to the relatively recent introduction of IABs, their complex response to cyclic thermal 

loading and associated soil-structure interactions (SSIs) has yet to be completely 

understood. However, by using finite element (FE) techniques, researchers can conduct 

numerical studies to analyze changes in performance under varying conditions. As an aid 

to understanding the complex SSIs associated with IABs during seasonal changes, 

researchers have conducted full-scale monitoring and numerical research to study the 

lateral response of IABs to different site conditions. For example, Huang et al. (Huang et 

al. 2013) installed more than 150 gages at various locations to monitor the thermal response 

of the #55555 concrete bridge in Rochester, Minnesota, over a seven-year period. Over the 

course of the monitoring period, time-dependent effects were observed in the bridge deck 

and girder components. They became gradually shorter each year, which ultimately 

induced greater stresses in the piles, causing pile curvatures to increase. Research 

conducted by LaFave et al. (LaFave et al. 2021) involved monitoring the effects of thermal 

loading on the Kishwaukee and Union Pacific Railroad (UPRR) bridges in Illinois over a 

two-year period. A 3D FE system was subsequently calibrated against the field results. 

Comparisons with data acquired in the field indicated that abutment movements and girder 

stresses associated with temperature changes were captured reasonably well by the FE 

system. However, following the first year of monitoring, disagreements between the FE 

simulations and the measured data were observed in the tensile and compressive stresses 

at the girder bottom flanges, due to unpredicted field behaviors. Over a period of three 

years, Huntley and Valsangkar (Huntley and Valsangkar 2013; Huntley and Valsangkar 
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2014) carried out full-scale monitoring of the route 2 high-speed connector underpass 

bridge in New Brunswick, Canada. More than 100 instruments were used to monitor earth 

pressure and pile bending moment variations resulting from thermal contraction and 

expansion. It was found that in addition to thermal variations in earth pressure, lateral 

abutment movements associated with temperature changes also impacted earth pressure 

distributions. Furthermore, the supporting piles exhibited a double curvature, with 

maximum bending moments occurring at the pile head. In a three-year field study, Breña 

et al. (Breña et al. 2007) monitored the thermal response of the Orange-Wendell (OW) 

bridge in Massachusetts, USA. Field data suggested that the bridge abutments deformed 

as a rigid body through translations and rotations, with the greatest displacements 

occurring at the top of the abutment. Abutment rotations were seen to reduce the maximum 

moments occurring at the pile head. Maximum passive earth pressures were observed 

during periods of extreme abutment displacement due to expansion. In addition, soil settled 

near the base of the abutment following contraction resulted in increased passive pressures 

as the abutment transitioned into an expansion position. Civjan et al. (Civjan et al. 2007) 

continued research investigations of the OW bridge by conducting parametric studies with 

calibrated 2D and 3D FE models. The results showed that as the stiffness of the backfill 

increased, earth pressures increased, and pile moments decreased. In addition, lateral 

restraints provided by the surrounding soil were observed to impact pile bending moments 

only during periods of contraction.  

Most previous research models the SSIs of IABs under cyclic thermal loading by using 

plate elements and spring elements to represent a discontinuous medium. Linear elastic 

plate elements are used to model the axial and flexural rigidities of structural components 
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such as abutments, girders, and piles. Surrounding soils are modelled as spring elements, 

defined incrementally at points along the plate depth. The stiffness values (kh) of the 

defined spring elements are commonly determined by using linear/nonlinear models found 

in the literature. Thus, the lateral and vertical displacements and stresses generated are 

simulated only at the corresponding plate-spring nodes under loading. This study aims to 

build on previous research by modelling the SSIs of IABs under cyclic thermal loading 

within a continuous soil medium, with corresponding interface elements. This is designed 

to yield a more realistic representation of the relative deformations of soil and structural 

elements over their entire depth, thereby mimicking behaviors observed in the field. The 

mechanical behavior of soils can be defined by using constitutive soil models which relate 

applied stresses to strains, based on established mathematical models which consider 

nonlinear effects, the stress-dependency of stiffness, strain-hardening/softening effects, 

and time-dependent effects (PLAXIS 2D manuals 2018).  

First the case study selected for the present research will be described, in accordance with 

Kalayci et al., including specifics regarding the full-scale monitoring program, the 

instrumentation plan, the construction sequence, and the data acquired during the 

monitoring phase (Kalayci 2012). Then details of the development of a calibrated two-

dimensional finite-element model using PLAXIS 2D and its verification against data 

recorded in the field will be presented. Explanations concerning the approximation of 

contractions and expansions as a function of bridge geometry, temperature changes, and 

material properties will then be given, with the corresponding findings. Finally, a 

description will be provided of the parametric studies conducted with the calibrated FE 

system to investigate the effect of varying the constitutive soil model, backfill stiffness, 
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abutment concrete stiffness, pile size and orientation, and span length on backfill earth 

pressure distributions and pile bending moments resulting from cyclic thermal loading. 

 

3.2 Case study review 

 
The Middlesex bridge over Martin’s brook is located on route VT12 in Vermont, USA. 

Construction began in mid-June 2009 and continued for four and a half months. The bridge 

was opened to traffic in late October 2009. Table (3.1) shows the starting dates of the key 

construction activities. 

The Middlesex bridge is a single span bridge with a length of 43 m between the center lines 

of abutments 1 and 2. Each abutment has an out-of-plane width of 10.2 m and a thickness 

of 1 m. Since the abutment diaphragm and pile cap were poured separately, a construction 

joint was used to ensure a fixed connection between these two components. The bridge has 

a 0o skew from the axis parallel to the roadway. The superstructure consists of a reinforced 

concrete (RC) deck 0.22 m thick, with five grade 345W steel plate girders evenly spaced 

at intervals of 2.05 m and anchor bolted into the bridge abutments. The substructure is 

comprised of five HP 310 x 125 steel piles (grade 345) evenly spaced at intervals of 2.05 

m, to support each abutment. The piles are embedded 1 m into the pile cap to ensure fixed 

head conditions relative to the abutment during lateral movements. In addition, piles were 

driven 9 m into the in-situ soil below the base of the abutment. Each abutment is 

monolithically connected to two rectangular wing walls perpendicular to the orientation of 

the abutment. Each wing wall has a thickness of 0.45 m and extends 3 m from the back 

wall of the abutment. A reinforced concrete approach slab with a length of 6 m and a 
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thickness of 0.38 m was constructed behind the back wall of the abutment. The bridge 

schematics are shown in Figure (3.1). 

According to reports prepared by the Vermont Agency of Transportation (VTrans), the in-

situ soils were classified as cohesionless, and the backfill soil was classified as compacted 

granular medium dense soil. The subgrade soil, with a slope of 1V:1.5H, consisted of two 

layers: A top layer 1.5 m thick comprised of compacted medium dense sand, above a layer 

10 m thick of medium dense sand and silty sands with some gravel, with bedrock below. 

Groundwater investigations suggested that the groundwater table was encountered at the 

base of the abutment. 

 

Table 3.1 Middlesex bridge construction sequence (Kalayci 2012) 

Construction activity Starting date (mm/dd/yyyy) 

Pile driving 06/15/2009 

Pouring of pile cap 07/15/2009 

Backfilling of pile cap soil 07/22/2009 

Girder placement 07/22/2009 

Placement of deck 08/27/2009 

Pouring of upper abutment 09/21/2009 

Backfilling of upper abutment 10/07/2009 

Placement of approach slab 10/09/2009 
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Figure 3.1 Bridge: (a) Plan view, (b) abutment cross-section, and (c) elevation view 

(Civjan et al. 2013) 

 

3.2.1 Bridge Instrumentation 

 
For abutments 1 and 2, instrumentation was installed to monitor backfill pressure 

distributions, abutment displacements and rotations, and pile moments. However, this 

paper focuses primarily on results related to earth pressure distributions and pile bending 

moments for abutment 1. Further details regarding the instrumentation and data collected 

can be found in Kalayci (Kalayci 2012). All the instruments mentioned in this section 

are vibrating wire (VW) gages. Figure (3.2) presents the instrumentation plan of the 

Middlesex bridge. 

Seven Geoken 4815 earth pressure cells were installed at three different heights beneath 

the construction joint to capture earth pressure variations at the abutment-backfill 

interface. Each gage was comprised of a transducer housing and a circular pressure cell. 

Installation was performed by nailing the pressure cells onto the formwork of the pile 
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cap prior to backfilling. This ensured that the pressure cells were securely attached to 

the back wall and were in flush contact with the backfill soil. As part of the transducer 

housing, the VW gages were positioned at a small distance from the back wall surface.  

To monitor variations in pile strains under cyclic thermal loading, five Geokon 4000 

strain gages were placed on the supporting piles. Since maximum moments occur near 

the base of the abutment, three strain gages spaced 0.5 m apart and two strain gages 

spaced 1 m apart were installed on the exterior and interior piles, respectively. First the 

piles were driven 9 m into the in-situ soil, then the top 1.5 m of soil surrounding the 

piles was excavated. Mounting blocks aligned parallel to the roadway were then 

attached to the flanges to hold the strain gages in place. Following installation of the 

gages, the excavated soil was then backfilled and compacted.  

Data acquisition was performed by Campbell Scientific CR1000 and CR10X data 

loggers programmed to gather data from the bridge instrumentation every six hours for 

a period of two years. Data were not collected between April 20, 2011, and May 13, 

2011, due to equipment damage caused by electrical storms. 
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Figure 3.2 Middlesex bridge instrumentation plan (Civjan et al. 2013) 

 

3.3 Finite element model 

 
Abutment-backfill and pile-soil interactions during cyclic thermal loading were analyzed 

numerically by utilizing the software package PLAXIS 2D 2021. The first part of the 

analysis involved verification of the 2D model against data obtained from full-scale 

monitoring in the field. The second part of the analysis used the calibrated system to 

conduct parametric studies to investigate changes in performance when key parameters 

were varied. Details concerning the model development, verification, and parametric 

studies are presented below. 
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Figure 3.3 Two-dimensional FE model mesh 

 

3.3.1 Mesh 

 
The 2D model developed for verification is illustrated in Figure (3.3). In the model, 15-

node triangular volume elements were selected from the element library of PLAXIS 2D to 

simulate soil layers and concrete clusters. For enhanced compatibility, by default, PLAXIS 

formulates each embedded beam and plate by using 5-node beam elements, when they are 

surrounded by 15-node triangular soil elements. After the mesh coarseness was set to fine, 

the verified model contained approximately 5000 elements. Elements near the abutment 

and pile deformation zones had an average size of approximately 40 mm. In accordance 

with the results of a sensitivity analysis, the left boundary of the model illustrated in Figure 

(3.3) was set to 30 m from the center of the abutment, since it was found that greater 

distances resulted in insignificant changes to earth pressures and pile moments. 

 

3.3.2 Boundary conditions 

 
Because the Middlesex bridge is straight and is symmetric about both horizontal axes, only 

half the bridge was modelled. The boundary conditions were set to be fixed in the 
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horizontal direction and free in the vertical direction. The bottom boundary condition was 

set to be fully fixed, while the top boundary was permitted to have free displacement in 

both directions. 

 

3.3.3 Backfill and subgrade soil properties 

 
The backfill soils behind the abutment wall and surrounding the piles were modelled by 

using the elasto-plastic hardening soil (HS) model extracted from the PLAXIS 2D 

constitutive soil model library (PLAXIS 2D manuals 2018), with a confining pressure (pref) 

of 100 kPa. This double-stiffness constitutive soil model simulates stress-dependent 

changes in soil stiffness when the soil is subjected to thermal expansions and contractions 

(Mahgoub and El Naggar 2020). The hyperbolic nature of the hardening soil model 

developed by Duncan and Chang (Duncan and Chang 1970) is related to double-stiffness 

hyperbolic models (Zakhem and El Naggar 2019). Furthermore, the HS constitutive soil 

model yields accurate stiffness variations for small shear strain magnitudes through 

hysteretic behavior and dilatancy during shearing (El Naggar et al. 2016). The soil 

properties defined for simulation of the backfill and subgrade soils are summarized in Table 

(3.2). 
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Table 3.2 FE model soil properties 

Parameter Backfill soil1 Subgrade soil2 

Dry unit weight, 𝜸𝒅𝒓𝒚 (𝐤𝐍
𝐦𝟑⁄ ) 17 19 

Saturated unit weight,  𝜸𝒔𝒂𝒕 (
𝐤𝐍

𝐦𝟑⁄ ) 18.5 20 

Secant stiffness in standard drained triaxial test, 

𝑬𝟓𝟎
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 

20 50 

Tangent stiffness for primary oedometer 

loading, 𝑬𝒐𝒆𝒅
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 

16 40 

Unloading/reloading stiffness, 𝑬𝒖𝒓
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 60 150 

Cohesion, 𝒄′ (𝐤𝐏𝐚) 1 2 

Internal friction angle, 𝝋′(𝒐) 35 35 

Dilatancy,  (𝐨) 5 5 

Power for stress-level dependency of stiffness, 𝒎 0.5 0.5 
1For the backfill soil Pref = 100 kPa and Rint = 0.3 
2For the subgrade soil Pref = 100 kPa and Rint = 0.6 

 

3.3.4 Abutment and approach slab reinforced concrete properties 

 
The PLAXIS software material model library supports the use of a linear-elastic material 

to model extremely stiff volumes. In accordance with Hooke’s law of isotropic elasticity, 

the linear-elastic material model requires only the input of an elastic modulus (E) and 

Poisson’s ratio (ν) (PLAXIS 2D manuals 2018). Because actual abutment and approach 

slab dimensions were used to simulate the physical structure, due to the 2D nature of the 

software, the model illustrated in Figure (3.3) incorporates an out-of-plane width of 1 m. 

