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ABSTRACT

Integral bridges are generally considered an attractive alternative to conventional bridges

presenting the economic advantage of lower construction and maintenance costs. However,

the concept of the integral bridge presents other challenges primarily arising from the

monolithic connection that exists between the superstructure and the substructure. Thermal

loading leads to daily cycles of expansion and contraction superimposed on seasonal

cycles. This results in significantly higher soil-structure interaction activity that may lead to

excessive earth pressures behind the abutment and potential failure of the soil and structure.

A parametric study was carried out to evaluate the impact of change in the backfill soil

parameters and change in the season of construction on the earth pressures developed

behind the abutment. The frequency of the daily and seasonal cycles of expansion and

contraction is such that granular soils respond as fully drained materials. This is seldom the

case for fine grained soils. Excess pore pressures are developed and some drainage may

occur. However, data and resource limitations make it not feasible to accurately model this

over the long term. Further the need to make assumptions about the temperature cycles and

the permeability characteristics weakens the strength of the analysis. Therefore, an

envelope of earth pressure generation was created in these parametric studies by modelling

fine grained soils as fully drained and fully undrained. Plaxis 2D was used to model the

bridge and surrounding soil.

In developing a realistic model of an integral bridge, the first stage was to simulate a

constructed instrumented integral bridge which presented measured values of temperature,

deformation and earth pressures in time. This allowed the model to be validated and the

sensitivity of the analysis to the parameters assessed. A second simulation was undertaken

to compare the output of an integral bridge analysis using Plaxis 2D finite element software

with a published study output carried out using the finite difference method.

There were a number of challenges to overcome in modelling an integral bridge. These are

described in some detail, highlighting the impact the assumptions made within this studies,
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had upon the output. It was found that the backfill stiffness parameter was the dominant

factor that controlled the magnitude of earth pressure. The parametric study revealed that

the season of construction affected the earth pressures generated behind the abutment with

autumn and summer construction often leading to cumulatively lower earth pressures than

spring and winter respectively.

In integral bridge construction, it is common to use granular soils in backfill construction.

However, the use of granular soils in foundation construction may not be sustainable as a

result of material availability and construction cost. Fine grained soils are alternatively used

where granular soils are not. It was found that modelling fine grained foundation soils as

fully drained and fully undrained produced significant variations in the behaviour of the

backfill soil and the resulting earth pressure pattern. It is therefore necessary to take into

account the impact of thermal loading on the envelope of earth pressure to ensure that the

capacity of the structure and soils are not exceeded or underutilised.
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Chapter 1 : INTRODUCTION

1.1. Background

Economic growth in the 20th century led to rapid infrastructure development. As a result,

an increasing number of bridges are being constructed to cope with the rising road

transportation demand. In the United Kingdom, the cost of construction and maintenance of

this rising number of bridges has been significant and accounts for a substantial part of the

annual expenditure of public funds.

Bridges may be constructed from several materials and may take one of several forms. This

includes the Arch Bridge, Beam Bridge, Cable-Stayed Bridge, Cantilever Bridge,

Suspension Bridge and Truss Bridge. However, the construction of these bridges may be

classified under two main structural configurations – bridges constructed with joints or

bridges constructed without joints. Bridges constructed with joints (see Figure 1.1) are

identified as conventional bridges. The joints provided in conventional bridges

accommodate displacements mainly arising from thermal expansion and contraction of the

bridge deck. These joints are usually found in the abutment and piers, providing spaces

between the abutments or piers, and the longitudinal beams or slabs. The joints, known as

expansion joints are designed to contain damaging forces resulting from torsion,

compression or tension in all directions (Johnson, 1994). Bridges constructed without joints

are known as integral bridges. Figure 1.2 shows an integral bridge. Figure 1.3 shows the

connection between the deck and abutment for (a) a conventional beam bridge and (b) an

integral beam bridge, highlighting the difference between a jointed connection and an

integral connection. Modern integral bridges are usually Beam Bridges.

Expansion joints are adversely affected by exposure to precipitation and harsh weather

conditions. In the 1950’s when de-icing salt was introduced to combat the effect of ice and

snow, it was found to accelerate the deterioration of these joints. Expansion joints have also



been identified as a major cause of bridge deterioration resulting from leakages and

corrosion (Johnson, 1994

Figure 1.1: Double span conventional bridge in service located in Leeds

(M621 Road Bridge over Belle Isle Road), United Kingdom.

Figure 1.2: Single span integral bridge in service located in Middl

(John Charles Approach Road Bridge over railway line), United Kingdom.
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(John Charles Approach Road Bridge over railway line), United Kingdom.
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Conventional Bridge Integral Bridge

Figure 1.3: Bridge abutment and deck section showing expansion joint construction

in conventional bridges and the jointless construction in integral bridges.

Conventional bridges cost more to construct than integral bridges. This is a result of the

additional cost in procurement and time to install the expensive expansion joints in the

conventional bridges. In owning and operating conventional bridges, the primary concern,

other than the higher cost of construction, is the cost of maintaining the expansion joints

including the bearing installation that also requires continuing maintenance and

replacement (Alampalli and Yannotti, 1998). This also leads to regular disruption to the

flow of vehicular traffic. Engineers and clients have identified the maintenance of the

expansion joints of conventional bridges as the major cost component in the whole life cost

of conventional bridges (Arockiasamy et al., 2004, Dicleli, 2005, Clayton et al., 2006,

Faraji et al., 2001, Horvath, 2000).

The integral bridge therefore, is considered an attractive alternative. The bridge deck and

the abutment are connected monolithically with a moment resisting connection (Faraji et

al., 2001). These bridges are designed to eliminate the need for expansion joints and require

little maintenance over time when compared to conventional bridges. Provided the

abutment displacement is limited, the integral bridge is generally considered to be more

cost effective in construction and maintenance than conventional bridges (Carder and

Hayes, 2000, Darley et al., 1998, Davids et al., 2010). As a result, the use of integral

bridges has risen in recent years.
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1.2. Problem Description

The concept and use of the integral bridge presents challenges that must be accounted for in

its design and use. These challenges arise from the monolithic connection that exists

between the superstructure and the substructure of the integral bridge. The monolithic

connection increases soil-structure interaction. This generates compressive and tensile

stresses and strains that may result in soil or structural deformation or failure.

During construction, backfill soils are compacted. Compaction increases the earth pressures

within the backfill soil. The backfill soil behind integral bridge abutments is subjected to

cyclic loading because of the thermal changes to the bridge deck. Cyclic loading can result

in increased earth pressures in the backfill. The integral bridge backfill soil or bridge

structure may fail if exposed to excessive earth pressure. Alternatively, cyclic loading can

reduce the earth pressures that lead to excessive settlement in the backfill. The bridge

abutment wall and foundation structures are subjected to vertical, lateral and rotational

loads which cause a range of stress changes, deformations and displacements within the

abutment structure, backfill material and foundation soil, making design analysis more

complicated than that for a conventional bridge.

The case made for the economic benefits of the use of integral bridges against conventional

bridges depends on an extensive scrutiny of the soil-structure interaction as the length of

the bridge increases. This has formed the basis of several research studies on integral

bridges with some authors and authorities recommending limiting the lengths and heights

of the structure (BA42/96, 2003, BD57/01, 2001, Arsoy et al., 2002, Dicleli and Albhaisi,

2004b). Others have recommended changes in the geometric configuration of the structure

or the use of granular soils and synthetic materials in construction (White et al., 2010,

BA42/96, 2003, Horvath, 2000). However, the concept of the modern integral bridge is

relatively new compared to conventional bridges with the first documented construction in

1938 (Burke, 2009). A comprehensive and standardised design and construction guideline

generally acceptable to authorities in all countries has not been developed largely due to

lack of knowledge of the behaviour of integral bridges. Several countries and authorities

have made recommendations for the design and construction of parts of the integral bridge.

The challenges presented by the complicated analysis resulting from the soil-structure
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interaction still remain the major concern in the integral bridge design, construction and

use, for engineers, bridge owners and regulating authorities.

Design and construction of integral bridges are more often dependent on the use of

imported materials as backfill. Granular soils with or without reinforcing synthetic

materials such as polymeric materials and geocomposites are often recommended for use in

backfill construction by engineers (Carder and Card, 1997) as a result of the free draining

characteristics of the soils. It is often assumed by design engineers that these materials can

be considered to be elastic. These imported materials add to the construction cost. It is also

possible to use replacement foundation materials or modify the foundation soils but usually

at a significantly higher cost. Consequently, often, the design engineer has to accept the

foundation soil on which these bridges and backfill soil are constructed.

Integral bridges can therefore be built on a full spectrum of foundation soils and rocks

including clays. Clay soils exhibit characteristics that may adversely affect the behaviour

and performance of an integral bridge because of the time dependent response to thermal

loading and unloading. Pore pressures may develop in the clays, which can affect the

performance of an integral bridge.

The magnitude of the thermal induced loading on integral bridges typically generates small

abutment displacements (up to double figure values in millimetres). The effect of this

displacement in the backfill and foundation soils on the earth pressures behind the abutment

have not been investigated in detail.

Efficient design of integral bridges would be supported by a better understanding of the soil

behaviour responding to the soil-structure interaction around the bridge abutment and

substructure. This research contributes to the body of knowledge on the soil-structure

interaction of the integral bridge by evaluating the impact of thermal loads on the behaviour

of the backfill and foundation soils. The foundation soils are assumed to be fully drained or

undrained. Undrained means that excess pore pressures can be generated and these do not

dissipate during the analysis. Fully drained means that excess pore pressures are not
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generated. The backfill soils are assumed to be granular and behave as fully drained

materials.

This study was carried out using a two-dimensional (2D) plain strain finite element model.

The impact of thermal loading on the backfill and foundation soils was modelled by

abutment displacements. It was assumed that the prime cause of these displacements was

the expansion/contraction of the bridge deck.

1.3. Research Aims & Objectives

The primary aim of this research is to contribute to the knowledge on the performance of

engineered backfill soil materials in integral bridges. This would support better informed

decisions by engineers during design, construction and use. The focus is the development

of a finite element model that provides a realistic representation of the soil-structure

interaction response of the backfill soil to thermal loading.

Data generated was validated against an integral bridge that was instrumented during

construction and monitored after construction. The validated model is then used to carry out

a parametric study to provide a more revealing insight into the integral bridge soil-structure

interaction providing knowledge that would facilitate more informed decisions by

engineers.

Plaxis finite element programme was used in developing a functioning model of an

instrumented integral bridge. The bridge structure, backfill and foundation soil parameters

and geometric configuration, including the thermal effect experienced, were modelled using

this software. The in-service performance of the backfill is dependent on the construction

process. Therefore, the simulation included modelling the construction process before the

thermal loads were applied.
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In order to achieve the primary aim of contributing to the knowledge on the performance of

engineered backfill soil materials in integral bridges, a number of objectives were

identified-

1. A comprehensive literature review on integral bridges and integral bridge soil-

structure interaction problems as it relates to the backfill and foundation soil was

undertaken to review the concept of the integral bridge, establish the benefits of

using integral bridges, identify the issues surrounding integral bridges, establish

current practice in integral bridge design and construction and establish research

undertaken and the knowledge gaps.

2. A comprehensive finite element model of an integral bridge was developed

using an appropriate constitutive soil model capable of generating realistic

results within the backfill and foundation soils, closely modelling established

backfill soil behaviour from an existing bridge. This meant reviewing relevant

soil mechanics concepts applicable to integral bridges, reviewing relevant finite

element numerical modelling concepts applicable in developing the model,

identifying an appropriate constitutive soil model, identifying an instrumented

integral bridge with sufficient data to model the concept of the integral bridge,

building a finite element model of an integral bridge soil-structure interaction

problem, and comparing the finite element model output with measured site data

to validate the model’s output and establish realism.

3. The effect of changes in the backfill soil parameters on the earth pressure

developed behind the abutment were investigated including the effect of the

assumption of fully undrained behaviour and a fully drained behaviour within

the fine grained soils in the foundation soils on these changes. In order achieve

this it was necessary to identify relevant backfill soil parameters, determine the

backfill soil parameter range, establish a simulation plan carry out parametric

studies simulations, investigating the effect of changes in the backfill soil

parameters on the earth pressure developed behind the abutment and analyse
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results to draw conclusions on the performance of the backfill and foundation

soils.

4. The effect of the performance of the backfill and foundation soils due to the

seasons of construction was investigated. A typical United Kingdom annual

temperature pattern was established to determine characteristics of abutment

displacements in construction seasons. A parametric study was undertaken to

investigate the effect of changes in the seasons of construction, with the

assumption of a fully undrained behaviour and a fully drained behaviour in the

fine grained soils within the foundation materials. A parametric study was

undertaken to investigate the effects of changes in backfill soil parameters. Note

that temperature changes due to climate change were not investigated in this

study.

5. These studies led to design recommendations for integral bridges.

1.4. Structure of Thesis

The research structure presented in this thesis is illustrated in Figure 1.4. This presents a

central core identified using the thick solid line, leading from introducing the concept of the

integral bridge, through the abutment displacement, soil-structure interaction, knowledge

gap, model development and terminating in the conclusions with consideration of the

subjects that influence this core. A literature review was carried out on subjects identified

within the oval shapes. Other subjects presented were deduced or created in the course of

this research.

The content of this thesis is organised into eight chapters. Chapter 1 introduces the problem

addressed in this thesis and presents an overview of the thesis structure. A more detailed

insight on integral bridges is presented in Chapter 2. This includes a review of the integral

bridge performance, advantages, limitations and challenges that have risen. Details of past



9

research work and a review of the various solutions proposed to overcome the challenges

related to the soil-structure interaction problems are also presented in Chapter 2.

Figure 1.4: Illustration of research structure

The relevant aspects of soil mechanics associated with the stresses and deformation of the

backfill and foundation soil as a direct consequence of integral bridge loading is discussed

in Chapter 3. Factors affecting the behaviour of backfill and foundation soil during the soil-

KNOWLEDGE GAP

REDUCING
BACKFILL

EARTH
PRESSURE

CONCLUSION

EARTH
PRESSURE IN
CHANGING

BACKFILL SOIL
PARAMETERS

IMPACT OF
THERMAL
LOADING

SOIL
PROPERTIES

ABUTMENT
DISPLACEMENT

FINITE
ELEMENT
METHOD

SOIL
STRUCTURE

INTERACTION

MODEL
DEVELOPMENT

RESULT ANALYSIS

SIMULATION

CONCLUSION

EARTH
PRESSURE IN
CHANGING

CONSTRUCTION
SEASON

BRIDGE
STRUCTURE
PROPERTIES

INTEGRAL
BRIDGE

CONCEPT



10

structure interaction are highlighted and discussed in this chapter. Constitutive soil models

are reviewed.

The numerical modelling method is introduced in Chapter 4. The fundamental principles of

the finite element numerical method, the primary research tool for finding the solution to

this engineering problem, are described. Plaxis, the finite element software used is also

introduced. The relevant software programme applications are described and the validation

of the software results is discussed.

Chapter 5 presents the application of the finite element principles in the development of a

model integral bridge in Plaxis software. The results generated by the finite element model

are primarily validated with the data obtained from an instrumented integral bridge and its

site investigation. The findings of evaluating the impact on the behaviour of the backfill

soil, of assuming a fully undrained behaviour and a fully drained behaviour in the fine

grained soils within the foundation materials, under thermal induced loading are also

presented in this chapter.

Parametric study on the backfill soil parameters carried out in the research is presented in

Chapter 6. The effect of changes in the backfill soil parameters on the earth pressure behind

the abutment is evaluated. The impact of the theoretical cyclic displacement expected

against the measured displacement obtained from instrumentation, as well as the

assumption of a fully undrained behaviour and a fully drained behaviour in the fine grained

soils within the foundation materials, on the earth pressure developed in the backfill soil,

are also evaluated. These results are discussed.

Chapter 7 presents the parametric studies on evaluating the impact of the construction

seasons, and the assumptions of a fully undrained behaviour and a fully drained behaviour

in the fine grained soils within the foundation materials, under thermal induced loading.

The findings on the impact of changes in the backfill soil parameter on these assumptions

are also presented. The earth pressure developed behind the backfill soil was evaluated in

these parametric studies. Chapter 8 summaries the content of this thesis and highlights its

contribution and relevance to the engineering design and construction of integral bridges.
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Chapter 2 : INTEGRAL BRIDGES

2.1. Introduction

Integral bridges are generally single-span or multiple-span bridges with a continuous deck

and jointless connections between the bridge deck and the bridge support. The jointless

connection with the bridge deck is primarily composed of abutment supports in a single

span bridge or abutment and pier supports in a multi span bridges (Dicleli, 2000a). These

supports may be carried on pile foundations that are part of the structure. The integral

bridge structures, like most bridges, consist of several components (Chen and Duan, 2000)

that interact with each other and with tangible and non tangible components of the host

environment, in sustaining a load. The components of an integral bridge structure generally

include the bridge deck, abutment and/or pier and/or piles, and approach slab. The tangible

components of the environment generally consist of the foundation soil, backfill or

construction soil, and road base. The primary non-tangible component of the host

environment is the thermal effect on the structure responsible for soil-structure interactions.

The modern integral bridge is a relatively new concept. The first modern integral bridge

was built in the United States in 1938 (Burke, 2009). However, integral bridges are gaining

popularity and are increasingly being used in different countries. This chapter reviews the

advantages and performance of the integral bridge. The limitations of the use of the bridge

and the challenges in design and construction are also reviewed. Typical loads an integral

bridge structure may be subjected to are highlighted. The characteristic loading of an

integral bridge because of the thermal effect and the response of the abutment through

varying displacement patterns are discussed. A review of previous research work on the

integral bridge is carried out and proposed solutions to solve the challenges of the integral

bridge are highlighted.
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2.2. Use of Integral Bridges

Bridges have been a feature of human evolution starting with the use of rocks and logs in

primitive times (Ryall et al., 2000). Today, modern bridge structures are made from refined

engineering materials including steel, concrete, reinforced concrete, timber and composite

materials that may include glass or carbon reinforced plastics or any combination of these

materials (Ryall et al., 2000).

Primarily as a result of the lower construction and operating costs of integral bridges

relative to conventional bridges (Alampalli and Yannotti, 1998), the concept of the integral

bridge is increasingly being used as an alternative to conventional bridges for short and

medium span crossings. Short and medium spans are bridge spans that result in abutment

displacements from thermal actions, which do not cause the backfill soil to fail. Lengths

considered acceptable vary between countries and regions. Within the United Kingdom,

spans up to 60m are considered acceptable (BA42/96, 2003, BD57/01, 2001). Integral

bridges are a preferred option in parts of North America, Europe, and Asia for medium and

short span bridges (Civjan et al., 2007).

In 2000, Kunin and Alampalli stated that integral bridges were in use in more than 30

American States and Canadian provinces (Kunin and Alampalli, 2000). By 2004, American

transport agencies had constructed over 13,000 integral bridges (Maruri and Petro, 2005).

Based on a more recent (2009) survey done in the United States, Paraschos and Amde

(2011) identified 41 states in which integral bridges are in use. Integral abutment bridges

are becoming more popular in Europe (White et al., 2010) with an increasing percentage of

the new bridges constructed being integral bridges (White, 2007). In Finland, 17.6% of

bridges built between 2000 and 2004 are integral bridges against 3.6% before 1984

(Kerokoski, 2006). The concept of integral bridges is increasingly being adopted in Asia.

Japan completed its first integral bridge in 1996 and South Korea in 2002 (Burke, 2009).

Within the United Kingdom, an increasing percentage of newly constructed bridges are

integral bridges. Figure 2.1 presents data from a major United Kingdom steel manufacturer

(fabricating majority of the steel works on highway bridges in the United Kingdom), on
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steel supplied to bridge types, indicating the percentage of integral bridge construction in

the United Kingdom (Iles, 2006). The design and construction requirements for bridges in

the United Kingdom, published in a technical document (The Design Manual for Roads and

Bridges [DMRB] ) that provides mandatory rules and guidance, requires that all highway

bridges below 60m in total length, and with skews not exceeding 30°, be designed and

constructed as integral bridges (BA42/96, 2003, BD57/01, 2001).

Figure 2.1: Steel manufacturer’s data on bridge construction within the UK (Iles, 2006)

2.3. Integral Bridge Problem

During its service life, an integral bridge structure is exposed to loading conditions that

result in the development of stresses and strains within and around the structure. The bridge

dead load, live load, wind load, and secondary loads responsible for volume changes such

as chemical and thermal actions, generate stress in the backfill and foundation soils and the

structure. The magnitude of these loads varies depending on the material, size, location, and

use of the bridge. Paul et al. (2005) and Lawver et al (2000) showed that the magnitude of

the thermal loads on integral bridges are comparable to those caused by live loads.

However, loading from thermal action may generate significantly higher stresses up to
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failure loads- in excess of 30MPa on concrete structures (Neville, 1995, Neville and

Brooks, 1987).

Bridge structures generally expand and contract because of thermal strains, creep, and

shrinkage. Such movements have traditionally been accommodated by the provision of

expansion joints, roller supports, and expansion bearings (Alampalli and Yannotti, 1998).