The elastic modulus was set to 23 GPa for the abutment pile cap, and 25 GPa for the 

abutment diaphragm and approach slab components. All the concrete elements were 

defined with a unit weight of 24 kN/m3 and a Poisson’s ratio of 0.2. To model the relative 

movement between the soil and the concrete element nodes, 5-node UDCAM-S interface 
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elements were defined. A strength reduction factor (Rint) of 0.3 was used at the abutment-

backfill and approach slab interfaces for lateral contractions and expansions. 

 

3.3.5 Bridge pile and composite deck and girder properties 

 
The steel HP piles were modelled by using elastic embedded beam elements. These 5-node 

elements with zero thickness utilize Mindlin beam element theory and combine plate and 

node-to-node anchor characteristics (PLAXIS 2D manuals 2018). These elements also use 

actual pile dimensions to generate equivalent elastic zones surrounding an embedded beam. 

This permits relative movement between the pile and soil elements, while formulating axial 

and flexural rigidities (Sluis et al. 2014). A strength reduction factor (Rint) of 0.6 was used 

to model relative lateral and axial displacements at the pile-soil interfaces. In the FE 

system, the piles were defined with an area of 0.016 m2, a weak-axis moment of inertia of 

0.09 x 10-3 m4, and an out-of-plane spacing of 2.05 m.  

Deck and girder sections were modelled as an equivalent elastic steel plate element, in 

accordance with methods described by Bonczar et al. (Bonczar et al. 2005). First, the 

concrete deck was transformed into an equivalent steel section. Axial and bending rigidities 

of the steel deck, with girders spaced 2.05 m apart, were then incorporated into an 

equivalent single composite section, with an out-of-plane width of 1 m. The combined axial 

(EA) and bending (EI) rigidities were set to be equal to 113 x 106 kN/m and 37.5 x 106 

kN.m2/m. An elastic modulus of 200 GPa was used to model the deck, girder, and pile 

elements. 
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3.3.6 Staged construction 

 
The construction sequence defined for the calibrated FE model was based on actual 

construction records for the Middlesex bridge. The initial step was performed in 

accordance with the K0 procedure, where in-situ soil stresses are varied linearly with depth, 

depending upon the unit weight of the soil. An excavation with a slope of 1V:1.5H was 

simulated for the top 1.5 m of the in-situ soil. Following the excavation, a steel HP pile 

element was activated. The simulation then reactivated and compacted the excavated soil 

cluster. Next, the pile cap cluster was activated, together with the abutment base interface 

element. The first layer of backfill soil, with a thickness of 2.27 m, was backfilled and 

compacted behind the pile cap, and the backfill-pile cap interface was activated. This was 

followed by activation of the abutment diaphragm, deck and girder composite plate, and 

vertical load. The remaining backfill soil, with a thickness of 1.73 m, was then backfilled 

and compacted behind the diaphragm wall, and the backfill-diaphragm wall interface was 

activated. Then the approach slab cluster and remaining interface elements were activated. 

Finally, the prescribed lateral displacements extracted from the full-scale monitoring 

inclinometer data were applied cyclically at the top of the abutment, to simulate the two-

year contraction and expansion responses to thermal variations. 

 

3.3.7 Parametric studies 

 
Following the development of the proposed 2D FE system, parametric studies were used 

to investigate the effect of varying the constitutive soil model, backfill stiffness, abutment 

concrete stiffness, pile size and orientation, and span length on the resultant backfill lateral 

stress distributions and pile bending moments. 
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The first parametric study investigated the effects of using the linear-elastic perfectly 

plastic Mohr-Coulomb (MC) model provided by the PLAXIS 2D model library to model 

the soil behavior. In this parametric study, instead of using the hardening soil model 

employed in the calibrated 2D FE system, the MC constitutive soil model was used to 

simulate the backfill and subgrade soils.  

The second parametric study investigated the effect of using backfill soils with varying 

stiffness, ranging from loose sand (with the least stiffness) to gravel (with the greatest 

stiffness). The four types of backfill soil utilized in this parametric study were loose sand 

(𝐸50
𝑟𝑒𝑓

= 7.5 MPa), medium sand (𝐸50
𝑟𝑒𝑓

 = 20 MPa), dense sand (𝐸50
𝑟𝑒𝑓

 = 60 MPa), and gravel 

(𝐸50
𝑟𝑒𝑓

 = 150 MPa). All of the elastic moduli were determined at a confining pressure (Pref) 

of 100 kPa.  

The third parametric study investigated the impact of varying the stiffness of the concrete 

used for the abutment. The concrete classes used in this parametric study were class A (E 

= 23.2 GPa), class B (E = 21.5 GPa), and class C (E = 24.9 GPa).  

The fourth parametric study investigated the effect of employing piles of different sizes, 

oriented for weak- or strong-axis bending. In this study, HP pile sections HP 200 x 53, HP 

250 x 85, HP 330 x 149, and HP 360 x 174 were utilized. Table (3.3) presents the area and 

the strong- and weak-axis moments of inertia for each of the pile sections used. 

The fifth parametric study investigated the effect of varying the span length (from 43 m to 

8.6 m) and hence the corresponding vertical load (VL). FE models with one span (43 m; 

VL = 326 kN), two spans (21.5 m; VL = 125 kN), three spans (14.3 m; VL = 89 kN), four 

spans (10.75 m; VL = 66 kN), and five spans (8.6 m; VL = 53 kN) were considered. 
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Table 3.3 HP pile sections used in the fourth parametric study 

HP pile 

section  

Section area, A 

(m2) 

Strong-axis moment of 

inertia, I1 (m4) 

Weak-axis moment of 

inertia, I2 (m4) 

HP 200 x 53 6.84 x 10-3 49.4 x 10-6 16.8 x 10-6 

HP 250 x 85 10.8 x 10-3 123 x 10-6 42 x 10-6 

HP 330 x 149 19 x 10-3 370 x 10-6 123 x 10-6 

HP 360 x174 22.2 x 10-3 508 x 10-6 184 x 10-6 

 

3.4 Results and Discussion 

 
First, the results of full-scale monitoring of the Middlesex bridge will be discussed, 

together with the verification of the FE model developed to mimic the soil-structure 

interactions occurring at the abutment-backfill and pile-soil interfaces during cyclic 

thermal loading. Details concerning alternative methods that can be used to model the 

thermally induced lateral loading of IABs will then be presented, and findings of the FE 

model will be compared to the results of full-scale monitoring of the thermal response. The 

third part of this section will report findings of the parametric studies and will assess the 

thermal responses indicated by the calibrated FE system when key parameters are varied. 

 

3.4.1 Results of full-scale monitoring 

 
Extensive data were acquired by Kalayci (Kalayci 2012) via full-scale monitoring of the 

thermal response of the Middlesex bridge. However, the present study focuses primarily 

on lateral stress distributions in the backfill soil and internal pile bending moments 

caused by thermally induced abutment displacements. Earth pressure and pile bending 

moment results obtained from the FE model simulations are plotted together with 
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values measured during full-scale monitoring to verify the reliability of the proposed 

system. 

 

3.4.1.1 Lateral earth pressure distribution 

 
Table (3.4) presents the cumulative earth pressure at the end of construction at each sensor 

location. 

Figure (3.4) compares variations in the lateral earth pressure obtained by the FE model via 

PLAXIS with values measured in the field at three sensor locations. As shown in Figure 

(3.4), the results obtained from the PLAXIS FE simulations closely adhere to the data 

collected in the field. The figure indicates that bridge contractions and expansions induced 

incremental increases and decreases in the cumulative pressures observed at the end of 

construction. This caused backfill stresses to fluctuate between passive and active states as 

the ambient temperatures varied with time. In addition, with greater abutment 

displacements into the backfill soil due to bridge expansion, the induced incremental 

stresses at the abutment-backfill interface were seen to increase. During passive states, 

earth pressure distributions were observed to follow a linear pattern, as measured stresses 

increased with depth. However, during periods of contraction, a nonlinear pattern appeared, 

since lower active stresses were measured at the middle sensor than at the top and bottom 

sensors. This unpredicted behavior can be explained by considering the pressure reading 

at the middle sensor at the end of construction. The reading suggests that prior to the 

occurrence of thermally induced effects, the earth pressure at the middle sensor was lower 

than the pressures at the top and bottom sensors. Possibly this was due to soil interactions 

during construction that affected data collection at the middle sensor. In this case, induced 
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incremental reductions in pressure during periods of contraction would further reduce the 

cumulative value at the middle sensor, thus giving rise to a nonlinear distribution. 

The earth pressure data plotted in Figure (3.4) do not indicate soil ratcheting, since no 

gradual increase in passive pressure was observed for successive passive cycles. As shown 

in Figure (3.4), the passive pressure at the bottom sensor was 66 kPa the first year and 68 

kPa the second year. Similarly, pressures of 53 kPa and 52 kPa were measured at the middle 

sensor during the first and second passive cycles, respectively. In fact, evidence of soil 

softening was seen at the top sensor, since the pressure of 52 kPa measured the first year 

decreased by 10 kPa following the second expansion cycle, despite the observed net inward 

movement described by Kalayci (Kalayci 2012). 

 

Table 3.4 Cumulative earth pressures at three sensor locations at the end of construction 

(Civjan et al. 2013) 

Sensor location Earth pressure at the end of 

construction (kPa) 

Top 33.1 

Middle 21.4 

Bottom 42.1 
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Figure 3.4 Verification of lateral earth pressures at the three sensor locations 

 

 

3.4.1.2 Pile moments 

 
Table (3.5) presents cumulative pile bending moments at the end of construction at three 

strain gage locations. Positive pile bending moments correspond to tensile strains on the 

side of the pile facing the embankment and compressive strains on the side facing the 

backfill, while negative pile bending moments correspond to compressive strains on the 

side of the pile facing the embankment and tensile strains on the side facing the backfill. 
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Figure (3.5) compares variations in pile bending moments at maximum and minimum 

temperatures obtained by the FE model via PLAXIS with values measured in the field at 

three strain gage locations. As can be seen in Figure (3.5), the pile bending moment results 

obtained from the PLAXIS FE simulations show excellent agreement with the values 

measured during full-scale monitoring of the substructure. Thermally induced lateral 

contractions and expansions caused the piles to bend in a double curvature, since the pile 

bending moments alternated between positive and negative values with increasing pile 

depth. During thermally induced bridge contractions, positive bending moments at the pile 

head decreased with increasing pile depth, until an inflection point was reached. This pile 

bending moment pattern is illustrated in Figures (3.5a) and (3.5c), which plot values 

obtained at minimum temperatures. In contrast, during thermally induced bridge 

expansions, the pile bending moment pattern had an opposite tendency, as illustrated in 

Figures (3.5b) and (3.5d), which plot values obtained at maximum temperatures. In this 

case, positive bending moments at the pile head were significantly reduced, thus 

introducing an additional inflection point slightly below the abutment base. 

As shown in Figures (3.5a) and (3.5c), the maximum pile moments at the pile head were 

𝑀𝑀𝑎𝑥
+𝑣𝑒  = 97 kN.m and 𝑀𝑀𝑎𝑥

+𝑣𝑒  = 80 kN.m, respectively. However, during bridge expansion, 

negative bending moments developed at the pile head, with the greatest absolute value of 

𝑀𝑀𝑎𝑥
−𝑣𝑒  = -50 kN.m occurring during the second expansion cycle, as shown in Figure (3.5d). 

In addition, maximum positive bending moments occurred at approximately 1 m and 1.5 

m below the base of the abutment, as shown in Figures (3.5b) and (3.5d), respectively. 

Finally, it should be noted that over the two-year monitoring period, the specified yield 
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moment of Myy = 251 kN.m was not exceeded, as the maximum recorded bending moment 

of MMax = 97 kN.m was approximately 61% lower than the yield moment. 

 

Table 3.5 Cumulative pile bending moments at the end of construction (Civjan et al. 

2013) 

Strain gage location Pile bending moment at the end 

of construction1 (kN.m) 

Top 38 

Middle 36.6 

Bottom 24.4 

 

 

Figure 3.5 Verification of pile bending moments at maximum and minimum 

temperatures: (a) 12/19/2009 (TMin = -12.5oC), (b) 07/07/2010 (TMax = 38oC), (c) 

01/23/2011 (TMin = -13oC), and (d) 08/20/2011 (TMax = 32.2oC) 

 

3.4.2 Modelling of thermally induced loading 

 

The extent of abutment lateral displacement during thermally induced loading can be 

quantified via full-scale monitoring setups. This involves installing displacement meters at 
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various heights on the abutment wall. However, researchers are sometimes required to 

conduct numerical analyses to assess the soil-structure interactions of IABs in the absence 

of data acquired in the field. Therefore, this section will first present an estimation of 

thermally induced abutment displacements, as discussed by Hibbeler (Hibbeler 2014). 