Without the provision of expansion joints, the effect of secondary loading is more

significant. In a single or multi span integral bridge, the superstructure and substructure are

monolithically connected. This allows the transmission of the forces resulting from torsion,

compression or tension through the abutments or piers to the footings or piles. This causes

the superstructure to interact with the substructure, backfill and foundation soil (Dicleli and

Erhan, 2008). Integral bridge expansion and contraction has been identified as the primary

cause of soil-structure interaction problems between the abutment and the backfill

potentially causing settlement of the backfill and increased earth pressure on the abutment.

Movement of the abutment to accommodate the thermal induced expansion of the deck is

resisted by the abutment stiffness, mobilised earth pressures in the backfill soil, friction

between the abutment walls and backfill soil, friction between the foundation structures and

foundation soil, and stiffness of the foundation piles if they are used (Lawver et al., 2000,

Knickerbocker et al., 2003). The movement can cause the earth pressure to increase (deck

expansion) or reduce (deck contraction. (Arsoy, 2004).

Design for thermal movement is therefore a primary consideration in integral bridge design,

and a distinguishing factor from conventional bridge design (thermal movements in

conventional bridges are accommodated within the joints). This design consideration

should enable the abutments, foundation structure, backfill material and foundation soil to

adequately accommodate thermal movements (Nicholson, 1994). A good knowledge of the

soil-structure interaction between the soil and the integral bridge structure is required in the

design to accommodate thermal movement. This has posed a challenge for engineers in the

design of integral bridges (Faraji et al., 2001).
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The principal movement causing a change in the backfill earth pressures is the lateral

displacement of the abutment walls (Arsoy, 2004, Arsoy et al., 2002, Lawver et al., 2000,

Arsoy, 2008) which is caused by the lateral expansion/contraction of the bridge deck. The

bridge deck is most vulnerable to temperature variation. This is due to the significantly

larger surface area of the bridge deck typically exposed to the shade air temperature (Arsoy,

2008) as illustrated by the shaded area of Figure 2.2. Most of the abutment is covered by

the backfill material and foundation soil and is therefore not significantly exposed.

Figure 2.2: Thermal effect (changing temperatures) on integral bridge deck

The deck expands on heating and contracts on cooling. The deck expands and contracts in

the x, y, and z axis illustrated in Figure 2.3, where x and y are horizontal (lateral)

displacement in the longitudinal and transverse axis respectively, and z is vertical

displacement in the vertical axis. The horizontal displacement is restrained by the abutment

and backfill soils if the temperature increases. Temperature reduction causes contraction,

which is resisted by the abutment only. There are no restraints to vertical expansion of the

bridge deck. The transverse horizontal displacement in most bridge designs is not restrained

on either side, enabling the deck displacement to occur without restriction.
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Displacement of a bridge deck induced by thermal activity in the x, y, and z axis as

illustrated in Figure 2.3, is proportional to the length of the deck on the referenced axis. The

extent of the displacement of the abutments, caused by the bridge deck, determines the

value of the earth pressure experienced within the backfill material located behind the

abutment of integral bridge. This relationship consequently introduces restrictions on the

length of the bridge deck in order to restrict the changes to the earth pressures, preventing

failure of the bridge structure or/and backfill soil.

Figure 2.3: Deck expansion, profile & plan

2.4. Performance of Integral Bridges

The concept of the modern integral bridge was developed as early as the 1930s (Burke,

2009, Horvath, 2005). This concept was introduced to the United Kingdom in the last

quarter of the 20th century (England et al., 2000). The justification for the construction of

bridges without joints is supported by the realization that the joints routinely cause more

damage than the stresses the joints were intended to relieve (Burke, 2009).
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The lack of joints in integral bridges results in the transfer of moments and displacements

through the bridge structure to the backfill and foundation soil. This configuration is

generally considered by practicing highway engineers and academics as presenting some

advantages over the conventional bridge configuration. Arsoy et al. (2004) summarized the

principal advantages of integral bridge to include the following:

 Lower construction costs.

 Lower maintenance costs.

 Improved seismic performance.

 Fewer piles required for foundation support.

 No battered piles required.

 Simple and rapid construction.

 Smooth uninterrupted deck.

 Aesthetically pleasing.

 Improves vehicular riding quality.

The behaviour of integral bridges is influenced by the superstructure and substructure

stiffness, the type of foundation, the nature of the foundation and abutment connection

details, the soil properties, and the connection between the approach slab and the deck

system (Arockiasamy and Sivajumar, 2005).

Research results have shown that backfill materials currently used in integral bridges, can

potentially accommodate horizontal displacements resulting from thermal effect in a bridge

length range of up to 120m for steel integral bridges, and up to 260m for concrete integral

bridges, depending on the climatic conditions (Dicleli and Albhaisi, 2004b). In spite of

their susceptibility to increasing stress due to thermal variation, integral bridges have been

found to perform well.

Tilly (1994) compared modern integral bridges built in the United States within the last 20

years to the date of the publication and noted that in that time there certainly would have

been expansion joint failures in conventional bridges. In a survey carried out on 39 state or
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provincial transportation agencies in the United States and Canada on the performance

rating of integral bridges, the results indicated that most of the respondents rated the

performances as “good” or “excellent” (Kunin and Alampalli, 2000).

The cost of constructing an integral bridge is reduced by eliminating the expansion joints

and bearings. The long term operating cost is also reduced because of eliminating joint

maintenance and bearing replacement cost. Potential savings can be made from the

construction of a single row of vertical piles against the conventional bridge pile foundation

configuration which consists of two or more rows of vertical and/or battered piles (Burke,

1996). Generally, less piles are required in integral bridge construction, adding further

savings in construction duration and cost (Arsoy et al., 2004). Eliminating the expansion

joints and bearings installation in the construction process, and the constructing of fewer

piles, enables a shorter construction time and a smooth bridge deck surface without the

expansion gaps.

2.4.1. Bridge Loading

Component parts of the integral bridge structure, and the tangible component parts of the

host environment, are constantly subjected to loading through the life of the bridge

structure. “The predominant loads on bridges are gravity loads due to self-weight and those

of moving traffic… Other loads include those due to wind, earthquakes, snow, temperature,

and construction…” (Ryall et al., 2000). These loads have similar effect on bridges with or

without joints (Nicholson, 1994). Consequently, in the design of all bridges, the effect of

these loadings must be accommodated. However, in the design of integral bridges, an

additional factor, considered relatively insignificant in other bridges, is prominent. This is

the thermal effect on the structure.

Factors that may be responsible for some significant loading on an integral bridge within its

life span include:
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 Bridge self weight

 Vehicular load (Stationary, Movement, Collision, Breaking)

 Other live loads (Pedestrians, Animals)

 Precipitation (Rain, Snow/Ice)

 Submerged uplift loading (Buoyancy)

 Flow loading (Wind, Water)

 High/low water level (Scouring)

 Bridge settlement under loading

 Differential settlement of foundation

 Differential settlement of abutment backfill

 Volume change in bridge structure (Thermal action, Shrinkage, Creep, Chemical

action)

2.4.2. Abutment Displacement

Displacements of the integral bridge abutment occur in a number of ways. Lawver et al.

(2000) in an extended study and monitoring of an integral bridge observed that abutment

movement to accommodate thermal expansion was predominantly through horizontal

translation. Studies by Darley et al. (1998) confirmed that movement of the abutment base

was accommodated by sliding and deformation with tilting and translating. Charles et al.

(1998) identified two forms of movement in the abutment displacement; the rigid body

motion which consists of translational and rotational motions, and bending deflections.

Figure 2.4 illustrates the abutment rotation showing rotation angle. Figure 2.5 illustrates

abutment-bending deformation showing change in deflection angle within the abutment

structure. Figure 2.6 illustrates abutment horizontal translation showing horizontal

displacement at the base and the top of the abutment. These forms of abutment

displacements may simultaneously occur within the same integral bridge structure.
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Figure 2.4: Abutment rotation showing rotation at abutment base

Figure 2.5: Abutment bending deformation indicating different tangents along

abutment wall.

Figure 2.6: Abutment horizontal translation showing displacement of abutment

wall at the base and top of the wall

Due to the bridge deck loading at the top and the foundation restraint at the bottom,

rotational motion is more predominant as the height of the abutment increases (Horvath,

2005). These movements increase with the magnitude of perturbations at the top of the

abutment wall, the number of strain cycles, and the density of the backfill material (Charles

et al., 1998).

Abutment displacements result in soil-structure interactions that lead to changes in earth

pressure. The impact of abutment displacements on an integral bridge structure also

contributes significantly to the load bearing capabilities of the structure. Dicleli and Erhan
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(2010) revealed that backfill soil and bridge structure interaction, as a result of abutment

movement, has a significant effect on the magnitude of the live load moments in the

components of integral bridges. Backfill compaction tend to increase the abutment moment

and shear force while reducing the pile moment and shear force (Dicleli and Erhan, 2010).

Earlier studies by Dicleli and Erhan (2008) showed that the soil-structure interaction as a

result of the abutment displacement, has a significant effect on the live load distribution

factor for the abutments on integral bridges, consequently having an impact on design

considerations.

2.4.2.1. Abutment Displacement Resistance

Abutment displacement in an integral bridge in service occurs within the host environment,

which predominantly consists of soil mass. Huang et al. (2005) in the study of a pile

supported integral bridge, observed a steady increase in the average pile curvature over

time under thermal induced abutment displacement. This study suggests possible increase

in resistance to displacements by the soil mass. Figure 2.7 illustrates the resistance to

abutment movement.

Figure 2.7: Movement resistance

Backfill Earth pressure behind the abutment

Backfill Earth pressure in front of the abutment

Wall friction between the abutment and the soil

Friction between the foundation structures and the soil
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The displacement of the abutment is resisted within the soil mass by the backfill earth

pressure behind the abutment, backfill earth pressure in front of the abutment, friction

between the abutment walls and the soil, and friction between the foundation structures and

the soil.

2.5. Thermal Effect

Bridge structure exposure to temperature changes result in expansion and contraction of the

structural members (Moorty and Roeder, 1992). In a conventional bridge, these changes in

dimension are accommodated by the joints. In an integral bridge, the effect of expansion

and contraction of the members are accommodated by the bridge structure, as there are no

joints.

The structural temperature of the bridge is influenced by the ambient temperature and

changes in the daily temperature cycle, the thermal properties of the structure, solar

radiation, precipitation, wind speed, and other environmental and weather conditions

(Arsoy, 2008). The daily temperature variation with higher temperatures in the day, tend to

result in an abutment displacement pattern that is primarily cyclic. The thermal effect on an

integral bridge structure is prominent and predominantly responsible for the soil-structure

interaction (Zordan et al., 2011).

Results from studies carried out by Paul et al. (2005) indicate that thermally induced

superstructure stresses and shear forces in integral bridges, are comparable in magnitude to

those caused by live load. Lawver et al (2000) confirmed this from in situ observations. The

thermal effect on an integral bridge may also lead to a uniform temperature change across

the structure, which will result in an appreciable change to the bridge deck length.