Secondly, in the present study, in addition to the calibrated FE system, another model was 

developed to utilize calculated abutment displacements to obtain corresponding earth 

pressures and pile bending moments. 

Thermally induced abutment displacements  (m) near the top of the abutment can be 

calculated as a function of the incremental temperature change T (oC), the coefficient of 

thermal expansion of the deck and girder composite material α (/oC), and the bridge length 

L (m), by using Eq. 1 (Hibbeler 2014): 

 

∆𝐿 = 𝛼∆𝑇 (
𝐿

2
)      (1) 

 

Table (3.6) compares calculated displacements at the top of the abutment with data 

acquired in the field. Abutment displacements calculated by using Eq. 1 agreed reasonably 

well with the field data for the first contraction and expansion cycle and the second 

contraction cycle. However, significant discrepancies appeared for the second expansion 

cycle, where the calculated displacement was 10 mm (63%) less than the displacement 

measured in the field. This may be attributable to the linear relationship between the 

incremental displacements and changes in temperature assumed by Eq. 1. Thus, the 

calculation captured the time-dependent movement of the abutment toward the backfill soil 

only roughly, as found by Kalayci (Kalayci 2012). 
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Figure (3.6) compares lateral earth pressure curves generated via measured field data and 

theoretical methods with simulated displacements. As shown in Figure (3.6), there was 

close agreement between the theoretical and measured results for active pressures at the 

three pressure sensor locations. However, in the first expansion cycle, the 3 mm 

underestimation of displacement by the theoretical method resulted in a 12%, 8%, and 0% 

underestimation of the passive stresses occurring at the top, middle, and bottom sensor, 

respectively. In the second expansion cycle, the 10 mm underestimation of displacement 

by the theoretical method resulted in a 35%, 28%, and 23% underestimation of the passive 

stresses at the top, middle, and bottom sensors, respectively. 

Figure (3.7) compares pile bending moment profiles generated via measured field data and 

theoretical methods with simulated displacements. As shown in Figure (3.7), in the 

contraction cycles, there was close agreement between the theoretical and measured results 

for the pile bending moment profiles. However, in the first expansion cycle, the 3 mm 

underestimation of displacement by the theoretical method resulted in a 20% 

underestimation of the maximum positive bending moment. In the second expansion cycle, 

the 10 mm underestimation of displacement by the theoretical method resulted in a 35% 

underestimation of the maximum positive bending moment and a 300 mm upward shift of 

the second point of inflection. 
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Table 3.6 Comparison between the field data and simulated lateral abutment 

displacements 

Loading cycle T(oC) Dates of max & 

min 

temperatures 

Field data 

displacements1 

(mm) 

Simulated 

displacements1 

(mm) 

First contraction -20 December 2009 7 5 

First expansion +30 July 2010 11 8 

Second 

contraction 

-21 January 2011 6 5 

Second 

expansion 

+24 August 2011 16 6 

Note: T = temperatures on the coldest and hottest days, using 7.8oC as a reference 

temperature. 
1These displacements correspond to lateral movements at the top of the abutment. 

 

 

Figure 3.6 Comparison of lateral earth pressure curves obtained by utilizing theoretical 

methods and measured field data, for three sensor locations 
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Figure 3.7 Comparison of pile bending moment profiles obtained by utilizing theoretical 

methods and measured field data, for: (a) 12/19/2009, (b) 07/07/2010, (c) 01/23/2011, (d) 

08/20/2011, and (e) pile head bending moment variations with time 

 

3.4.3 Results of parametric studies 

 
This section presents findings of the parametric studies, which used the calibrated FE 

system to investigate the effects of varying the constitutive soil model, backfill stiffness, 

abutment concrete stiffness, pile size and orientation, and span length on IAB backfill 

stresses and pile bending moments. 
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3.4.3.1 Effect of constitutive soil model 

 
Figure (3.8) compares the variations in backfill stresses obtained by utilizing the Mohr-

Coulomb (MC) and hardening soil (HS) models, for three sensor locations. In the first and 

second contraction cycles, there is reasonable agreement between the MC and HS 

constitutive soil model results for active stresses at the top and middle sensor locations. 

However, for the bottom sensor location, the MC model overestimated the active pressures 

by 28.5% and 57% in the first and second contraction cycles, respectively. It can also be 

seen that the MC model underestimated the passive stresses at the top, middle, and bottom 

sensor locations. In the first expansion cycle, the MC model generated passive stresses that 

were 10% and 14% lower than those generated by the HS model for the top and middle 

sensor locations, respectively. Similarly, in the second expansion cycle, the MC model 

generated passive stresses that were 16%, 18%, and 10% lower than those generated by the 

HS model for the top, middle, and bottom sensor locations, respectively. 

Figure (3.9) compares pile bending moment profiles obtained by utilizing the MC and HS 

constitutive soil models. As shown in Figure (3.9), in periods of contraction, utilization of 

the MC model for the subgrade soil had a negligible effect on the results obtained for the 

positive and negative bending moments. In contrast, in periods of expansion, use of the 

MC model resulted in decreased bending moments along the depth of the pile. Moreover, 

at the pile head, negative bending moments were generated by the HS model, whereas 

positive bending moments were generated by the MC model. In the first and second 

expansion cycles, the MC soil model also estimated points of inflection at shallower depths 

beneath the soil surface. 



 

 

101 

 

The significant variations in the results of the two soil models during passive cycles, 

illustrated in Figures (3.8) and (3.9), may be attributed to the elastic nature of the MC soil 

model. The MC model roughly mimics changes in soil stiffness for different stress levels 

and stress paths, provided that the local shear strength is not exceeded. This is due to the 

assumption of linear-elastic behavior (Hooke’s law), which assumes that the elastic 

modulus of the soil (E) remains constant under applied stresses, if the failure contour is not 

reached. Therefore, with the MC soil model, plastic behavior occurs only at failure. This 

leads to inaccuracies, since soils experience plastic deformations that are dependent on the 

magnitude and path of the applied stress prior to failure (PLAXIS 2D manuals 2018). 

 

 

Figure 3.8 Comparison of lateral earth pressures in backfill soil obtained by utilizing the 

MC and HS soil models, for three sensor locations 
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Figure 3.9 Comparison of pile bending moment profiles obtained by utilizing the MC and 

HS models for subgrade soil, at maximum and minimum temperatures, for: (a) 12/19/09, 

(b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head bending moment variations 

with time 

 

3.4.3.2 Effect of backfill stiffness 

 
Figure (3.10) compares variations in earth pressure at three sensor locations, for four 

different backfill stiffnesses. As shown in Figure (3.10), earth pressures generated at the 

top, middle, and bottom sensor locations with different backfill stiffnesses followed a 

similar trend, where lateral stresses decreased during active states and increased during 

passive states. At all sensor locations, as backfill stiffness increased, insignificant changes 
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in the resultant active pressures occurred in periods of contraction. However, major 

discrepancies arose during periods of passive loading of the backfill soil. As stiffer backfill 

soils were used, the resultant passive stresses increased significantly at all sensor locations, 

particularly during the second expansion cycle. At the bottom sensor location, in the second 

expansion cycle, passive earth pressures ranged from 54 kPa for loose sand, to 235 kPa for 

gravel backfill. This corresponds to a 335% increase in passive stresses. 

Figure (3.11) compares pile bending moment profiles obtained by utilizing four different 

backfill stiffnesses. As indicated in Figure (3.11), the pile bending moment profiles 

exhibited similar deformation patterns during periods of contraction. However, during 

periods of expansion, noticeable variations in the magnitude of maximum negative bending 

moments could be seen for different backfill stiffnesses. For example, as shown in Figure 

(3.11e), during periods of contraction, with abutment displacement away from the backfill, 

changes in the backfill stiffness had no significant impact on the bending moments. 

However, during periods of expansion, as the stiffness of the backfill soil increased, the 

magnitude of negative bending moments decreased, with positive bending moments 

developing for dense sand and gravel backfills during the first loading cycle. As shown in 

Figure (3.11e), in the first expansion cycle, the bending moments that developed at the pile 

head were -48 kN.m for loose sand and +14 kN.m for gravel backfill.  

This behavior may be related to the force equilibrium between the bridge abutment and the 

backfill soil interface. As the bridge expands due to increasing temperatures, causing 

abutment displacement, a thermally induced horizontal force is transferred to the backfill 

soil and supporting piles. The ratio at which the applied force is distributed between the 

backfill soil and the piles is dependent upon their relative stiffness. A greater proportion of 
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the applied load will be borne by the component with a higher stiffness. Thus, during 

periods of thermally induced bridge expansion, increasing the stiffness of the backfill soil 

means that the backfill will bear some of the load previously borne by the foundation piles. 

This results in greater stresses in the backfill soil and smaller pile bending moments. 

 

 

Figure 3.10 Comparison of lateral earth pressures calculated by utilizing four different 

backfill stiffnesses, from loose sand to gravel, for three sensor locations 
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Figure 3.11 Comparison of pile bending moment profiles obtained by utilizing four 

different backfill stiffnesses, at maximum and minimum temperatures, for: (a) 12/19/09, 

(b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head bending moment variations 

with time 

 

3.4.3.3 Effect of concrete stiffness 

 
Figure (3.12) compares variations in earth pressure at three sensor locations, for three 

different stiffnesses of abutment concrete. It can be seen that at all sensor locations, 

differences in concrete stiffness had no impact on earth pressure distributions in the active 

and passive states. 
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Figure (3.13) compares pile bending moment profiles obtained by utilizing three different 

stiffnesses of abutment concrete. Similarly to the earth pressure behavior described above, 

identical pile bending moment results were obtained when utilizing class A, class B, or 

class C concrete. 

These results are due to the relative stiffnesses of the abutment concrete and the 

surrounding soil. In this study, the stiffness of the concrete materials used ranged from 21 

GPa to 25 GPa, while the stiffnesses of the backfill and subgrade soils were 0.02 GPa and 

0.05 GPa, respectively. Because of the extreme difference in the stiffness of the concrete 

and soil, a decrease of 4 GPa in the stiffness of the abutment concrete had no effect on the 

behavior of the surrounding soils. As a result, the magnitudes of the loads transferred by 

the abutment to the backfill soil and the subgrade piles remained basically unchanged. 
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Figure 3.12 Comparison of lateral earth pressures obtained by utilizing three different 

stiffnesses of abutment concrete, for three sensor locations 
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Figure 3.13 Comparison of pile bending moment profiles obtained by utilizing three 

different stiffnesses of abutment concrete, at maximum and minimum temperatures, for: 

(a) 12/19/09, (b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head bending moment 

variations with time 

 

3.4.3.4 Effect of pile size and orientation 

 
Figure (3.14) compares variations in lateral earth pressures at three sensor locations, for 

piles with four different HP sections oriented for strong-axis bending. As the pile sections 

increased in size from HP 200 x 53 to HP 360 x 174, the corresponding active and passive 

stresses decreased at all three sensor locations. However, at the bottom sensor location, 

greater increases in the passive stresses were observed as pile sections decreased in size. 

For instance, in the first expansion cycle, at the bottom sensor location, passive stresses at 
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the backfill-abutment wall interface increased 15%, from 53 kPa for a HP 360 x 174 pile 

section to 61 kPa for a HP 200 x 53 pile section. 

Figure (3.15) compares pile bending moment profiles obtained by utilizing piles with four 

different HP sections oriented for strong-axis bending. During bridge contractions and 

expansions, pile bending moment profiles exhibited similar patterns when different pile 

sections were used. However, Figure (3.15) shows that as the size of the pile sections 

increased, the magnitude of the positive and negative bending moments also increased. For 

example, when the pile section size was increased from HP 200 x 53 to HP 360 x 174, the 

magnitude of the pile head bending moments increased 150% in the first active cycle, and 

168% in the second passive cycle. In addition, during bridge contractions and expansions, 

the size of the pile sections significantly influenced the depth at which inflection of the 

bending moments occurred. When larger pile sections were used, the inflection points 

occurred at much greater depths beneath the soil surface. 

To show the effect of pile orientation, Figure (3.16) compares variations in lateral backfill 

stresses at three sensor locations, for piles with four different HP sections oriented for 

weak-axis bending. For a given pile section size, during bridge expansions, orientation for 

weak-axis bending resulted in larger stresses at the backfill-abutment interface than was 

the case with orientation for strong-axis bending. For example, as illustrated in Figures 

(3.14) and (3.16), a comparison of earth pressures obtained by utilizing an HP 200 x 53 

section during the first passive cycle shows that changing the orientation from strong-axis 

to weak-axis bending increased the backfill stresses by 23%, 18%, and 21% at the top, 

middle, and bottom sensor locations, respectively. 
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Figure (3.17) compares pile bending moment profiles obtained by utilizing piles with four 

different HP sections oriented for weak-axis bending. In Figures (3.15) and (3.17), it can 

be seen that the use of smaller pile sections reduced the magnitude of positive and negative 

bending moments along the depth of the pile, in addition to causing bending moments to 

inflect at shallower depths beneath the soil surface. Furthermore, for a given pile section 

size, orientation for weak-axis bending reduced the magnitude of pile bending moments 

during bridge contractions and expansions. For example, for an HP 360 x 174 section, a 

comparison of Figures (3.15e) and (3.17e) shows that in the second active cycle, orientation 

for weak-axis bending decreased the pile head bending moment by approximately 18%. 

The observed behaviors may be related to the force equilibrium between the bridge 

abutment and the supporting piles during thermally induced expansions and contractions. 

As the size of the pile section increases, the moment of inertia increases for both strong- 

and weak-axis orientations, thereby increasing rigidity. However, orienting piles for weak-

axis bending significantly increases the flexibility of the bridge foundation. Backfill 

stresses were found to decrease as the stiffness of the piles increased, since a greater 

proportion of the induced load was transferred to the foundation piles, to maintain the force 

equilibrium. Similarly, since the load transferred to the piles is dependent on the pile 

rigidity, piles oriented for weak-axis bending were subject to smaller induced stresses. As 

a result, the corresponding pile bending moments were lower in piles oriented for weak-

axis bending than in piles oriented for strong-axis bending. 
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Figure 3.14 Comparison of lateral earth pressures obtained by utilizing four different HP 

pile sections oriented for strong-axis bending, for three sensor locations 

 



 

 

112 

 

 

Figure 3.15 Comparison of pile bending moment profiles obtained by utilizing four 

different HP pile sections oriented for strong-axis bending, at maximum and minimum 

temperatures, for: (a) 12/19/09, (b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head 

bending moment variations with time 
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Figure 3.16 Comparison of lateral earth pressures obtained by utilizing four different HP 

pile sections oriented for weak-axis bending, for three sensor locations 
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Figure 3.17 Comparison of pile bending moment profiles obtained by utilizing four 

different HP pile sections oriented for weak-axis bending, at maximum and minimum 

temperatures, for: (a) 12/19/09, (b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head 

bending moment variations with time 

 

3.4.3.5 Effect of span length 

 
Figure (3.18) compares variations in backfill stresses at three sensor locations for five 

different span lengths, with the number of spans ranging from 1 to 5. It can be seen that as 

the number of spans increased, the resultant stresses during the active and passive states 

decreased. When the number of spans was varied between two and five, during bridge 

contractions and expansions, minimal changes were seen in the backfill stresses at the top, 
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middle, and bottom sensor locations. However, as shown in Figure (3.18), there was a 

significant difference in the results obtained when a single span was used. The greatest 

variation in the results was seen at the bottom sensor location, where reducing the number 

of spans from two to one increased the passive stresses by 52% during the first expansion 

cycle and 36% during the second expansion cycle. 

Figure (3.19) compares the pile bending moment profiles obtained by varying the number 

of bridge spans from one to five, with corresponding variations in the span length. As 

shown in Figures (3.19b) and (3.19d), in periods of expansion, with abutment displacement 

toward the backfill soil, bending moment patterns were similar for all span lengths. During 

the two expansion cycles, utilizing a single span increased the magnitude of the maximum 

negative and positive bending moments, but did not affect the depth at which bending 

moment inflections occurred. Figure (3.19e) illustrates that reducing the number of spans 

to one increased the magnitude of the maximum negative bending moments by an average 

of 83% and 49% during the first and second expansion periods, respectively. During 

periods of contraction, similar pile bending moment patterns were observed when two, 

three, four, or five spans were used. However, reducing the number of spans to one resulted 

in significant changes in the pile bending moment patterns and magnitudes. As shown in 

Figures (3.19a) and (3.19c), for a single span, during contraction cycles, the variation in 

positive pile bending moments with depth is nonlinear. For example, Figure (3.19c) 

illustrates that for a single span, the maximum positive pile bending moment occurred at 

about 0.6 m below the base of the abutment, rather than at the pile head. It can also be seen 

that reducing the number of spans to one increased the depth of the point of inflection by 

0.5 m in Figure (3.19a) and 1 m in Figure (3.19c). 
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Increases in backfill stresses as fewer bridge spans were utilized may be related to vertical 

stresses in the backfill soil immediately following bridge construction. Before the bridge 

is subject to thermally induced contractions and expansions, dead loads resulting from the 

self-weight of the deck and girder components increase the vertical stresses in the backfill, 

since the approach slab is rigidly connected to the abutment. This also increases the 

corresponding lateral earth pressures, as they are a function of the vertical stress and the 

coefficient of lateral earth pressure. 

Furthermore, increases in pile bending moments may be associated with the extent of 

induced secondary moments (p- effect). As the pile deflects into an active or passive 

position, a secondary moment is induced as a function of the vertical load and the 

eccentricity (the contracted/expanded distance). Thus, as the magnitude of the vertical 

force increases, the corresponding secondary and total moments increase accordingly. 
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Figure 3.18 Comparison of lateral earth pressures obtained by utilizing five different span 

lengths (with the number of spans ranging from 1 to 5), for three sensor locations 
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Figure 3.19 Comparison of pile bending moment profiles obtained by utilizing five 

different span lengths, at maximum and minimum temperatures, for: (a) 12/19/09, (b) 

07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) pile head bending moment variations with 

time 

 

3.5 Summary and Conclusions 

 
This paper first presented findings based on full-scale monitoring of the thermal response 

of the Middlesex bridge in Vermont, USA. This was followed by a description of the 

calibration of a two-dimensional FE model developed to mimic the full-scale SSIs, with 

verification of the model results against measured backfill stresses and pile bending 
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moments. Details of modelling thermally induced loading in the absence of full-scale 

measured data were then described together with the corresponding findings. A 

comprehensive parametric study was carried out to investigate the impact of varying the 

constitutive soil model, backfill stiffness, abutment stiffness, pile size and orientation, and 

span length on the thermal response of IABs. Based on the results of this study, the 

following conclusions can be drawn: 

1. The calibrated FE system was shown to simulate the observed thermal response of the 

Middlesex bridge accurately. The earth pressures and pile bending moments obtained 

by the FE model closely adhered to those measured in the field.  

2. For the two-year monitoring period, Eq. 1 reasonably approximated bridge contractions 

and expansions, except in the case of the second expansion cycle. In the second 

expansion cycle, the bridge was observed to undergo time-dependent effects, where a 

movement toward the backfill was seen. Because of the linear relationship between the 

induced displacement and changes in temperature assumed by Eq. 1, this equation does 

not consider time-dependent effects. Therefore, the calculated displacement was 10 

mm less than the value measured in the field. As a result, the corresponding earth 

pressures and pile bending moments obtained were significantly lower than those 

measured in the field.  

3. The constitutive soil models employed strongly influenced the accuracy and reliability 

of the results. In contrast to the MC soil model, the HS soil model exhibited enhanced 

capabilities for simulating the nonlinearity of the soils, particularly during periods of 

bridge expansion. As shown in Figure (3.8), the resultant passive pressures obtained 

when modelling the backfill soil were lower when the MC constitutive soil model was 
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used than when the HS model was used. Similarly, as shown in Figures (3.9b) and 

(3.9d), the bending moments obtained at the pile head were positive when the MC 

model was used to model the subgrade soil, but negative when the HS model was used. 

4. Changing the stiffness of the backfill soil was found to impact the thermal response of 

IABs only during periods of expansion. Increasing the stiffness of the supporting 

backfill significantly increased the earth pressure during passive phases. It was also 

observed that stiffer backfill soils reduced bending moments in the foundation piles 

during passive cycles. This is because bridge contractions are influenced only by the 

restraints provided by the subgrade soil, while bridge expansions are influenced 

primarily by the backfill conditions.  

5. Varying the stiffness of the abutment was found to have no effect on the earth pressures 

in the backfill soil or on the bending moments in the supporting piles, due to the 

significant difference in relative stiffness between the abutment concrete and the 

surrounding soils. 

6. The size and orientation of the pile sections directly impacted the flexibility of the 

foundation piles. With decreasing pile section size, and orientation for weak-axis 

bending, the corresponding bending rigidities decreased significantly. Reducing the 

bending rigidity of the piles significantly increased the effect of corresponding 

contractions and expansions. Thus, it was found that using smaller pile sections 

oriented for weak-axis bending resulted in increased earth pressures and decreased pile 

bending moments.  

The vertical load applied at the abutment end is directly linked to the number of bridge 

spans, where the magnitude of the applied load increases as the number of spans decreases. 
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Backfill stresses were found to increase as the magnitudes of vertical loads increased. This 

is because increasing the applied vertical load increases the vertical stresses in the backfill 

soil. In turn, this results in increased horizontal stresses within the backfill soil, since 

horizontal stresses are the product of vertical stresses and the coefficient of lateral earth 

pressure. Furthermore, pile moments were found to increase as the number of bridge spans 

decreased. This may be related to the additional induced moment due to p- effects. As the 

value of p increases, the corresponding moment increases accordingly. 
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CHAPTER 4 THREE – DIMENSIONAL MODELLING OF 

INTEGRAL ABUTMENT BRIDGES 

Ahmed Abdullah and Hany El Naggar 

4.1 Introduction 

 

Integral abutment bridges (IABs) were first designed around the 1930’s in the aim to 

replace jointed bridges (Kong et al. 2016). These structures became rapidly widespread 

after the early 1960’s owing to their favorable attributes (Arsoy et al. 1999). As Canada 

slowly began integrating the use of IABs during the 1960’s, it was reported by the Ministry 

of Transportation of Ontario (MTO) that over 100 IABs were constructed by the early 

1990’s (Husain and Bagnariol 2000). 

These structures are distinguished by eliminating the necessities of bearing and expansion 

joints, and thus monolithically casting the deck and girders with the abutments (Abdel-

Fattah et al. 2018). This integral assembly between the superstructure and substructure 

corresponds to a continuously rigid structure. IABs constructed within the US utilize a 

single row of vertical piles oriented for weak axis bending to support stub-type abutments 

(Arockiasamy et al. 2004). However, the substructure of IABs built in the UK are 

comprised of flexible abutments with shallow foundations (Caristo et al. 2018). Converse 

to conventional bridges, IABs are associated with simpler designs and analysis methods 

due to the elimination of expansion and bearing joints. These structures have shown 

enhanced resisting capabilities against longitudinal pavement pressures, since the induced 

compressive stresses are distributed over a greater area. Furthermore, because of their 

simple design and small number of structural members, IABs have been associated with 



 

 

125 

 

quicker construction times. As IABs provide greater resistance against uplift forces due to 

the self-weight of the structural members, broader spans are achievable. In addition, the 

monolithic nature of the superstructure provides a greater area for the distribution of 

vehicle loads, thus reducing service and impact stresses within the superstructure (Burke 

1993). Research conducted by Yang et al. (Yang et al. 1985) indicated that the elimination 

of expansion and bearing joints reduced construction and maintenance costs. A report 

prepared by Arsoy et al. (Arsoy et al. 1999) specified that constructing IABs permits for 

larger end span ratios and was found to improve the riding quality due to their continuous 

nature. Finally, Hoppe and Gomez (Hoppe and Gomez 1996) have suggested that IABs 

have shown enhanced seismic performances compared to conventional bridges. 

The complex soil-structure interactions (SSIs) of IABs in response to cyclic thermal 

loadings are yet to be fully understood due their relatively recent introduction. However, 

by utilizing the finite element method (FEM), researchers are able to perform numerical 

analyses to investigate the impact of parameter variations on the thermal response of IABs. 

Hence, this has led researchers to conduct full-scale monitoring programs and numerical 

research to better understand the changes in performance of IABs when subjected to cyclic 

thermal loadings. Ooi et al. (Ooi et al. 2010) monitored the thermal response of the Kii 

bridge in Hawaii over a 45-month period. It was found that the drilled shaft foundations 

deviated towards the stream after backfilling the abutment with controlled-low strength 

material (CLSM) and well-graded gravel, providing evidence of deep seated movements. 

The Kii bridge was observed to undergo time-dependent effects causing irreversible 

abutment movements towards the stream, and therefore decreasing the corresponding 

passive and active pressures. Induced daily thermal displacements of the abutments were 
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significantly influenced by the degree of exposure to solar-radiation, where abutments 

exposed to solar-radiation were observed to experience larger displacements. The seasonal 

movements of short spanned IABs located in tropical areas were found to be governed by 

stream induced loadings rather than temperature induced loadings. Instrumented strain 

gages and tilt meters provided evidence of abutment translation and rotation. It was seen 

that the redistribution of dead loads among the drilled pile shafts due to induced non-

uniform solar-radiation deformations caused the internal forces within the superstructure 

to fluctuate with time. In accordance with measured strain gage data, bending moments 

within the drilled shafts under induced stream and thermal loadings were found to be less 

than the cracking moment. Ooi et al. (Ooi et al. 2010b) continued research investigations 

on the Kii bridge by conducting numerical studies via calibrated 2D and 3D FE models, 

where various key model parameters were varied. In the event of deep seated soil 

movements, it was found that pile curvatures obtained using the 3D model were larger than 

2D pile curvatures. In comparison, using a 3D model yielded to larger maximum negative 

bending moments at the pile head, while 2D results indicated that the maximum negative 

bending moment occurs at a depth below the base of the abutment. It was concluded that 

realistic abutment translations and rotations under induced thermal contractions and 

expansions were captured by defining prescribed loads at the top and bottom of the bridge 

superstructure. Stream loadings on the abutment were numerically simulated by varying 

the stream elevations during wet and dry seasons. While raising the elevation of the stream 

caused the abutment and drilled shaft to further displace into the backfill soil, the 

corresponding passive earth pressures remained unchanged. A significant increase in 

agreement was seen when obtained FE pile axial forces were compared to corrected field 



 

 

127 

 

measured pile axial force in contrast to uncorrected field results. Fennema et al. (Fennema 

et al. 2005) investigated the thermal performance of an IAB located in Pennsylvania, USA, 

by conducting a full-scale monitoring program using 64 gages over a period of four 

months. In addition, utilizing calibrated 2D and 3D FE models, numerical studies were 

conducted to evaluate the validity of existing methods used to predict the behavior of IABs 

in response to induced cyclic thermal loading. It was concluded that using the p-y method 

to simulate the SSI of IABs is a valid approach due to its simplicity and efficiency. 