However, where the change in temperature is sudden, this may result in a thermal gradient

across the structure introducing stress differences within the structure profile and potential

bending (Barr et al., 2005).
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The effects of temperature differentials across a structure are often neglected in design. A

uniform temperature distribution is often assumed (Paul et al., 2005). This is known as the

Effective Bridge Temperature (EBT). In a preliminary study carried out by Paul et al

(2005) from a structural perspective, the effects of a temperature gradient versus uniform

temperature changes were evaluated. The results of the study showed that the gradient

effect was not significant thus validating the use of a constant superstructure temperature

through the cross section of a structure (Paul et al., 2005).

Integral bridges have been subjected to extreme temperature variations during service in

regions such as Northern Europe, Canada, Northern United States, and Northern Asia.

Integral bridges in these regions experience an average daily temperature range and a wider

average seasonal temperature range. The upper and lower temperature limits recorded in

the United Kingdom are -26.1°C in January 1982 and 38.5°C in August 2003 (Met.Office,

2012).

2.6. Earth Pressure

Temperature induced abutment displacement results in the soil-structure interaction that

leads to variation in earth pressure behind the abutment. The thermal induced abutment

displacement can result in earth pressures as low as the active pressure, or as high as the

passive pressure, possibly resulting in failure (Arsoy et al., 1999). Experiments conducted

by several authors (Terzaghi, 1936a, Rowe, 1954, Sherif et al., 1982, Thomson and

Lutenegger, 1998) show that the deformation mode and the magnitude of deformation may

affect the magnitude and distribution of the earth pressure developed behind the abutment.

Increase in the amplitude of the displacements and the number of cycles results in an

increase in the lateral earth pressure but at a decreasing rate (Charles et al., 1998). The

increase in earth pressure resulting from the displacement of the abutment and the soil-

structure interaction, if appropriately managed, enhances the loading performance of

integral bridges. Arsoy (2004), referring to earth pressure behind the integral bridge

abutment noted that although the earth pressures are detrimental for the substructure of a
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bridge, they are of benefit to the superstructure because they reduce the bending moments

caused by the dead loads and live loads in the bridge girders.

There are various theories for the maximum and minimum lateral earth pressures. The

Coulomb theory and Rankine theory are two earth pressure theories widely used in

geotechnical engineering. These are often referred to as classical earth pressure theories

(Sivakugan, 2010). The Rankine theory is however, less complex than the Coulomb theory.

The logarithmic spiral earth pressure theory is less widely used compared to the Rankine

and Coulomb theories because of its complexity (Duncan and Mokwa, 2001). Alternative

earth pressure theories and other solutions in evaluating displacement dependent earth

pressures have also been developed and published by several authors (Kumar and Rao,

1997, Soubra, 2000, Zhu and Qian, 2000, Chang, 1997, Zhang et al., 1998),

2.7. Design, Construction & Performance Challenge

The elimination of joints in the integral bridge presents advantages that make it generally

preferable to most engineers and bridge owners in short and medium span bridges.

However, this presents other challenges as well. Zordan et al. (2011) wrote that it would be

rather naive to consider this kind of structure as maintenance free. The integral bridge

concept must consequently accommodate the displacements between superstructure and

soil caused by seasonal fluctuations of air temperatures (Zordan et al., 2011).

The challenges arising from applying the concept of integral bridge in bridge design are

mostly related to the soil-structure interaction (Kunin and Alampalli, 2000, Arockiasamy et

al., 2004). Kim and Laman (2012) in an analysis of the actual in situ measurements

obtained at four short to medium length integral bridges, observed that all measurements

demonstrate that integral bridge response is cyclical, highly nonlinear, and irreversible over

time.
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2.7.1. Integral Bridge Limitations

Compared to conventional bridges, the behaviour of an integral bridge is more significantly

influenced by the environmental conditions, predominantly the thermal effect. The actual

temperature conditions, the resultant soil-structure interaction and the reaction of the soil

behind the abutment, is a major uncertainty in integral bridge analysis and design (Faraji et

al., 2001, Zordan et al., 2011). This introduces further limitations in the design

considerations of an integral bridge (Huang et al., 2008).

There is currently no generally acceptable design standards established for integral bridges

(Dicleli and Albhaisi, 2004c, Dicleli and Erhan, 2010, Kim and Laman, 2010). Publication

by Greimann et al. (1983) showed that 28 United States Highway Agencies designed and

constructed integral bridges without established standards. In the United Kingdom, other

than recommendations for bridge type under 60m length and 30o skew being constructed as

integral bridges within abutment displacement limits, there are no specific rules set out for

integral bridges in the design manual for roads and bridges (BA42/96, 2003, BD57/01,

2001). This lack of set standards introduces an additional risk factor in the design and

construction procedure.

Skewed integral bridges tend to rotate when subjected to cyclic changes in earth pressures

on the abutment as a result of the cyclic temperature changes (Hoppe and Gomez, 1996,

Arsoy et al., 1999). The soil-structure interaction as a result of the abutment displacement

tends to result in loss of backfill soil material displaced behind the abutment (Lawver et al.,

2000). This may result in irregular surfaces or subsidence behind the abutment. Other

causes of irregular surfaces and subsidence as identified by Briaud et al (1997) and Arduino

and Macari (1998), include compression of fill material, settlement of natural soil under the

embankment, poor construction practice, traffic loads, poor drainage, poor fill material and

erosion of fill material. This ultimately affects the performance of the bridge structure and

the road embankment.

Temperature induced lateral displacements of an integral bridge deck are proportional to

the length of the deck. The ability of the approach fill, the soil mass directly affected by the

impact of the displacement, and the abutment supporting piles, to accommodate the lateral
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displacement of the abutment without distress, is a significant factor in determining the

maximum possible integral bridge length the backfill soil may support (Arsoy et al., 2002).

Dicleli and Albhaisi (2004b) wrote that expectations on integral bridge lengths were subject

to different materials and climates. Consequently, integral bridges can only be used within

acceptable length limits. However, the length limit is not clearly established ((Burke, 1996,

Soltani and Kukreti, 1996, Wassermann and Walker, 1996) cited in (Arsoy et al., 1999)).

GangaRao et al. (1996) cited in Arsoy et al. (1999) determined that integral bridges are

suitable if the expected temperature induced movement at each abutment is less than 51

mm (2 in.). The United Kingdom Department of Transport limits this displacement to

±20mm (BA42/96, 2003).

Thermal-induced repeated expansion and contraction of the bridge deck result in cyclic

straining of the deck. Integral bridges exert cyclic loading induced by these cyclic strains

on the soil behind the abutment (Springman and Norrish, 1994), and soil around the

substructure and the foundation. Cyclic loading in integral bridges cause a change in lateral

earth pressures behind the abutment. Shear failure and settlement have been attributed to

maximum passive and active earth pressures (Card and Carder, 1993, England and

Dunstan, 1994, Springman et al., 1996, England et al., 2000, Carder et al., 2002).

Cyclic lateral load tests carried out by Arsoy et al. (2002) supports the findings that stresses

in an integral bridge abutment will increase as the resistance to lateral displacement

increases. Piles supporting the integral abutments may be subjected to high stresses as a

result of cyclic expansion and contraction of the bridge superstructure. These stresses can

cause formation of plastic hinges in the piles and may reduce their axial load capacities

(Yang et al., 1985).

Dicleli and Albhaisi (2004c) observed that the height of the abutment affects the

performance of the bridge by having a direct effect on the intensity and distribution of the

backfill pressure, when subjected to loading. In active conditions, the maximum tensile

stress is obtained at the top of the abutment. Tensile stress in the soil can create a crack

along soil-wall interface reducing the friction on the wall and leading to increased stress if

the tension crack is filled with water.
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High quality granular backfill materials have been recommended by engineers for use to

minimize the risk of problems associated with settlement occurring. In integral bridges, this

has been found to increase the risk of developing passive earth pressure within the backfill

material (Carder and Card, 1997).

The timeline of the bridge construction affects the behaviour of integral bridges. This is as a

result of the temperature dependent properties of the different materials used in the

construction of integral bridges with particular reference to concrete (Kim and Laman,

2010) and steel. These materials are influenced by the constantly changing environmental

temperature which is time dependent (Arsoy, 2008). The impacts of time dependent factors

are experienced in consolidation, cyclic loading, changes in environmental conditions,

physical and chemical changes within material composition over time, shrinkage, and

creep.

2.7.2. Design & Construction Challenge

As a result of the significant impact of temperature, there is a need for a careful evaluation

of the effect of temperature on the structure which is the origin of the soil-structure

interaction (Zordan et al., 2011). An efficient design therefore requires an accurate forecast

of extreme temperatures through the life of the structure. However, in current analysis and

design practice, this relationship is often neglected (Dicleli, 2000b).

As part of the recommendations for integral bridge design within some jurisdictions,

integral bridges with skews less than 30o may be designed and constructed (Burke, 2009,

White, 2007). This recommendation results from the tendency of the structure to rotate due

to the soil-structure interaction. However, the magnitude of the soil-structure interaction

effect depends on the temperature variation within a specific bridge location and the length

of the structure. This raises the question of design efficiency in generic guidelines.

The timeline of the bridge construction and operating life affects the behaviour of integral

bridges. Factors affected include the consolidation process, the cyclic loading pattern of the

soil, and changes in environmental and structural conditions. These factors highlights the
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significance of analyzing the long-term behaviour of integral bridges beyond the

construction time (Pugasap et al., 2009).

The stiffness of an integral bridge superstructure is significantly higher than the stiffness of

the approach fill and abutment supporting piles, such that the magnitude of the temperature

induced lateral displacement of the bridge superstructure is often unaffected by the stiffness

of these resisting structures (Arsoy et al., 2002). This implies that the backfill material

completely accommodates the displacements of the abutments. Carder and Card (1997) also

found that the degree of compaction of the backfill affects the lateral earth pressures within

the backfill.

It is generally acknowledged that the development of high earth pressure is a major

problem in integral bridge design. While the value of the passive earth pressure within the

backfill can be estimated using several theories, Cole and Rollins (2006), in a review of

passive earth pressure analysis, acknowledged the uncertainty inherent in the analysis of

passive force subjected to cyclic loading.

Earth pressure magnitude at a point in a soil is achieved by multiplying the vertical

effective stress by earth pressure coefficient. This approach, when adopted for abutment

wall will result in an earth pressure that varies linearly if the earth pressure coefficient is

assumed constant with depth. However, experiments have shown that the earth pressure

behind the abutment wall of an integral bridge is not linear ((Wassermann and Walker,

1996) cited in Arsoy (2004)), suggesting that the earth pressure coefficient varies with

depth.