Furthermore, it was found that the using 2D models to predict the behavior of IABs is 

sufficient, since obtained pile deformations using 2D and 3D models agreed reasonably 

well. Converse to design assumptions, it was found that the abutment accommodated 

induced thermal movements primarily via rotations instead of lateral translations. Based 

on measured girder-abutment rotation data, the connection between the girder and the 

abutment was concluded to be a hinged connection, since the rotations exhibited by the 

girders and the abutments were opposite. The magnitude of axial forces within the bridge 

girders were found to be influenced by the positioning of the girder, stiffness of the backfill 

soil in periods of expansion, and extent of creep and shrinkage effects. In addition, 

significant tensile stresses were observed to develop within the girders under the design 

temperature, and hence was recommended to be considered during design. Quinn and 

Civjan (Quinn and Civjan 2017) conducted parametric studies using 3D FE models on a 

design IABs in accordance with Vermont and Massachusetts design guidelines, USA. It 

was observed that pile orientation had negligible impacts on the longitudinal displacements 

and rotation of the bridge abutment. However, it was seen to significantly impact the 

transverse displacements of the abutments. For abutments with 0o skew, orienting piles for 
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weak-axis bending resulted in lower pile moments, while strong-axis bending reduced the 

percentage of the pile yielding moment. However, for skewed abutments, it was indicated 

that pile moments were critical for weak axis bending. In addition, significant transverse 

displacements occurred within piles oriented about weak axis and strong axis bending 

because of the plane rotation of the skewed abutment. Furthermore, in the presence of 

backfill soil, critical pile moments were seen to develop at obtuse and acute corners during 

expansion and contraction, respectively. However, pile moments at the obtuse and acute 

corners under induced expansions and contractions were similar in the absence of backfill 

soil. Research conducted by Kim and Laman (Kim and Laman 2010) involved performing 

numerical analyses using calibrated FE 2D models to study the short-tern thermal response 

of IABs when key parameters were varied. It was observed that as the length of the bridge 

increased, the lateral displacement and moment within the piles increased. However, 

negative moments within the girders were seen to decrease as the bridge length increased. 

Variations in backfill height and stiffness were not seen to impact the structural 

performance of the girders and piles. As the stiffness of the pile soil increased, girder and 

pile moments were seen to increase, however, displacements at the pile head were found 

to decrease. Kim and Laman (Kim and Laman 2012) then built upon previous research by 

conducting full-scale monitoring programs of four IABs in Pennsylvania, USA, to study 

the long-term performance of IABs under cyclic thermal loading. Over the course of the 

monitoring period, it was observed that all IABs exhibited irreversible inward movements 

with each loading cycle. With time, it was observed that the variation in earth pressures at 

the top and bottom of the abutment decreased. Measured field data indicated that 

differential rotation occurred between the abutment and girders at the construction joint 
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location. In addition, girders developed positive and negative bending moments during 

induced contractions and expansions, respectively. Finally, based on monitored data, live 

plus impact loads due to the ongoing vehicles strongly influenced the performance of the 

bridge. 

In the literature, most previous research analyzes the complex SSIs of IABs under the 

influence of temperature driven loads via the beam-spring approach. This method idealizes 

structural components via linear-elastic finite beam elements in accordance with the 

Lagrangian formulation, discretized at n intervals with corresponding node endings. The 

soil medium is modelled using one-dimensional linear/nonlinear horizontal and vertical 

Winkler springs connected incrementally to the node endings of the beam elements 

(Greimann et al. 1986). The stiffness (kh) of the soil sprigs are characterized through load-

deflection (p – y) curves based on full-scale load tests. Utilizing such an approach only 

computes internal forces within the structural members and springs as well as 

displacements at the specified node endings (Coduto 2001). However, as opposed to the 

continuum nature of soils, this approach gives rise to significant discontinuities. 

Furthermore, conditions such as drainage, pore water pressures, and soil boundaries are 

not captured (Dhadse et al. 2021). Greimann et al. (Greimann et al. 1986) indicated that by 

utilizing the beam-spring approach, torsional resistance provided by the surrounding soil 

is neglected. Furthermore, the deformation of a single soil spring at a certain depth is 

independent of the neighboring springs. Finally, the axial and lateral response of the soil 

springs to applied stresses are independent. Thus, this study aims to build on previous 

research by modelling the complex SSIs of IABs in response to cyclic thermal loading as 

a full continuum, utilizing interface elements between discontinuous materials. This 
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corresponds to a more realistic representation of the relative deformation and stress transfer 

between structural elements and the surrounding soil over the entire depth. The stress-

strain response of soil can be defined using advanced constitutive soil models which 

consider nonlinear behaviors such as stiffness-stress dependency, variations in soil 

stiffness during unloading/reloading, time-dependent effects, and strain 

hardening/softening (Dhadse et al. 2021; PLAXIS 3D manuals 2018). 

In accordance with Kalayci (Kalayci 2012), this paper will first provide details related to 

the selected case study bridge along with the corresponding full-scale monitoring program, 

instrumentation, construction sequence, and acquired monitored data over a two-year 

period. Specifics concerning the development and verification of a calibrated three-

dimensional finite-element model using PLAXIS 3D against field monitored data are then 

presented. Finally, utilizing the calibrated FE model, a detailed description will be 

presented of the conducted parametric studies to investigate the impact of varying the 

backfill stiffness, pile size and orientation, abutment stiffness, and the constitutive soil 

model on the corresponding lateral earth stresses and pile bending moments under induced 

cyclic thermal loading. 

 

4.2 Bridge description 

 
The IAB analyzed in this paper is located on route VT12 over Martin’s Brook in Vermont, 

USA. Starting on mid-June 2009, the construction of the Middlesex bridge commenced 

over a duration of four and a half months. Around late October 2009, the bridge was opened 

for traffic. Table (4.1) highlights the starting dates of the key construction activities. 
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The Middlesex bridge is a straight bridge with a single span of 43 m from bearing to 

bearing. The 4 m high abutments incorporate a 1 m thickness and extend 10.2 m in the out-

of-plane direction. The abutment diaphragm and pile cap are connected via a construction 

joint to facilitate a rigid connection. Five grade 345W steel plate girders, equally spaced at 

2.05 m are embedded and anchor bolted into the abutment diaphragms. The girders support 

a reinforced concrete (RC) deck with a thickness of 0.22 m. Each abutment is supported 

by five grade 345 steel HP 310 x 125 piles equally spaced at 2.05 m. To ensure fixed head 

conditions, piles are embedded 1 m into the pile cap. Each pile is driven 9 m into the in-

situ soil to satisfy adequate bearing capacity requirements. A RC approach slab with a 

length of 6 m and a thickness of 0.38 m was casted integrally with the abutment diaphragm 

back wall. Each abutment comprises of two 0.45 m thick perpendicular wing walls, 

extending 3 m behind the abutment back wall. The bridge schematics are shown in Figure 

(4.1). 

In-situ and backfill soils were classified as cohesionless and compacted granular medium 

dense sand, respectively, according to geotechnical reports prepared by the Vermont 

Agency of Transportation (VTrans). Having a slope of 1V:1.5H, the stratigraphy of the in-

situ soil consisted of a 1.5 m thick layer of compacted medium dense sand, overlaying a 

10 m thick layer of medium dense sand and silty sands with some gravel, before reaching 

bedrock. The ground water table was encountered at the base of the abutment according to 

ground water investigations. 
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Table 5 Middlesex bridge construction sequence (Kalayci 2012) 

Construction activity Starting date (mm/dd/yyyy) 

Pile driving 06/15/2009 

Pouring of pile cap and lower wing wall 07/15/2009 

Backfilling of pile cap soil 07/22/2009 

Girder placement 07/22/2009 

Placement of deck 08/27/2009 

Pouring of upper abutment and wing wall 09/21/2009 

Backfilling of upper abutment 10/07/2009 

Placement of approach slab 10/09/2009 

 

 

Figure 4.1 Bridge: (a) Plan view, (b) abutment cross-section, and (c) elevation view 

(Civjan et al. 2013) 

 

4.2.1 Bridge instrumentation 

 

The full-scale monitoring objectives for abutments 1 and 2 were to measure the passive 

and active earth pressure distributions at the abutments and wing walls, lateral and 

longitudinal displacements of the abutments, rotation of the abutments, pile strains, and 
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girder strains over a period of two-years after the end of construction. However, field 

acquired data corresponding to the variations in lateral earth stresses in the backfill and pile 

strains at abutment 1 were the primary focus of this paper. Extensive details related to the 

full-scale instrumentation and monitored data can be found in Kalayci (Kalayci 2012). 

Bridge deformations were monitored via vibrating-wire (VW) Geokon gages and 

multiplexers, while utilizing Campbell Scientific CR1000 and CR10X data loggers for data 

acquisition every six hours. As a result of electrical storms causing instrumental 

malfunctions, data were not collected between April 20, 2011, and May 13, 2011. The 

instrumentation plan of the Middlesex bridge is shown in Figure (4.2). 

Earth pressure distributions at the abutment-backfill interface were monitored using 

seven Geokon 4815 pressure cells (PC). As shown in Figure (4.2), PCs were 

instrumented at three various elevations and widths beneath the diaphragm-pile cap 

construction joint. Each PC consisted of two components: (1) a transducer housing; (2) 

a circular pressure cell. Prior to backfilling, PCs were nailed onto the pile-cap 

formwork. This was to ensure that the cells would have a flush contact with the soil at 

the backfill-pile cap interface. The VWs found in the transducer housing were then 

slightly bent away for the back wall of the pile cap. 

Five Geokon 4000 strain gages were installed in the upper 1.5 m of the piles, since 

bending moments are critical near the base of the abutment. As seen in Figure (4.2), 

three strain gages equally space at 0.5 m were installed on the exterior pile. On the 

center interior pile, two strain gages were installed spaced at 1 m. The installation 

process first comprised of excavating the top 1.5 m of the in-situ soil following pile 

driving. This was then followed by the attachment of strain gage mounting blocks to 
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the pile flanges, with a parallel alignment to the roadway direction. The excavated soil 

was then backfilled and compacted. 

 

 

Figure 4.2 Middlesex bridge instrumentation plan (Civjan et al. 2013) 

 

4.3 Finite Element Analysis 

 

The full-scale interactions between the abutment-backfill and pile-soil under induced 

cyclic thermal loadings were numerically analyzed via the software package PLAXIS 3D 

2021. As part of the analysis, the developed 3D model was first verified against full-scale 

data monitored in the field. Using the calibrated FE model, a series of parametric studies 

were then conducted to investigate changes in performance in response to the variation of 

key model parameters. The following section presents the details concerning the model 

development process, verification, and parametric studies. 
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4.3.1 Finite Element Mesh 

 
Figure (4.3) shows the 3D FE model developed for verification. The soil layers and 

concrete clusters in the model were modelled using 10-noded tetrahedral volume elements, 

which were selected from the PLAXIS 3D element library. Girder and pile components 

were modelled via 3-noded beam and embedded beam elements, respectively, for 

optimized compatibility with the surrounding concrete and soil clusters. The bridge deck 

was modelled utilizing 6-noded triangular plate elements with six degrees of freedom at 

each node. The verified model contained approximately 220,000 elements. To maintain a 

reasonable computational time frame, elements within the abutment and pile deformation 

zones were refined locally and had an average size of approximately 96 mm. With respect 

to results obtained following a sensitivity analysis, the left boundary of model was 

extended -30 m from the center of the abutment. This was set since insignificant changes 

in backfill earth pressures and pile moments were observed when greater distances were 

utilized. 
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Figure 4.3 Three-dimensional FE model mesh 

 

4.3.2 Boundary conditions 

 
Due to the symmetrical nature of the Middlesex bridge about the two horizontal axes and 

the 0o skew angle of the abutment, only half of the structure was considered during analysis 

as shown in Figure (4.3). The base of the model was assumed to be fully restrained against 

deformation in all directions. The top boundary of the model was permitted to deform about 

the x, y, and z axes. Finally, the lateral boundaries were only normally fixed against 

deformation. 

 

4.3.3 Backfill and subgrade soil properties 

 
The hyperbolic hardening soil model (HSM) extracted from the PLAXIS 3D constitutive 

model library was used to simulate the behavior of the backfill and pile soils, at a confining 

pressure (pref) of 100 kPa (PLAXIS 3D manuals 2018). As part of the HSM formulation, 



 

 

137 

 

this nonlinear constitutive soil model considers the combined double-stiffness model for 

elasticity and isotropic strain hardening. Originating from the hyperbolic model formulated 

by Duncan and Chang (Mahgoub and El Naggar 2020), the HSM is an elasto-plastic model 

which utilizes the theory of plasticity capable of representing soil densification, stiffness-

stress dependency, plastic yielding, and dilatancy. Under induced thermal contractions and 

expansions, the HSM accurately simulates changes in soil stiffnesses at various stress 

levels, thus realistically capturing the stiffness-stress dependency of soils. Furthermore, it 

utilizes independent triaxial and oedometer stiffnesses, therefore yielding to accurate 

variations in soil behavior under deviatoric shear and compressive stresses. Furthermore, 

the utilization of the HSM captures the stress history of soils due to the variation in stiffness 

during unloading/reloading processes (Dhadse et al. 2021, Schanz et al. 1999). Finally, for 

small shear strains, the HSM utilizes hysteretic behaviors and shear dilatancy to accurately 

simulate variations in soil stiffness (El Naggar et al. 2016). Table (4.2) highlights the soil 

properties utilized in the verified system to represent the backfill and pile soil behaviors. 
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Table 6 FE model soil properties 

Parameter Backfill soil1 Subgrade soil2 

Dry unit weight, 𝜸𝒅𝒓𝒚 (𝐤𝐍
𝐦𝟑⁄ ) 17 19 

Saturated unit weight,  𝜸𝒔𝒂𝒕 (
𝐤𝐍

𝐦𝟑⁄ ) 18.5 20 

Secant stiffness in standard drained triaxial test, 

𝑬𝟓𝟎
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 

20 50 

Tangent stiffness for primary oedometer 

loading, 𝑬𝒐𝒆𝒅
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 

16 40 

Unloading/reloading stiffness, 𝑬𝒖𝒓
𝒓𝒆𝒇

 (𝐤𝐏𝐚) 60 150 

Cohesion, 𝒄′ (𝐤𝐏𝐚) 1 2 

Internal friction angle, 𝝋′(𝒐) 35 35 

Dilatancy,  (𝐨) 5 5 

Power for stress-level dependency of stiffness, 𝒎 0.5 0.5 
1For the backfill soil Pref = 100 kPa and Rint = 0.3 
2For the subgrade soil Pref = 100 kPa and Rint = 0.6 

 

4.3.4 RC abutment and approach slab properties 

 
The concrete abutment and approach slab were simulated via linear elastic volume 

elements. PLAXIS formulates the linear elastic model through Hooke’s law of linear 

elasticity. This constitutive model only incorporates the modulus of elasticity (E) and 

Poisson’s ratio (ν) of the concrete. In accordance with Kalayci (Kalayci 2012), the 

abutment pile cap incorporated an elastic modulus of 23 GPa, while the abutment 

diaphragm and approach slab had an elastic modulus of 25 GPa. The Poisson’s ratio and 

unit weight for all concrete elements were set to 0.2 and 24 kN/m3, respectively. To 

simulate soil-structure interactions such as stress transfers, slippage, and the relative 

movement between concrete elements and the surrounding soil during induced contractions 

and expansions (Dhadse et al. 2021), 12-node interface elements with zero thickness were 
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defined. A strength reduction factor (Rint) of 0.3 at the interfaces between the backfill and 

the abutment, approach slab, and wing-walls. 

4.3.5 Pile, deck, and girder structural properties 

 

The five steel plate girders supporting the deck were modelling using 3-noded elastic beam 

elements with six degrees of freedom at each node. In accordance with Mindlin’s beam 

theory, these elements undergo shear, bending, and axial deformations (PLAXIS 3D 

manuals 2018). Each girder had a strong-axis and weak-axis moment of inertia of 0.0152 

m4 and 0.9 x 10-3 m4, respectively. The cross-sectional area and elastic modulus were equal 

to 0.057 m2 and 200 GPa, respectively. 

The steel HP piles were modelled by 3-noded elastic embedded beam elements with six 

degrees of freedom at each node ending. These elements are formulated using beam 

elements to generate axial and flexural rigidities. The SSI of embedded beam elements is 

simulated via special interface elements with the surrounding soil, corresponding to skin 

and base resistances. As these elements embody a zero thickness, PLAXIS generates an 

elastic zone equal to the actual dimension of the pile where soil plasticity is neglected, thus 

corresponding to an equivalent volume pile behavior (PLAXIS 3D manuals 2018; Sluis et 

al. 2014). To simulate the relative motion between the HP piles and the surrounding soil 

under thermal contractions and expansions, a special interface with a strength reduction 

factor of 0.6 was utilized. The modulus of elasticity and unit weight of the steel piles were 

set equal to 200 GPa and 78.5 kN/m3, respectively. The cross-sectional area of each pile 

was set to 0.0159 m2, corresponding to a strong-axis and weak-axis moment of inertia of 

0.27 x 10-3 m4 and 0.089 x 10-3 m4, respectively. 
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The RC deck was modelled via 6-noded triangular elastic plate/shell elements with six 

degrees of freedom per node. Similar to beam elements, plate elements are formulated in 

accordance with Mindlin’s plate theory which permits deformations under shear, bending, 

and axial forces (PLAXIS 3D manuals 2018). The thickness (d) of the deck was equal to 

0.22 m. To model the concrete nature of the deck, the modulus of elasticity and Poisson’s 

ratio of the plate element were set to 25 GPa and 0.2, respectively. 

4.3.6 FE construction sequence 

 

The staged construction for the verified FE system was defined in accordance with actual 

records during the full-scale construction schedule of the Middlesex bridge. Based on the 

K0 procedure, a linear variation for in-situ vertical stresses were generated for the existing 

soil, depending on the unit weight of each soil layer (Mahgoub and El Naggar 2020). This 

initial stress generation procedure takes the loading history of the soil into consideration. 

Then, an open excavation with a width of 17.2 m and a slope of 1V:1.5H was simulated 

for the top 1.5 m of the in-situ soil prior to pile driving. After excavation, the five HP 

embedded pile elements equally spaced at 2.05 m were activated. The excavated in-situ 

soil cluster was then reactivated and compacted to simulate the backfilling process. Next, 

the pile-cap and wing-wall concrete clusters were activated together with the corresponding 

base interface elements. The first stage of soil backfilling with a thickness of 2.531 m was 

activated and compacted along with the corresponding backfill-pile cap and backfill-wing 

wall interface elements. Then, the upper wing-wall and abutment diaphragm clusters, deck, 

girders, and vertical loads were activated. The final stage of soil backfilling with a 

thickness of 1.09 m was activated and compacted together with the corresponding backfill-

diaphragm and backfill-wing wall interface elements. Finally, extracted from measured 
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full-scale inclinometer data, prescribed lateral displacements were applied cyclically at the 

top of the abutment diaphragm, to simulate the two-year thermal contractions and 

expansions of the Middlesex bridge. 

 

4.3.7 Parametric studies 

 

Following the verification of the proposed 3D FE system, a series of parametric studies 

were conducted to investigate the influence of varying the backfill stiffness, pile size and 

orientation, abutment stiffness, and constitutive soil model on the resultant backfill earth 

pressure distributions and pile bending moments. 

The first parametric study investigated the impact of varying the backfill stiffness behind 

the abutment back wall at a confining pressure (Pref) of 100 kPa. In this parametric study, 

the four backfill stiffness comprised of loose sand (𝐸50
𝑟𝑒𝑓

= 7.5 MPa), medium sand (𝐸50
𝑟𝑒𝑓

= 

20 MPa), dense sand (𝐸50
𝑟𝑒𝑓

= 60 MPa), and gravel (𝐸50
𝑟𝑒𝑓

= 150 MPa). 

The second parametric study investigated the effect of utilizing various pile sizes oriented 

for strong axis and weak axis bending. The four pile sections used in this parametric study 

were HP 200 x 53, HP 250 x 85, HP 310 x 125, and HP 360 x174. The geometric properties 

of the different HP piles including the cross-sectional area, strong axis moment of inertia, 

and weak axis moment of inertia are summarized in Table (4.3). 

The third parametric study investigated the effect of varying the stiffness of the RC 

abutment diaphragm and pile cap. For this study, RC classes such as Class A (E = 23.2 

GPa), Class B (E= 21.5 GPa), and Class C (E = 24.9 GPa) were utilized. 

The fourth parametric study investigated the impact of utilizing the linearly-elastic-

perfectly-plastic Mohr-Coulomb (MC) soil model found in the PLAXIS 3D material model 
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library. For this study, the HS model was substituted for the MC model utilized in the 

calibrated FE system to model the behavior of the backfill and pile soil under induced 

thermal contractions and expansions. 

 

Table 7 Various HP pile sections utilized in the second parametric study 

HP pile 

section  

Section area, A 

(m2) 

Strong-axis moment of 

inertia, I1 (m4) 

Weak-axis moment of 

inertia, I2 (m4) 

HP 200 x 53 6.84 x 10-3 49.4 x 10-6 16.8 x 10-6 

HP 250 x 85 10.8 x 10-3 123 x 10-6 42 x 10-6 

HP 310 x 125 16 x 10-3 270 x 10-6 89 x 10-6 

HP 360 x174 22.2 x 10-3 508 x 10-6 184 x 10-6 

 

4.4 Results and Discussion 

 

This section first the discusses the monitored data acquired during the full-scale monitoring 

of the Middlesex bride, coupled with the relevant findings related to the verification of the 

FE 3D model at the abutment-backfill and pile-soil interfaces during induced cyclic 

contractions and expansions. The second part of this section reports the results and 

discusses the changes in performance associated with the thermal response of the calibrated 

FE model when key model parameters were varied. 

 

4.4.1 Results of full-scale monitoring 

 

Findings reported in this present study primarily focus on the generated lateral earth 

pressure distributions and pile moments corresponding to induced cyclic thermal loadings. 

However, extensive data related to the full-scale monitored data are presented in Kalayci 

(Kalayci 2012). To verify the reliability of the proposed model, acquired lateral earth stress 
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variations and pile bending moments during the full-scale monitoring program were plotted 

against simulated findings using the calibrated FE model. 

 

4.4.1.1 Lateral earth pressure distributions 

 
The accumulated lateral earth stress distributions at the instrumented PC sensor locations 

at the end of construction are highlighted in Table (4.4). 

Figure (4.4) contrasts the field monitored lateral earth stress variations during extreme 

minimum and maximum temperatures at each sensor location against findings generated 

by the proposed FE system using PLAXIS 3D. As shown in Figure (4.4), the lateral stresses 

at the abutment-backfill interface obtained via the developed PLAXIS FE system closely 

match to the field monitored earth pressure distributions. As indicated by the plotted figure, 

accumulated earth pressures at the end of construction incrementally increased and 

decreased with induced bridge expansions and contractions, respectively. Thus, during 

temperature rises, induced girder and deck expansions caused the backfill soil to occupy 

passive states. However, as ambient temperatures dropped, bridge contractions forced the 

backfill soil into active states. Furthermore, the magnitude of induced stresses strongly 

depended on the lateral extent of bridge contractions and expansions. This was observed 

as the resultant incremental passive stresses increased with larger bridge expansions into 

the backfill soil. As the abutment translated into the backfill during expansive cycles, the 

monitored lateral earth pressures were found to vary linearly with depth. This was not the 

case during the first and second active cycles however, as the instrumented PCs indicated 

unusual drops in lateral stresses at the middle sensor, giving rise to nonlinear distributions. 

This unforeseen behavior can be explained by investigating the construction history of the 
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backfill in relation to the middle sensor. By inspecting the measured pressure data at the 

end of construction, the cumulative value at the middle sensor was less than the top and 

bottom sensors. This may be associated with unforeseen soil interactions at middle sensor 

location during the backfilling and compaction process at the abutment-backfill interface, 

therefore resulting in lower values than anticipated. As a result, incremental decreases in 

earth pressures corresponding to induced abutment contractions would further reduce 

active stresses at the middle sensor. 

Research conducted by Khodair (Khodair 2009) to investigate the cyclic thermal response 

of IABs indicated the occurrence of soil ratcheting at the backfill-abutment interface. 

However, this was not the case for the Middlesex bridge according to monitored earth 

pressure data. Lateral stress distributions plotted in Figure (4.4) do not provide evidence of 

soil ratcheting, since the average passive pressures at the bottom sensor during the first and 

second expansion cycles were 65 kPa and 68 kPa, respectively. Conversely, as observed 

by Kim and Laman (Kim and Laman 2010), soil softening was observed at the top sensor, 

since the passive stresses during the first and second year were 52 kPa and 42 kPa, 

respectively, irrespective of the net inward movement towards the backfill soil indicated 

by Kalayci (Kalayci 2012). 

 

Table 8 Cumulative earth pressures at three sensor locations at the end of construction 

(Civjan et al. 2013) 

Sensor location Earth pressure at the end of 

construction (kPa) 

Top 33.1 

Middle 21.4 

Bottom 42.1 
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Figure 4.4 Verification lateral earth pressures at three PC sensor elevations 

 

4.4.1.2 Pile moments 

 
Table (4.5) summarizes the accumulative pile bending moments corresponding to the end 

of construction at the top, middle, and lower strain gages. Positive pile bending moments 

indicate that the pile side facing the embankment is tension, while the pile side facing the 

backfill is in compression. Negative pile bending moments indicate that the pile side facing 

the embankment is in compression, while the pile side facing the backfill is in tension. 