2.8. Summary of Previous Research

Research has been carried out on the different components of the integral bridge, mainly

the piles, bridge structure, and supporting soil. These have been mostly carried out through

field instrumentation of the structure and measurement of environmental parameters,

laboratory testing, and modelling.
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A significant effect of the soil-structure interaction is the development of earth pressure

behind the integral bridge abutment wall. Limited investigations have been carried out on

this development. Investigations carried out have been mainly laboratory-based tests

(Springman et al., 1996, Ng et al., 1998, England et al., 2000, Xu and Bloodworth, 2006).

Limited field monitoring has also been carried out on the earth pressure (Darley et al.,

1996, Darley et al., 1998, Barker and Carder, 2000, Barker and Carder, 2001).

In general, there has been limited research carried out on integral bridges through the field

instrumentation and monitoring. It has been difficult to obtain conclusive evidence on

integral bridge performance under thermal induced loading from field instrumentation and

monitoring. This is as a result of the long monitoring periods required to observe the effects

of seasonal thermal cycling (Bloodworth et al., 2012). The summary of previous research

carried out on integral bridges presented in this section, show that no information is

available from research carried out through instrumentation on all component parts of the

bridge simultaneously. These also show that in modelling, the effects of the foundation soil,

backfill and bridge structure have not been simultaneously evaluated within a single model.

2.8.1. Field Instrumentation and Monitoring

Field instrumentation and monitoring of the integral bridge generally present in situ results

conveying the performance data of the integral bridge structure, soil, and environmental

conditions. A summary of integral bridge instrumentation is given below.

Kamel et al. (1996) evaluated the performance of the concrete piles on a two span

continuous composite steel girder integral bridge in southwest Omaha, Nebraska. The study

did not evaluate the bridge deck, abutment or soil. Hoppe and Gomez (1996) evaluated the

earth pressures behind the abutment and approach pavement settlement on a steel girder

bridge with semi integral abutments in Rockingham Country, Virginia. Hoppe and Gomez

(1996) did not consider the structure.
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Girton et al. (1991b) measured the air and bridge temperature at the Boone River Bridge

(four span) in central Iowa, and the Maple river Bridge (three span) in northwest Iowa. This

study also measured the bridge longitudinal movement and abutment pile strains, but did

not evaluate the soil displacements or pressures.

Other field instrumentation include; the Haavistonjoki Bridge, Finland (Kerokoski and

Laaksonen, 2005); the U.S. 101 - Painter Street Overpass (PSO) bridge, in Rio Dell,

California (Goel, 1997); Bridge 55555 in Rochester, Minnesota (Huang et al., 2005); a

composite integral bridge structure with concrete I-girders in Pennsylvania (Fennema et al.,

2005); Kii Bridge over the Ohia Stream in Kahuku, on the island of Oahu, Hawaii (Ooi et

al., 2010b); and a composite bridge built over Leduan in Northern Sweden (Petursson et al.,

2011). These measured only a limited number of relevant integral bridge components.

2.8.2. Numerical Analysis

Numerical methods are popular research methods widely used in the analysis of integral

bridge problems. Several studies have been done using this method of analysis generating

useful results. Some studies carried out on the integral bridge using the numerical method

are listed below.

 Dicleli and Albhaisi investigated the effects of clay stiffness around piles, pile size

and orientation, pile connection to abutment, abutment height, and bridge size on

the performance of integral bridges during thermal loading using a finite element

analysis software SAP2000 (Dicleli and Albhaisi, 2004b, Dicleli and Albhaisi,

2004a, Dicleli and Albhaisi, 2005).

 Zhao et al. (2011) investigated the seismic behaviour of an integral bridge in

Tennessee by considering the soil-structure interaction around the piles and behind

the abutments, using a commercially available finite element software SAP2000.

 Abendroth and Greimann (2005) investigated the effects of loose versus dense sand

behind the abutment and the stiffness of the soil around the piles when different

vertical temperature distributions are applied over the depth of the superstructure,

using a 3D Finite element software ((Abendroth and Greimann, 2005) cited in (Ooi

et al., 2010b)).
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 Civjan et al. (2007) investigated the effects of backfill properties, foundation soil

properties, and pile restraint on bridge distortion and pile moments during thermal

loading lateral springs, using a 2D and 3D finite element program.

 Arockiasamy et al. (2004) investigated the effect of the degree of compaction of

sand in predrilled holes, depth of predrilled holes, having and not having predrilled

holes, water table elevation, soil type around pile and pile orientation on the

displacements, moments and shear force in H-piles supporting integral bridges

subjected to thermal loading, using a finite element software SAP 2000.

 Zordan et al. (2011) conducted a parametric study assessing the expected structural

response of the Isola della Scala Bridge in Verona, Italy, using a 2D simplified

finite element model.

 Arsoy et al. (1999) investigated the effects of the approach fill on pile stresses,

abutment type, magnitude of thermal movement on the lateral resistance

contribution of the abutment relative to the piles, and magnitude of the thermal

induced lateral movement and the extent of settlement in the fill behind the

abutment, using 2D finite elements.

 Kamel et al. (1996) evaluated the effect of relative compaction, strength, soil type,

pile type, pile stiffness, and type of pile head fixity on the lateral stiffness lateral

springs, using a numerical software LPILE.

 Khan (2004) investigated the seismic behaviour of single span integral bridges with

varying skews, using finite element software.

 Faraji et al. (2001) studied the effect of different soil conditions behind abutment

and around piles, using a 3D finite element software.

 England et al. (2000) investigated the effects of different backfill stiffness, backfill

density, bridge lengths, bridge completion seasons during thermal cyclic loading on

the settlement profile and wall reaction, using a numerical software QSand.

 Khodair and Hassiotis (2005) evaluated the effect of varying steel sleeve diameters

surrounding a single H-pile on pile axial stress and displacements, and on the earth

pressure on the steel sleeve during thermal loading, using a finite element software

ABAQUS.

 Wood and Nash evaluated the effects of backfill strength, stiffness and dilation

angle, and abutment flexural stiffness on the earth pressure during thermal
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expansion for an integral bridge on spread footings, using a finite difference method

software FLAC (Wood and Nash, 2000, Wood, 2004).

 Knickerbocker et al. (2005) investigated the effect of skew angles under various

thermal gradients in girders on deflections and pile moments, using a finite element

analysis software.

2.8.3. Other Studies

Springman et al. (1996) investigated the behaviour of integral bridges under cyclic

temperatures using a centrifuge model. The result showed that the cyclic temperatures

cause horizontal displacements within the backfill soil behind the abutments.

Ng et al. (1998) carried out centrifuge model tests, and numerical modelling of an integral

bridge abutment simulating the expansion and contraction of the bridge deck. The results

showed significant settlements behind the abutment from soil densification, strain

ratchetting, horizontal sliding, and a rocking motion of the abutment.

Tsang et al. (2002) investigated the escalation of earth pressures behind the abutment of

integral bridges with full height abutments under cyclic temperature changes using a 1 to 6

scale model wall retaining Leighton Buzzard sand. The results indicated that two distinct

mechanisms are responsible; flow mechanism relating mainly to the large wall rotations;

and arch mechanism relating mainly to the small wall rotations. These mechanisms were

dictated by the change in length due to the thermal effect on the bridge deck.

Dicleli and Albhaisi (2005) presented an analytical approach in predicting the limit of an

acceptable length of integral bridges built on cohesive soils. They found that the maximum

acceptable length is affected by the stiffness of the bridge deck and soils, abutment height,

as well as the properties and orientation of the piles (Dicleli and Albhaisi, 2005).

Shamsabadi et al. (2007) used the limit-equilibrium method with a modified hyperbolic soil

stress strain behaviour to estimate the abutment nonlinear force displacement capacity as a

function of wall displacement and soil backfill properties.
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2.9. Proposed Solutions

Horvath (2005) observed that the traditional research approach into finding solutions for the

integral bridge problems have been focused on the issue of the earth pressure behind the

abutment and in the more recent research efforts, subsidence on the bridge approach. The

major problem of the integral bridge has been identified to be the soil-structure interaction.

Solutions have been proposed to remedy this problem most notably the use of low stiffness

materials, use of highly compressible and elastic materials such as polymeric and

geocomposite materials (Carder and Card, 1997), and a restriction to the length of the

integral bridge. Xu et al. (2007) showed that a build-up of lateral earth pressure behind

embedded integral abutments in clay, over many daily and annual cycle, is not expected.

An efficient determination of a safe length is dependent on the ability of the backfill

material and foundation soil to accommodate the lateral abutment displacements without

distress.

Several highway agencies have accepted the design and use of integral bridges with varying

limits on lengths considered safe. The Finnish bridge design guideline recommends the

maximum expanding length to be accommodated by an abutment in normal traffic

conditions be 35m, limiting the maximum bridge length to 70m (Kerokoski, 2006, Nilsson,

2008). A fixed length limit of up to 180m (600ft) has been adopted by the Federal Highway

Administration (“Integral” 1980) (Girton et al., 1991a). In the United Kingdom, the

Highway Agency recommends that bridges up to 60m be designed as integral bridges.

Some authors including Tilly (1994), observed that current allowance for thermal effects in

integral bridge design may be excessive. This is attributed to a lack of understanding of the

soil-structure interaction, implying that improvements can be achieved.

Dicleli (2000a) proposed a design method including analysis at each construction phase,

and a correlation between the temperature variation and the magnitude of earth pressure.

This was to analyse the construction process of the integral bridges in stages, taking into

account the prevailing conditions at the time and the long-term behaviour of the bridges

beyond the construction time (Pugasap et al., 2009). Studies on integral bridges have

highlighted the importance of a stage construction analysis in integral bridge design (Ooi et

al., 2010a).
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Stress build up have been observed in the integral bridge abutment and backfill. Efforts to

minimize passive earth pressure development in the backfill of an integral bridges as

summarized by (Burke, 2009) seem to focus mainly on embankment, and bridge geometric

and structural rearrangement. It has been recommended that piles should be oriented to

accommodate bending predominantly around the weak axis (Girton et al., 1991a, Arsoy et

al., 2002, Ooi et al., 2010b). Dicleli and Albhaisi (2004c) recommended the use of non

compacted backfill and limiting the abutment height to 4m to minimize the stress build up

in the backfill.

Loss of backfill material has been identified as a problem associated with the soil-structure

interactions. Lawver et al. (2000) recommended more attention be paid to backfill plan in

integral bridges in an effort to minimise or completely eliminate the loss of backfill

material around the abutment.

As a result of the abutment displacements mostly induced by thermal activities, more

emphasis is placed on the efficiency of the construction materials for improved

performance. Compacted granular material is often recommended for use as backfill

material. However, the report by Carder and Card (1997) revealed that studies have shown

compacted granular material promotes increased earth pressure during thermal strain. This

finding emphasises the need for a more cautious application of compacted granular backfill

for integral bridges.