Figure (4.5) contrasts the field monitored pile bending moments during extreme minimum 

and maximum temperatures at each strain gage location against findings generated by the 

proposed FE system using PLAXIS 3D. As shown in Figure (4.5), the generated pile 

bending moment profiles via the calibrated PLAXIS FE system closely adhere to the full-
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scale field monitored pile bending moments at the top, middle, and lower strain gage 

locations under induced abutment contractions and expansions. During seasonal changes, 

the thermal response of the substructure caused pile bending moments to alternate between 

positive and negative values with depth, hence bending in a double curvature. As indicated 

in Figures (4.5a) and (4.5c), maximum positive bending moments observed at the pile head 

during extreme bridge contractions decreased almost linearly with depth within the upper 

2 m of the pile, prior to reaching inflection. However, as shown in Figures (4.5b) and (4.5d), 

the substructure response to induced expansions resulted in maximum negative moments 

which decreased nonlinearly with depth before reaching points of inflection and maximum 

positive moments at a depth below the base of the abutment. 

As indicated in Figures (4.5a) and (4.5c), in periods of induced abutment contractions, the 

maximum positive pile bending moments at the pile head following the first and second 

year were equal to 90 kN.m and 86 kN.m, respectively. As shown in Figures (4.5b) and 

(4.5d), following the first and second expansive cycles, maximum negative bending 

moments at the pile head were equal to -35 kN.m and -77 kN.m, respectively. Furthermore, 

points of inflection occurred approximately 0.4 m and 3.85 m below the pile head during 

the first year of expansion, and approximately 0.3 m and 3.6 m below the pile head 

following second expansive cycle. Finally, with the maximum recorded moment over the 

two-year monitoring period equaling 90 kN.m, the substructure piles did not experience 

yielding since the 251 kN.m yielding moment of the steel HP piles was not exceeded. 
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Table 9 Cumulative pile bending moments at the end of construction (Civjan et al. 2013) 

Strain gage location Pile bending moment at the end 

of construction1 (kN.m) 

Top 38 

Middle 36.6 

Bottom 24.4 

 

 

Figure 4.5 Verification of pile bending moments at maximum and minimum 

temperatures: (a) 12/19/2009 – 1st year (TMin = -12.5oC), (b) 07/07/2010 – 1st year (TMax = 

38oC), (c) 01/23/2011 – 2nd year (TMin = -13oC), and (d) 08/20/2011 (TMax = 32.2oC) – 2nd 

year 

 

4.4.2 Results of parametric studies 

 

4.4.2.1 Effect of backfill stiffness 

 
Figure (4.6) compares the changes in earth pressure distributions at the backfill-pile cap 

interface at three PC sensor elevations, for various backfill stiffnesses ranging from loose 

sand to gravel. Irrespective of the backfill stiffness, it can be seen from Figure (4.6) that as 
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the abutment contracts and expands into active and passive states, the corresponding lateral 

stresses decreased and increased, respectively, at the top, middle, and bottom PC sensors. 

During periods of contraction, changes in backfill stiffness had insignificant effects on 

active pressure magnitudes generated at the top, middle, and bottom sensors. Conversely, 

at all sensor locations, significant variations were found during periods of expansion, where 

increasing the stiffness of the soil from loose sand to gravel considerably increased the 

resultant passive pressure distributions. As shown in Figure (4.6) during the first and 

second expansive cycles, increasing the stiffness of the backfill from loose sand to gravel 

corresponded to an increase in passive pressures by 524% and 534%, respectively. This 

matches the conclusions drawn by Kong et al. (Kong et al. 2016) following a numerical 

study conducted on an IAB supported by pre-stressed precast concrete piles in Louisiana, 

USA. 

Figure (4.7) compares pile bending moments corresponding to four different backfill 

stiffnesses. As shown in Figure (4.7), utilizing various backfill soil stiffnesses during 

induced thermal contractions and expansions had no effects on the general shape of the 

bending moment profiles. Though, unlike the trend exhibited by the earth pressure 

distributions in response to increases in backfill stiffness, Figure (4.7) showed that the 

maximum positive and negative bending moments decreased when stiffer backfill soils 

were utilized during contractive and expansive cycles. As indicated in Figure (4.7e), the 

maximum positive moment generated at the pile head was 97 kN.m for loose sand and 75 

kN.m for gravel during the first cycle of contraction. Similarly, as shown in Figure (4.7e), 

the maximum negative moment generated at the pile head was -49 kN.m for loose sand 
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and -6 kN.m for gravel. This agrees with conclusions drawn by Civjan et al. (Civjan et al. 

2007) following a parametric study on an IAB in Massachusetts, USA. 

These changes in performance in response to different backfill stiffnesses may be related 

to the force equilibrium between the bridge abutment-backfill interface and the supporting 

piles. As ambient temperatures rise, the composite deck and girder material section 

undergo thermal expansions. This induces horizontal axial forces onto the abutment 

causing it to displace into the backfill soil. As a result, the backfill soil and piles generate 

passive stresses and shear forces in response to the axial forces transferred by the abutment. 

To maintain equilibrium, loads applied by the abutment are distributed between the backfill 

soil and piles according to their relative stiffness, where a greater ratio of the force is 

transmitted to the component with the highest stiffness. Hence, increasing the stiffness of 

the backfill during induced abutment expansions will relieve some of the stresses 

previously borne by the bridge piles. Consequently, this will correspond to increased 

passive stress distributions and bending moment reductions within the foundation piles. 
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Figure 4.6 Comparison of lateral pressures calculated by using four various backfill 

stiffnesses, ranging from loose sand to gravel, for three sensor elevations 
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Figure 4.7 Comparison of pile bending moment profiles calculated for four different 

backfill stiffnesses, at maximum and minimum temperatures, for: (a) 12/19/09, (b) 

07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) variations in pile head moments with time 

 

4.4.2.2 Effect of pile size and orientation 

 
Figure (4.8) compares variations in lateral earth pressures for four different HP pile 

sections oriented for strong-axis bending at three PC sensor elevations. As shown in Figure 

(4.8), a similar pattern was followed at all three sensor locations, where the corresponding 
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passive earth pressures decreased as the pile size increased from HP 200 x 53 to HP 360 x 

174. Furthermore, in response to utilizing different HP pile sections, the magnitude of the 

passive earth pressure variations increased with depth. However, varying the size of the 

HP section during periods of contraction had negligible effects on the corresponding active 

pressure distributions at all three sensor locations. For example, as indicated in Figure (4.8), 

the resultant passive stress variations corresponding to the first expansion cycle decreased 

by 8%, 9%, and 15% at the top, middle, and bottom sensor, respectively, as the pile section 

was increased from HP 200 x 53 to HP 360 x 174. 

Figure (4.9) compares pile bending moment profiles obtained by utilizing four different 

HP pile sections oriented for strong-axis bending. As shown in Figure (4.9), maximum 

positive and negative pile bending moments increased when larger HP pile sections were 

utilized in periods of contraction and expansion. For instance, as shown in Figure (4.9a), 

as the pile section increased from HP 200 x 53 to HP 360 x 174, the corresponding 

maximum positive bending moment at the pile head increased by 238% in the first 

contraction cycle. Similarly, as shown in Figure (4.9d), the magnitude of the maximum 

negative and positive bending moments increased by 74% and 266%, respectively, when 

the pile section increased from HP 200 x 53 to HP 360 x 174 in the second expansion cycle. 

Moreover, it was observed that the depth at which inflection occurred was significantly 

influenced by the size of the utilized pile section in periods of contraction and expansion. 

Decreasing the pile section from HP 360 x 174 to HP 200 x 53 caused the inflection points 

to occur at shallower depths. 

To investigate the influence of pile orientation, Figure (4.10) compares variations in lateral 

earth pressures for four different HP pile sections oriented for weak-axis bending at three 
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PC sensor elevations. In periods of abutment expansion, a general pattern was observed at 

all three sensors for piles oriented for weak-axis bending, where the corresponding passive 

earth stresses increased in contrast with strong-axis orientation for a given HP section. For 

instance, as shown in Figures (4.8) and (4.10), observed passive earth stresses during the 

first expansion cycle increased by 6%, 5%, and 11% at the top, middle, and bottom sensors, 

respectively, when utilizing an HP 360 x 174 section oriented for weak-axis bending in 

contrast to strong-axis bending. Alternating the orientation of the HP pile sections was 

found to have negligible impacts on the active pressure variations at all three sensor 

locations. 

Figure (4.11) compares pile bending moment profiles obtained by utilizing four different 

HP pile sections oriented for weak-axis bending. For a given pile section, orientation for 

weak-axis bending corresponded to reduced maximum positive and negative moments 

during periods of contraction and expansion. For example, as shown in Figures (4.9a) and 

(4.11a), a comparison of the bending moments at the pile head when utilizing an HP 360 x 

174 section during the first cycle of contraction indicates that alternating the orientation 

from strong-axis to weak-axis bending decreased the maximum positive moment by 33%. 

Similarly, as indicated in Figures (4.9d) and (4.11d), when an HP 360 x 174 section was 

utilized during the second cycle of expansion, changing the orientation from strong-axis to 

weak-axis bending reduced the maximum negative and positive bending moments by 20% 

and 40%, respectively. 

This deformation pattern may be related to the force equilibrium between the abutment and 

the foundation piles when subjected to induced thermal contractions and expansions. In 

accordance with the load distribution method, the force equilibrium between the backfill 
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and the supporting piles is conserved by distributing the applied stress based on their 

relative stiffness. Hence, a larger portion of the applied stress is borne to the element with 

a higher stiffness (Hibbeler 2014). In addition, as the cross-sectional area of the HP pile 

increases, the moment of inertia about the strong- and weak-axes increase. However, in 

comparison, orientation for weak-axis bending yields to a smaller moment of inertia than 

strong-axis bending, thus increasing the flexibility of the supporting piles. Utilizing larger 

HP pile sections decreased the corresponding lateral passive stresses, since a greater ratio 

of the applied stress previously resisted by the backfill was transferred to supporting piles. 

Furthermore, by orienting the piles for weak-axis bending, the magnitude of the applied 

stress transferred to the pile decreased. This yielded to smaller pile bending moments 

during periods of contraction and expansion in contrast to piles oriented for strong-axis 

bending, agreeing with research conducted by Baptiste et al. (Baptiste et al. 2011) 

following a parametric study on prestressed concrete girder IABs. 
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Figure 4.8 Comparison of lateral earth pressures at three PC sensor elevations obtained 

by using four different HP pile sections oriented for strong-axis bending 
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Figure 4.9 Comparison of pile bending moment profiles obtained by using four different 

HP pile sections oriented for strong-axis bending, at maximum and minimum 

temperatures, for: (a) 12/19/09, (b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) 

variations in pile head bending moments with time 
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Figure 4.10 Comparison of lateral earth pressures at three PC sensor elevations obtained 

by using four different HP pile sections oriented for weak-axis bending 



 

 

158 

 

 

Figure 4.11 Comparison of pile bending moment profiles obtained by using four different 

HP pile sections oriented for weak-axis bending, at maximum and minimum 

temperatures, for: (a) 12/19/09, (b) 07/07/10, (c) 01/23/11, (d) 08/20/11, and (e) 

variations in pile head bending moments with time 

 

4.4.2.3 Effect of abutment stiffness 

 
Figure (4.12) compares variations in lateral earth pressures for three different RC classes 

at three PC sensor elevations. As indicated in Figure (4.12), varying the stiffness of the RC 

abutment from Class A to Class C had no influence on the corresponding active and passive 

pressures for all three sensor elevations. 
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Figure (4.13) compares pile bending moment profiles obtained by utilizing three different 

classes of RC. As shown in Figure (4.13), differences in abutment stiffness had no effect 

on the resultant pile bending moment profiles during periods of contractions and 

expansions. 

The observed behavior maybe be related to the relative stiffness between the RC bridge 

abutment and the surrounding soil. The stiffenesses of the backfill and pile soils utilized in 

the 3D model were 0.02 GPa and 0.05 GPa, while the stiffnesses of the RC abutments used 

in this study varied between 22 GPa and 25 GPa. Thus, relative to the soil surrounding the 

abutment, a variation of approximately 3 GPa in concrete stiffness has minimal effects on 

the load transferring capabilities of the abutment. Hence, the magnitude of the applied loads 

borne on the backfill and piles is unaffected, thus yielding to identical results. 

 

 

Figure 4.12 Comparison of lateral earth pressures at three PC sensor elevations obtained 

by using three different abutment stiffnesses 
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Figure 4.13 Comparison of pile bending moment profiles obtained for three abutment 

stiffnesses, at maximum and minimum temperatures, for: (a) 12/19/09, (b) 07/07/10, (c) 

01/23/11, (d) 08/20/11, and (e) variations in pile head bending moments with time 

 

4.4.2.4 Effect of constitutive soil model 

 
Figure (4.14) compares variations in lateral earth pressures obtained by using the Mohr-

Coulomb (MC) and Hardening Soil (HS) constitutive models at three PC sensor elevations. 

As shown in Figure (4.14), using the MC and HS models yielded to similar earth pressure 

distributions at the top sensor. At the middle sensor, while similar active stresses were 

obtained when utilizing the MS and HS models, using the MC model noticeably 
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underestimated passive pressures corresponding to the first and second expansion cycles. 

However, significant discrepancies were observed at the bottom sensor, where using the 

MC model yielded to smaller active and passive earth pressures in comparison with 

pressures obtained using the HS model. For instance, as shown in Figure (4.14), utilizing 

the MC model underestimated active and passive stresses by 42% and 24% in comparison 

with stresses obtained using the HS model during the second contraction and expansion 

cycles, respectively. 

Figure (4.15) compares pile bending moment profiles obtained by utilizing the MC and HS 

constitutive soil models. As presented in Figure (4.15), changing the constitutive behavior 

of the soil had no effect on the general moment profile. However, utilizing the MC model 

underestimated maximum positive and negative moments during periods of contraction 

and expansion, respectively. Furthermore, changing the constitutive behavior of the soil 

from a HS model to a MC model caused positive moments to inflect at shallower depths 

during induced abutment contractions. For example, as shown in Figure (4.15e), maximum 

positive and negative bending moments at the pile head decreased by 31% and 62% as the 

constitutive behavior of the soil was changed from the HS to the MC model in the first 

cycle of contraction and expansion, respectively. 

The variation in results between the MC and HS model maybe attributed to the elastic 

formulation and limitations associated with the MC model. Soil is a highly nonlinear and 

complex material which exhibits anisotropic and time-dependent behaviors under applied 

stresses. An important aspect associated with real soil behavior is the stiffness variation of 

soils based on the applied stress levels and paths. As stress levels increase, the stiffness of 

the soil increases accordingly. In addition, soils embody different stiffness levels to 
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accommodate various stress paths such as unloading/reloading, 1D compression, and 

deviatoric shear. Another important aspect of real soil behavior is related to irreversible 

plastic deformations prior to failure. Under applied stresses, soils undergo elastic and 

plastic deformations. As the applied load is removed, deformations within the elastic region 

of the soil are retained, given that failure has not occurred. However, in addition to elastic 

deformations, soils also undergo permanent plastic deformations prior to failure, which in 

turn impact the overall stiffness of the soil. Hence, opposite to the HS model, the MC model 

crudely simulates the complex stiffness response of soils prior to failure. Since the MC is 

formulated based on Hooke’s law and mohr-coulomb’s failure criterion, irreversible plastic 

deformations prior to the mobilization of shear strength are neglected. Thus, under applied 

stresses, soils are modelled to behave linearly elastic according to Hooke’s law by a 

constant elastic modulus (E) and Poisson’s ratio (v) prior to reaching the failure contour. 

This hinders the MC model’s ability to capture the stiffness-stress dependency of soils 

under changing stress levels and paths, and therefore leading to severe result inaccuracies 

(Brinkgreve 2005). 
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Figure 4.14 Comparison of lateral earth pressures at three PC sensor elevations obtained 

by using the MC and HS soil models 
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Figure 4.15 Comparison of pile bending moment profiles obtained by using the MC and 

HS soil models, at maximum and minimum temperatures, for: (a) 12/19/09, (b) 07/07/10, 

(c) 01/23/11, (d) 08/20/11, and (e) variations in pile head bending moments with time 

 

4.5 Summary and Conclusions 

 
This paper first reported the findings related to the thermal response of the Middlesex 

bridge in Vermont, USA, following a full-scale monitoring program over a two-year 

period. A detailed description concerning the development and calibration of a three-

dimensional FE model was presented, where the corresponding model findings were 

verified against field measured lateral earth pressures and pile bending moments. This was 
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followed by conducting parametric studies to investigate the effect of varying the backfill 

stiffness, pile size and orientation, abutment stiffness, and constitutive soil model on the 

thermal response of IABs. Based on the findings of this paper and the corresponding 

parametric studies, the following conclusions can be drawn: 

1. The developed 3D FE system accurately simulated the thermal response of the 

Middlesex bridge, since obtained FE lateral earth stresses and pile bending moments 

closely adhered to field measured results. 

2. The stiffness of the backfill was found to significantly influence the corresponding 

earth pressure distributions and pile bending moments during expansion cycles. 

However, minor variations were also found during contraction cycles. As shown in 

Figure (4.6), utilizing a stiffer backfill caused extreme increases in passive pressures 

behind the pile-cap back wall. However, as indicated in Figure (4.7), pile bending 

moments were found to decrease as the stiffness of the backfill increased. 

3. Varying the size and orientation of the pile significantly impacted the force equilibrium 

between the backfill and the supporting piles. Decreasing the section size and orienting 

for weak-axis bending increased the flexibility of the piles, therefore forcing a greater 

portion of the applied thermal load to be borne on the backfill soil. As shown in Figures 

(4.8) and (4.9), utilizing smaller HP sections yielded to greater earth pressures and 

lower pile bending moments, respectively. Similarly, as shown in Figures (4.8) and 

(4.10) and Figures (4.9) and (4.11), for a given HP section, orientation for weak-axis 

bending corresponded to larger earth pressures and lower pile bending moments, 

respectively, in contrast with strong-axis bending. 
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4. Variations in abutment stiffness had no influence on the resultant earth pressure 

distributions and pile bending moments. As shown in Figures (4.12) and (4.13), 

obtained earth pressures and pile bending moments for Class A, B, and C were 

identical, respectively. 

5. The selection of a constitutive model to simulate soil behavior under induced thermal 

loadings significantly impacted the reliability and accuracy of the FE results. The HS 

model was shown to accurately mimic the nonlinear nature of soil during contraction 

and expansion cycles, in contrast to the MC model. As indicated in Figure (4.14), 

utilizing the MC model yielded to lower active and passive pressures, particularly at 

the bottom sensor location. As shown in Figure (4.15), varying the constitutive 

behavior of the soil had no influence on the moment pattern, however, using the MC 

model significantly underestimated the corresponding pile bending moments during 

periods of contraction and expansion. 
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CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1  Summary 

 
Integral abutment bridges (IABs) are continuous single or multi-spanned structures, 

deprived from expansion and bearing joints. Hence, the deck and girder sections are 

monolithically connected to the abutment, forming a rigid body. This resulted in favorable 

attributes such as enhanced economical and structural performances. However, due to the 

elimination of expansion and bearing joints, IABs accommodate induced cyclic thermal 

movements through the global expansion and contraction of the superstructure. 

Superstructure expansions and contractions induce axial loads upon the abutment, causing 

them to translate and rotate towards and away from the backfill soil, respectively. This 

mode of deformation induces significant stresses within the superstructure, backfill soil, 

and supporting piles. However, due to the relatively recent introduction of IABs, their 

intricate soil-structure interactions (SSIs) under the influence of seasonal variations are not 

yet fully understood. In reaction to this challenge, several researchers conducted full-scale 

monitoring programs to evaluate the performances of IABs under cyclic thermal 

fluctuations. In addition, numerical parametric studies have been conducted to investigate 

the changes in the thermal performances of IABs in response to various conditions. 

However, most previous research modelled the SSIs of IABs via the p-y approach. 

Therefore, utilizing finite-element (FE) two- and three-dimensional models, this research 

aims to further contribute to the understanding of IABs by simulating the thermal 

performance of a case study IAB within a continuous soil medium characterized using 

advanced nonlinear constitutive soil models, with the corresponding interface elements. 
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Chapter 2 presented a comprehensive overview related to IABs and their corresponding 

attributes and limitations. Furthermore, details about the various primary and secondary 

loads acting on these structures were discussed, along with load determination methods 

extracted from the American Association of State Highway and Transportation Officials 

(AASHTO) bridge manual and various Transportation Research Records found in the 

literature. Moreover, current state of the art IAB design practices and guidelines utilized 

by departments of transportations (DOTs) found in North America, Europe, Asia, and 

Australia/New Zealand were also compared. 

Chapter 3 presented a numerical investigation on the Middlesex bridge in Vermont, USA, 

to study the thermal performance of the structure under temperature induced movements. 

Following the full-scale monitoring of the structure, an FE model using the software 

PLAXIS 2D was developed and verified against field measured earth pressure distributions 

and pile bending moments. Following the verification of the proposed 2D FE system, 

parametric studies were conducted to investigate the effect of varying the constitutive soil 

model, backfill stiffness, abutment stiffness, pile size and orientation, and span length on 

the resultant earth pressure distributions at the abutment-backfill interface and pile bending 

moments. This chapter also provides details related to the utilization of theoretical 

techniques to approximate abutment expansions and contraction, where the corresponding 

findings were compared to deformations acquired in the field. 

Chapter 4 presented the findings related to a numerical investigation on the Middlesex 

bridge using the software PLAXIS 3D. The purpose of this study was to develop an FE 

model using three-dimensional techniques to further explore the thermal performance of 

IABs. Prior to the numerical research, the proposed 3D FE system was verified against 
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available field measured deformations. Subsequently, as part of the numerical research, 

key parameters such as backfill stiffness, pile size and orientation, abutment stiffness, and 

constitutive soil model were varied to investigate their impact on the corresponding lateral 

earth pressure distributions at the backfill-abutment interface and pile bending moments. 

 

5.2  Conclusions 

 
Based on the conducted research presented in this thesis, the following conclusions can be 

drawn: 

1. The calibrated two- and three-dimensional FE models were sufficiently able to simulate 

the thermal response of the Middlesex bridge over the two-year monitoring period. This 

was shown as the obtained lateral earth pressure distributions and pile bending 

moments closely adhered to those acquired during the monitoring period. 

2. In the absence of field measured data, the lateral expansion and contraction of straight 

and symmetrical integral abutment bridges can be approximated as 
1

2
𝛼∆𝑇

𝐿

2
 , where  

is the coefficient of thermal expansion, T is the change in temperature, and L is the 

total length of the bridge. While this equation is formulated based on linear and 

isotropic assumptions, predicted abutment displacements closely adhered field 

deformations measured using inclinometers over the two-year monitoring period, 

except during the second expansion cycle. The variation in the predicted and field 

measured displacement during the second expansion cycle could be related to the 

equation’s inability to capture the time-dependent effects experienced by the Middlesex 

bridge. 
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3. The employed constitutive soil model was found to significantly influence the 

simulated thermal performance of the Middlesex bridge. Based on the reported 

findings, the HS model was effectively able to capture and simulate the nonlinearity of 

soils under various stress levels and paths. However, due to the linear formulation of 

the MC model, severe result inaccuracies were found to arise. While utilizing the MC 

model to define the constitutive behavior of the backfill soil had minor impacts on the 

active pressures, significantly lower passive earth stresses, however, were seen in 

comparison to the HS model. Similarly, during expansion and contraction cycles, 

employing the MC model to define the constitutive behavior of the soil resulted in 

lower pile bending moments compared to results obtained when utilizing the HS model. 

4. The thermal response of the Middlesex bridge was found to be strongly influenced by 

the stiffness of the backfill behind the abutment. Increasing the stiffness of the backfill 

from loose sand to gravel caused the resultant passive stresses to increase significantly 

during expansion cycles. However, employing stiffer backfill soils had negligible 

impacts on the active stresses during contraction cycles. Moreover, utilizing stiffer 

backfill soils were seen to reduce the resultant pile bending moments during expansion 

and contraction cycles. 

5. Relative to the stiffness of the surrounding soil, the stiffness of the reinforced concrete 

abutment is approximately four hundred times larger. Hence, based on the findings of 

the parametric study, it was found that variations in abutment stiffness had no impact 

on the resultant earth pressure distributions and pile bending moments, since the load 

transferring mechanism of abutment was practically unaffected. 
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6. The flexibility of the supporting piles was found to be strongly dependent on the size 

and orientation of the steel HP sections. As the size of the steel HP pile decreased, 

coupled with orientation for weak-axis bending, the corresponding axial and bending 

rigidities decreased significantly. Based on the reported findings, it was seen that for a 

given orientation, increasing the size of the HP section caused the corresponding earth 

pressure distributions and pile bending moments to decrease and increase, respectively. 

Furthermore, for a given HP section, piles oriented for weak-axis bending yielded to 

larger earth pressure distributions and lower pile bending moments compared to those 

obtained when piles were oriented for strong-axis bending. 

7. As part of the parametric study, the effect of varying span length on the resultant earth 

pressure distributions and pile bending moments were investigated. The number of 

spans directly impacts the magnitude of the transferred dead load from the 

superstructure to the abutments. Hence, employing fewer number of spans resulted in 

significantly larger dead loads acting on the abutment. Based on Rankine’s theory, the 

magnitude of the passive and active earth pressures are given by h =v Ka/p, where h 

is the horizontal stresses, v is the vertical stress, and Ka/p is the active or passive earth 

pressure coefficient. Furthermore, the supporting piles develop internal moments due 

to the lateral expansion/contraction of the abutment and applied vertical dead load. The 

expansion and contraction of the abutments under temperature fluctuations induces an 

eccentricity () from the at rest position. This deviation therefore introduces p- effects 

on to the supporting piles. Thus, given that the induced abutment displacements are 

constant, increasing the vertical load on the abutment caused the corresponding earth 

pressure distributions and pile bending moments to increase accordingly. 
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5.2 Recommendations 

 
1. Conducting further numerical research to investigate the impacts of abutment skew on 

the thermal performance of IABs.  

2. By conducting dynamic analyses, the impacts of various truck loads and paths on the 

resultant earth pressure distributions and pile bending moments should be investigated. 

3. In addition to varying the stiffness of the backfill, parametric studies should be 

conducted to investigate the variations in lateral earth stresses and pile bending 

moments in response to different pile soil restraints. 

4. Using established climate prediction models, further research should be conducted to 

evaluate the thermal performance of IABs in response to increases in ambient 

temperatures due to global warming. 
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