Arsoy et al. (2002) suggested that concrete piles may not appear to be a suitable choice for

the support of an integral bridge as cracks that develop within the concrete pile structure

from cyclic lateral loading, progressively worsen with increasing cycles, thus significantly

reducing its load bearing capacity. These findings consequently promoted steel integral

bridges instead. However, in consideration of the bridge deck, concrete performs better in

encouraging greater bridge spans (Dicleli and Albhaisi, 2004b).
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2.10. Summary

Kim and Laman (2012) recognized that integral bridges are now a routine construction and

design of choice for many departments of transport as bridges are replaced, or new

roadways constructed. However, in spite of the known challenges and proposed solutions,

current design specifications do not provide a clearly defined or comprehensive guideline

on analysis procedures (Arockiasamy and Sivajumar, 2005). The traditions of managing

integral bridge design and construction challenge differ from country to country, leading to

different technical solutions for the same problem (White et al., 2010, Kunin and

Alampalli, 2000).

The response of the structure to a given set of forces has also been found to depend on the

geometry, materials, soil and structure configuration, soil interaction, and construction

details of the individual system (White et al., 2010). Knowledge of the performance of the

bridge obtained through the actual performance of functioning bridges to support design

and analysis methodology is limited. Kim and Laman (2012) noted that the current design

and analysis methodologies have not matured substantially because of lack of available

long-term field data.

Modelling provides a useful alternative to data obtained from bridge instrumentation and

monitoring. Consequently, several researchers have carried out modelling of the different

parts of the bridge independently in an attempt to better appreciate the performance of the

parts being modelled. While these attempts have generated useful results, the full impact of

the part and the entire structure interdependence is lacking. Few complete bridge modelling

have been performed.

In summary, the primary challenge encountered in the design and construction of integral

bridges arises from the limited understanding of the soil-structure interaction behaviour in

response to the thermal induced lateral displacement of the abutment. A better

understanding of this behaviour requires the long-term instrumentation of bridges for field

data, and the development of models for research based on information obtained from the

field data, to obtain new knowledge from the findings.
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Chapter 3 : BACKFILL & FOUNDATION SOIL BEHAVIOR

3.1. Introduction

The major problem of the integral bridge is a geotechnical problem associated with the soil-

structure interaction of the bridge abutment and the retained soil. In service, an integral

bridge structure is subjected to loading from numerous sources, as discussed in Section

2.3.1. These loads contribute to the soil-structure interaction. However, the primary loading

of interest in the integral bridge is the thermal induced cyclic loading of the abutment

which, in part, is responsible for the behaviour of backfill soil behind the abutment.

Problems that may arise from this interaction as acknowledged by several authors can result

in one or more of the following conditions; subsidence of the approach road structure,

failure of the soil in increasing compressive or tensile strain, failure of the bridge structure.

This chapter highlights the characteristics of the backfill and foundation soil applicable to

the soil-structure interaction. The principles behind the soil deformation and the stresses

generated consequently in accommodating the displacement of the abutment walls is

reviewed in this chapter.

3.2. Soil-Structure Interaction

Several researchers have concluded that the complex soil-structure relationship in integral

bridges constitutes the major challenge to engineers in designing and predicting the

behaviour of integral bridges in use (Spyrakos and Loannidis, 2003). The post construction

flaws of integral bridges are fundamentally of a geotechnical nature, not structural

(Horvath, 2005). Faraji et al. (2001) wrote that a major uncertainty in the analysis of

integral abutment bridges is the reaction of the soil behind the abutment, next to the

foundation piles, and described the handling of the soil-structure interaction in the analysis

of integral abutment bridge as problematic.
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Several of the challenges associated with the integral bridge design can be ascribed to the

attempt of managing the effect of the soil-structure interaction caused by the abutment

displacement, or the attempt of controlling the abutment displacement that cause the soil-

structure interaction. Two significant consequences of the displacement induced soil-

structure interaction have been identified. These are the development of increasing earth

pressure behind the abutment in the backfill and irregular surface or subsidence of the

bridge approach surface (Arsoy, 2004, kang et al., 2008, Charles et al., 1998, Horvath,

2005).

Studies carried out by authors including Springman et al. (1996), Card and Carder (1993),

England & Dunstan (1994) revealed that due to the soil-structure interaction of the backfill

soil and abutment structure, the lateral earth pressure behind the abutment is likely to

increase progressively with time. This results from the observation that at the end of each

annual thermal cycle, there is often an accumulated displacement of the abutment away

from the retained soil (Horvath, 2005). While this phenomenon persists after each annual

cycle, the displacement experienced by the deck and exerted on the abutment remains

constant. This creates a situation in which the provisional space occupied by the soil

particles, available to accommodate displacement is shortened while the displacement

remains constant thus progressively increasing pressure.

3.3. Construction Soil

Soil is a non-homogeneous mix with a wide range of physical properties. McNally (1998)

described soil material as being composed of a diverse lot that includes weathered rock and

boiler ash, whose only common characteristic is that they are relatively easy to dig.

Invariably, soil possesses numerous characteristics. The integral bridge foundation is

normally set in soil, and free draining granular soil is the predominant material

recommended and used in the backfill construction. Some of the numerous characteristics

of soil components may enhance the efficient performance of the integral bridge while

others may simply be less complimentary.
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Engineers often specify the backfill material in construction to harness more of the

beneficial characteristics of the specified material. Soil materials with granular and

cohesive properties, have been recommended for use as backfill construction material by

engineers. In the United Kingdom, the Highways Agency identifies several materials with

qualities acceptable for use as backfill in bridge abutments (BD30/87, 1987).

Soils that meet the design requirements often have to be imported. However, in most cases,

it is not practical to change or pre-determine the soil types that make up the foundation soil.

Engineers often have to work with the foundation soil as found, only making amendments

to the uppermost surface. As a result of this, information on the behaviour of the backfill

soil in response to the characteristics of the foundation soil is a vital tool in the design

process, thus contributing to the knowledge required in improving the efficiency of integral

bridge design and long term performance.

Natural soil is made up of a collection of particles consisting of weathered, decomposed

and broken down rocks, and organic matter with voids. Natural soil particles range in sizes

from the finest identified as clays, through to significantly larger size boulders. The voids

may contain liquids or gasses. Thus, natural soil can be saturated, dry or partially saturated

if the voids contain both liquids and gasses. Engineering construction materials are often

devoid of organic matter. Consequently, the behaviour of construction soil is dependent on

the presence and percentage composition of soil particle sizes, liquids and gasses within the

soil mass. However, soil materials consisting of predominantly clay, fall within the poor

quality backfill material soil type and is not often recommended for use in integral bridge

construction (BD30/87, 1987).

3.4. Factors Affecting Soil Behaviour

In predicting the behaviour of soil, knowledge of the soil’s ability to accommodate stress

with strains under loading, is required. The response of a soil element to stress depends on a

number of primary factors. These factors, include the soil phase relationship (composition

of solids, liquids and gasses in a soil mass) , the stress ratio, the total stress, effective stress
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and pore water pressure, the time duration of loading, the stiffness, the elasticity, the stress

history, soil component reaction (chemical, magnetic, electrical), and temperature.

Factors that affect the behaviour of backfill materials and foundation soils may be classified

as state dependent factors or material dependent factors (Atkinson, 2007). The state

dependent factors are governed by the historic and present state of the total stress, effective

stress and pore pressure. The material dependent factors are governed by the nature of the

material content. Carder and Card (2000) identified other factors that can be considered as

secondary factors affecting the behaviour of all soils under cyclic loading (the characteristic

loading pattern of the integral bridge). Many of the factors listed are interdependent on the

others and are controlled by the primary factors identified above (Carder and Hayes, 2000).

The factors identified by Carder and Card (2000) are;

 The magnitude and rate of shear strain or soil displacement

 The frequency and amplitude of the loading

 The degree of saturation of the soil

 The rate of pore water dissipation during loading

 The initial state of stress in the soil

 The number of loading cycles.

3.4.1. Stress & Stress Ratio

Stress in the soil is a measure of the force acting on a defined unit area and strength is the

ability to resist shear. The strength of the soil is a measure of the maximum shear stress that

can be generated by the soil. In dry soils, the normal stresses applied to the soil are borne

only by the soil particles in contact with each other. However, in saturated soils, the normal

stresses applied to the soil are borne by the soil particles in contact with each other (soil

skeleton) as the effective stress and the pore water as pore water pressure. Soil is a

frictional material and thus the strength increases with increasing normal stress confining

the particles. The stress ratio (the ratio of shear stress to normal stress) is therefore a major

factor in the strength determination. Consequently, soil stresses and stress ratio affect the

behaviour of soil.
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tanࣘm= ߬
/ߪ ……………………. (3.1)

Where ࣘm is the mobilized angle of shearing resistance, τ is the shear stress and ߪ is the

normal stress.

The shear strength of water is zero. The soil particles thus generate the shear stress to bear

the loading mainly from inter-particle friction. The soil particles also generate some

additional strength from the interlocking of the soil particles and light cementing bonds.

The component of the total normal stress applied to the soil may be calculated through the

principle of effective stress equation (Equation 3.2) (Terzaghi, 1936b, Terzaghi and Peck,

1967). The effective stress controls the volume and strength of the soil (Powrie, 2004). In

hydrostatic conditions, Equation 3.3 applies.

' =  - u ………………….. (3.2)

' = γz – γw(z - h) ………………….. (3.3)

Where ' is the effective stress,  is the total normal stress, u is the pore water pressure, γ is 

the unit weight of soil, z is the depth of the soil element, γw is the unit weight of water, h is

the depth of the water table.

Shear stress is proportional to the magnitude of shear strain. This implies that larger strains

that may be generated from a longer integral bridge (with higher magnitude of cyclic

movement), will result in a higher magnitude of shear stress within the backfill soil.

Patterns of typical strength-strain relationship in soil loading have been identified. When

subjected to strain, dense or stiff soils may develop peak strength at about 1% strain, and

critical strength in the order of 10% strain. Loose and soft soils do not develop peak

strengths but do develop critical strengths. Clayey soils develop residual strength much in

excess of 10% strain. However for soils with no significant clay content, strains in excess

of 10% maintain the critical strength value (Atkinson, 2007).

The analysis of the stress effect in soil elements within a soil mass is complex. This is

primarily because of the non homogeneous nature of soils, the geometric configuration of
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the loading area and the relative position of the soil elements within the soil mass. Loading

in the soil causes deformation and displacement of soil elements. Therefore, the analysis of

stress within a soil element is independent of the stress experienced in the fixed position the

soil element occupied before loading as the element may be displaced. Within any soil

mass, the stress effect varies from one point in the soil to the next.

3.4.2. Stress Path

The behaviour of soil material is history and path dependent (Atkinson et al., 1986). The

stress and strain history and the current state of stress and strain changes are a major factor

in determining the behaviour of the soil. The stress path method for design proposed by

Davis and Poulos (1968) and Lambe (1964) presents a more accurate representation of the

stress-strain state of selected element in the in situ soil for measurements of stress-strain

parameters, enabling predictions that closely replicate the actual behaviour of the soil

(Atkinson et al., 1986).

Equations for stress path plots using s and t axis;

δs = ½ (δ1 + δ3) ………………………….. (3.4)

δt = ½ (δ1 - δ3) ………………………….. (3.5)

δt' = δt ………………………….. (3.6)

δs' = δs - δu ………………………….. (3.7)

Equations for stress path plots using p and q axis;

δp = 1/3 (δa +2 δr) ………………………….. (3.8)

δq = δa - δr ………………………….. (3.9)

δq' = δq ………………………….. (3.10)

δp' = δp - δu ………………………….. (3.11)
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The development of finite element methods and the advancement of computing technology

have led to a more affordable and reliable application of the stress part method in analysis

(Atkinson et al., 1986). Stress paths plots may be presented with respect to total and

effective axial and radial stress, or major and minor principal stress. The shear and

volumetric effect in the soil is more appropriately presented using the axis q and p

(Atkinson, 2007) or s and t. The stress paths s and t, or q and p, are plotted using Equations

3.4 - 3.7 and 3.8 - 3.11 respectively. A typical stress path direction plotted using the p and q

axis is shown in Figure 3.1, plotted with slopes of either δr = 0 or δa = 0.

Figure 3.1: Typical Stress Path from Triaxial Test. Modified (Atkinson, 2007).

3.4.3. Soil Phase Relationship

Soil is a complex three phase material consisting of gasses, liquids and solids which

participate in a number of different processes that control the physical behaviour of the soil

(Richards and Peth, 2009). The phase relationship is a measure of the volumes of air, water,

or solid content in a soil mass. The different phases present different characteristics when

subjected to loading.
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The void ratio, specific volume, and porosity are a measure of the phase relationship

presenting the efficiency of solid particles packed together (Powrie, 2004). The percentage

of constitution of the different phases in a soil mass is relevant because a combination of

the characteristics of the independent phases result in variations to the values of the soil

parameters, and consequently affects the general behaviour of a soil mass.

3.4.4. Particle Sizes, Shapes & Grading

The mechanical properties of soil (that constitute the soil strength and stiffness) depend on

the nature of the soil grains that constitute the soil mass. This is also dependent on the soil

particle sizes, shapes, and grading. Figure 3.2 shows the range of soil particle sizes.

Figure 3.2: Soil particle size range. Modified (Atkinson, 2007).

A typical soil mass consist of a large range of particle sizes. The distribution of particle

sizes within the soil mass is represented by the grading curve. The soil particles also consist

of varying shapes. However a general description of the clay particle grains can be said to

be usually plate like while those of silt, sand, and gravel are more rotund (Atkinson, 2007).

Powrie (2004) found that there is an approximate relationship between particle size and

toughness. These findings therefore establish a relationship between the frequency

distribution of the particle sizes contained in the soil and the general toughness of the soil

mass. The frequency distribution also affects the porosity of the soil mass hence a measure

of its permeability.
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3.4.5. Soil Permeability

The nature of the soil grains within a soil mass determines the soil permeability. It is

established that the major feature distinguishing a granular soil from a cohesive soil thus

introducing differences in their behaviour is the permeability. The permeability of soil is

largely dependent on the sizes of the soil particles and the particle size distribution.

Research carried out by Montoro and Francisca (2010) related the influence of viscosity

ratio, specific surface of particles, soil fabric and particle fluid interaction on hydraulic

conductivity to the effective particle diameter and soil void ratio. Where the flow of water

through the saturated soil does not affect the structure, permeability calculation is as shown

in Equation 3.12 (Terzaghi and Peck, 1967). Equation 3.13 is the Darcy’s law equation.

ܭ = ݇
γ౭
ఓ

…………………….. (3.12)

=ݒ ܭ ݅ …………………….. (3.13)

Where v is the discharge velocity, K is the coefficient of permeability or hydraulic conductivity, k is

the permeability, ߤ is the viscosity, γw is the unit weight of water, i is the hydraulic gradient.

Permeability is a primary factor in determining the choice of modelling a soil mass in static

analysis as drained or undrained. Drained analysis is carried out using the effective stresses

and pore pressure. Pore pressure is in equilibrium and can be found from the ambient water

pressure, which, for hydrostatic conditions, can be based on the water table. In undrained

analysis, pore pressure changes and there is no change in water content. In a fully saturated

soil undrained analysis, there is no change in volume. In practice, drained or undrained

analysis depends on the rate of loading against the rate of drainage within the soil.

3.4.6. Stiffness & Elasticity

The stiffness of the backfill soil is an important factor affecting the behaviour of soil.

Predicting ground movements and possible solutions to soil-structure interaction problems
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is supported by a knowledge of the soil stiffness (Atkinson, 2007). Stiffness is the quality

of the soil that measures the ratio of the incremental stress to incremental strain thus

relating the deformation of the soil to the loading applied. Stiffness variation in soil under

loading can be large. Lehane et al. (1999) reported that the stiffness of siliceous

cohesionless material increases as density increases and void ratio reduces.

Under cyclic loading and abutment displacement of an integral bridge structure, excessive

deformation (straining) from stress may lead to the collapse of the structure or failure of the

backfill or foundation soil. Simulation results as demonstrated by Wang and Shih (2007)

show that reduced deformation in the backfill soil is essential in preventing collapse.

During the cyclic displacement of an integral bridge abutment, relatively small

displacements occur within the backfill soil. The resulting deformation of the abutment is

relatively small. However, repeated deformation because of cyclic loading may result in

failure. An ideal construction material would deform on straining and recover when the

strain is relieved, without sustaining permanent damage, thus preventing cumulative

deformation as a result of the cyclic loading.

Figure 3.3 highlight three regions of strains where the stiffness behaviour is different. In the

region before the soil first yields, the stiffness is relatively constant with a linear stress

strain relationship. Strains are usually in the order of 0.001%. Strains experienced around

the state boundary surface, usually greater than 1%, exhibit elasto-plastic behaviour.

Between this strain range, the stiffness changes considerably and the behaviour is non-

linear (Atkinson, 2007). The stiffness of the soil may also be affected by other factors

including the previous direction of loading, the degree of ageing, the angularity of the

deposits, the anisotropy, and the shearing mode to which the material is subjected (Lehane

et al., 1999).
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Figure 3.3: Characteristics of soil stiffness across three distinct regions showing

structure strain range and measurements. Modified from Atkinson and

Sallfors (1991) cited in Plaxis Manual (PLAXIS, 2010a).

3.4.7. Pore Pressure Changes

During soil loading, because of the displacement and rearrangement of soil particles,

volume change occurs if a soil is partially saturated or pore pressures are allowed to

dissipate. From Equation 3.2, where the pore pressure remains constant, the change in total

stress is equal to the change in effective stress. However, where volume change is restricted

as a result of restrictions in seepage and the rate at which the load is applied, the pore

pressure will change (Atkinson, 2007).

The excess pore pressure is the difference between the pore pressure introduced as a result

of the loading and the initial pore pressure. Soil loading is considered fully drained when no

excess pore pressure is realised as a result of the loading, and fully undrained when there is

no dissipation of excess pore pressure during loading. Consolidation is the process of

dissipation of the excess pore pressure through time.

The relationship between the rate of change in soil volume V, change in stress change in

pore pressure u, and change in time t, defining the drained and undrained loading is

First

Yield

Yield at state the state

boundary surface
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illustrated in Figure 3.4. The development of excess pore pressure is of critical importance

in determining the behaviour of the soil. It has been found to be responsible for liquefaction

in granular soil under seismic and cyclic loading (Hazirbaba and Rathje, 2009, Hazirbaba et

al., 2011, Wang et al., 2010). Studies on the effect of seasonal ratcheting on clays as a

consequence of changing pore pressures have illustrated the relevance of considering this

effect on the behaviour of clays (Take and Bolton, 2011).

Drained Loading Undrained loading and consolidation

Figure 3.4: Characteristics of drained and undrained loading.

Modified (Atkinson, 2007).
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3.4.8. Other Soil Parameters

Soil parameters reflect the composition of the soil and the structure of the soil. They

indicate the expected behaviour of the soil. They may be measured insitu, in the laboratory

with samples, or by estimation from the description of the soil using predetermined

classification from historic data. Soil parameters may depend on the nature of the soil

(shape, size, Atterberg limit), identified as material parameters, or on the state of the soil

(water content, void ratio, stress history) - most accurately measured in undisturbed

samples, identified as state dependent parameters (Atkinson, 2007).

It is appreciable that backfill materials are characteristically disturbed material because of

the construction process introducing some change in their natural state dependent

parameters. However, foundation materials are often largely undisturbed. Soil composition

varies from any specific point to the very next in the field and from one sample to another.

These differences give rise to different results on measurement of these parameters. This

leads to soil being considered as a spatially variable material such that parameters are often

based on a statistical assessment.

3.5. Loading

Integral bridges are subjected to similar loading forces experienced by conventional bridge

structures. In addition, the integral bridge structure is subjected to a predominantly lateral

and cyclic loading pattern, induced by the thermal expansion and contraction of the bridge

deck. Erken & Ulker (2007) observed that failure can occur more readily under cyclic

loading in fine grained soils (silt and clay) with low plasticity. Cyclic loading in undrained

conditions leads to a reduction in shear strength. The reduction depends on the number of

cycles and shear stress amplitude.

Densification occurs in soil when subjected to cyclic loading. Application of cyclic loading

results in a reduction of volume due to shear. This volume reduction is less in fine grained

soils. The densification is independent of the applied hydrostatic pressure (Pande and
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Zienkiewicz, 1982). The impact of cyclic loading on the integral bridge backfill and

foundation soil is considered in this section.

3.5.1. Granular Soils

Carder and Hayes (2000) reviewed the behaviour of granular soils by considering the

typical behaviour under simple loading conditions. Granular soils are typically

recommended as integral bridge backfill materials. The behaviour of the backfill soil

immediately behind the abutment of an integral bridge is largely dependent on the strain-

controlled behaviour of the backfill material due to the lateral displacement of the integral

bridge abutment. The foundation soil sustaining the backfill soil is also subjected to the

loading effect of the lateral abutment displacement. However, unlike the backfill soil, the

behaviour of the foundation soil is largely dependent on the stress-controlled behaviour of

the granular soil. An evaluation of a simple loading condition carried out through stress-

controlled and strain controlled loading is presented below.

3.5.1.1. Stress Controlled Loading

In a model with stress-controlled loading, where constant stress is applied in cyclic loading,

recoverable and non-recoverable shear strain is experienced. The magnitude of recoverable

strain remains fairly constant while the non recoverable strain diminishes with increasing

number of cycles (see Figure 3.5). The magnitude of non-recoverable strain resulting from

an individual cycle is dependent on the stress applied. Where failure is excluded, increasing

the number of loading cycle results in an increased cumulative magnitude of non

recoverable strain, up to equilibrium (Carder and Hayes, 2000).

At equilibrium, the material is considered to be in a resilient condition where the

recoverable strain is significantly larger than the non-recoverable strain. The resilient strain

experienced (shown in Figure 3.5) is largely recoverable. Reduced stress in resilient

condition only reduces the magnitude of the resilient strain with no non-recoverable strain.

However, increased stress introduces additional non-recoverable strain that will reduce with

increasing cycle until failure is reached or an increased stress resilient condition. Carder
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and Hayes (2000) reported that in the cyclic loading of a granular material, immediately on

starting unloading, there is a sudden increase in the stiffness of the material that

progressively decreases as unloading continues. Figure 3.6 show the effect of stress reversal

on stiffness.

Figure 3.5: Granular Soil Constant Stress Cycle Loading (Resilient Shear

Strain) Modified (Carder and Hayes, 2000).

Figure 3.6: Effect of stress reversal on stiffness.

Modified (Carder and Hayes, 2000).

3.5.1.2. Strain Controlled Loading

In a model with strain controlled loading, where there is straining on either ends of a

neutral position, comparatively high stiffness develops at the centre of the cycle. The

resilient shear strain
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stiffness is observed to increase dramatically on strain reversal before decreasing during

continued loading. Figure 3.7 shows the result of cyclic strained controlled loading.

With increasing number of cycles, the area enclosed by the stress strain loop reduces while

the stress increases and the material readily accommodate a deformation range within the

established strain loop. However, any strain increment will encounter high resistance.

Strain-controlled loading appropriately represents the loading of the backfill material

behind the integral bridge abutment, as the backfill loading is dependent on the

displacement of the abutment controlled by the bridge deck expansion. The abutment

displacement is largely unaffected by the stiffness of the resisting structures (i.e. backfill

and foundation materials) (Arsoy et al., 2002).

Figure 3.7: Granular Soil Constant Strain Cycle Loading.

Modified (Carder and Hayes, 2000).

3.5.2. Cohesive Soils

Cyclic loading may introduce excess pore pressure that reduces the effective stress in

cohesive backfill materials. Dissipation of the excess pore pressure will lead to settlement.

The extent of settlement that can occur during cyclic loading depends on the magnitude of

excess pore pressure generated and the rate of dissipation. Dissipation is controlled by the
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permeability of the soil. Carder and Hayes (2000) illustrated the behaviour of clay under

undrained cyclic loading in Figure 3.8.

Figure 3.8: Behaviour of clay under undrained cyclic loading condition.

Modified (Carder and Hayes, 2000).

The illustration shows that an increment in shear stress generates a corresponding

increment in strain and pore pressure. Repeated cycle of stress will generate a pore pressure

and strain with cyclic and average value that increase with number of cycles. The pore

pressure at the end of the cycle is known as the permanent pore pressure (Carder and

Hayes, 2000).

Shear Stress

Shear Strain

Pore Pressure
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In an integral bridge cohesive backfill or foundation soil, partial drainage may occur due to

the relatively slow rate of loading over time. In general, as the number of cycles increases

under constant loading, strain amplitude increases, effective stress reduces and pore

pressure increases. Yasuhara (1991), however, showed that in normally consolidated clays

predominantly under undrained loading conditions where only partial drainage is

experienced within a loading cycle, the rate of drainage in subsequent cycles increases with

increasing number of loading cycles.

3.5.3. Soil Failure

Mechanical characteristics of soil under loading include a lack of significant capacity to

resist tension and a limited capacity to resist high compression up to failure in both cases.

Soil is known to fail in tension, shear, barrelling or barrelling and shear. The structural

strength of the soil is primarily a measure of the soil’s ability to resist sliding along internal

planes within the soil mass. This ability is the soil’s shear strength.

Several failure criteria have been developed and used in the analysis of soil failure. This

includes the Mohr Coulomb criterion (Mohr, 1900, Nadai, 1950, Schweiger, 1994,

Woodward, 1997, Kumar, 1998, Tachibana et al., 2007, Labuz and Zang, 2012), Drucker-

Prager criterion (Drucker and Prager, 1952, Schweiger, 1994), Hoek-Brown criterion (Hoek

and Brown, 1980, Hoek, 1990, Kumar, 1998), Lade-Duncan criterion (Woodward, 1997,

Tachibana et al., 2007), Von Mises criterion (von Mises, 1913, Tachibana et al., 2007).

Their strengths and weaknesses have been highlighted in numerous publications in which

these criteria have been discussed. The Mohr Coulomb failure criterion is a popular

criterion used in the analysis of soil strength. Failure in the Mohr Coulomb criterion occurs

when the Mohr circle touches the failure line defined by Equation 3.14.

'߬ = c' + 'ߪ tan ࣘ ' ……………………………….…. (3.14)

Failure is achieved at the point of maximum shear strength. Failure in integral bridge

backfill may develop at maximum active or passive earth pressure. In passive mode, failure

may be observed to occur in the backfill soil in the form of compressive cracks or shear. In
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this mode the displacement from top to bottom of the abutment decreases while the soil

resistance increases (Wang and Shih, 2007). In active mode failure may be observed in the

form of tensile cracks or excessive settlement.

3.6. Soil Models

The composition of soil is complex and differs across the entire soil mass. This presents a

challenge in studying and understanding the behaviour of a soil mass. Knowledge of the

nature and behaviour of the soil in loading, deformation, and failure around an integral

bridge can be acquired by measurements taken off the integral bridge site. This approach

presents many challenges, is expensive, not practical, and the measured results would be

peculiar to the circumstances surrounding the particular bridge. However, certain

characteristics of soil behaviour, considered relevant to an event, may be replicated using a

simplified approach considered a model of the specified soil characteristic. A model is a

creation done to be representative of the actual. Dutta and Roy (2002) highlights the

importance of accurately modelling soil behaviour in integral bridge analysis.

Soil behaviour may be modelled by a set of mathematical equations, designed to generate

outputs that replicate an expected behaviour the soil would generate. Soil models are

intended to isolate those elements that significantly influence the soil behaviour for

intensive study with less emphasis on features considered irrelevant within the

circumstance (Wood, 1990). Wood (1990) classified soil models according to the purpose

served. These were; illustration model - illustrating soil behaviour, in which case a

simplified but overall picture of the soil is given; and predictive model - predicting soil

behaviour, in which case the behaviour of the soil elements in a particular prototype is

expected to be closely matched by the model (Wood, 1990).

3.6.1. Modelling

Problems in geotechnical engineering typically originate from changes in stresses, and are

centred around stability analysis where the emphasis is on yield with relatively large
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deformations, or collapse of the structure, and on soil deformation analysis which is

concerned with the stiffness of the soil mass under loading with relatively small

deformations (Wood, 1990). Models attempt to idealize the reality of these analyses,

without which these behaviours would be too complex to analyse.

Understanding the behaviour of in-situ soil subjected to loading has advanced remarkably

within the last century. As a result of these gains in knowledge, more complex soil models,

aimed at reflecting more accurately the current understanding of the behaviour of soil have

been developed. Research findings, documented in published literature, by several authors

such as Collins (2005) and Kelln et al. (2008) have highlighted inadequacies that have been

observed in simpler models, thus recommending the use of more complex models in

analysis. Many of the more recent models are extremely complex and require several soil

parameters that are, in many cases, commercially not practical to acquire (Collins, 2005,

Kelln et al., 2008).

Real soil behaviour is predominantly based on a nonlinear stress strain relationship.

Kondner (1963) suggested that a hyperbola represents to a high degree of accuracy the

nonlinear stress strain behaviour of both sand and clay. However, in a stress strain

relationship, a soil material subjected to varying level of stress may experience one or more

of linear elastic straining, non-linear elastic straining, yield, elasto-plastic straining,

hardening, softening, and failure. Soil models are designed to emphasis these relationships

with a set of specific considerations and assumptions. Analysis carried out by Jardine et al.

(1986) concluded that, although linear elasticity often used for its simplicity, is a

convenient tool that may be used in expressing measurements of soil stiffness, where the

non-linear nature of soils is not accounted for, soil-structure interaction computations and

the interpretation of field measurements may be misleading.

Numerical and analytical soil models may be designed to simulate soil behaviour as can be

accurately mathematically expressed (Potts and Zdravkovic, 1999). The accuracy of

predicting soil behaviour through these models depends on how appropriate the models

used are in reflecting the relevant characteristics within the circumstance. The stress strain

relationship of a typical soil material subjected to loading under linear elastic straining, non
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linear elastic straining, yield, elasto-plastic straining, hardening and softening straining, and

failure conditions, are presented under the elastic, plastic and elasto-plastic models below.

However, a popular validation approach to the predictive abilities of the model used in a

given circumstance is the comparison of the model’s output with measured values on real

structures under similar circumstance.

3.6.2. Modelling Elastic Behaviour

In an elastic model, soil is assumed to be strained on loading and recover completely from

any deformation and strains caused by the loading during unloading, irrespective of the

number of times the loading and unloading process is carried out. Elastic models may be

linear or nonlinear. Figure 3.9 shows the stress-strain relationship of a linear and nonlinear

material. The principle of elasticity holds within this model provided the stresses in the soil

do not exceed yield stress or failure.

Figure 3.9: Typical elastic stress strain relationship:

(a) Linear; (b) Non-linear. Modified (Wood, 1990).

While changes in the effective stress govern the behaviour of soil, it is useful to describe

the elastic response of the soil in terms of the changes in the total stress (Wood, 1990). The

stress-strain behaviour for an ideal isotropic soil-like material is given by the generalized

form of Hooke’s law (Atkinson and Bransby, 1978). In terms of the principal stress and

strain in axial symmetry where the intermediate and minor principal stresses are equal, the
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equation can be written as shown in Equations 3.15 and 3.16. These equations demonstrate

that in an isotropic elastic soil, with an established constant of proportionality, increment of

shear strain δεs, corresponds with increment of deviator stress δq', and increment of

volumetric strain δεv, corresponds with increment in mean stress δp'.

True elasticity in soil behaviour is unlikely to occur under static loading conditions but may

be observed under dynamic loading conditions and especially with cohesive soil (Glanville

et al., 1952). However, calculations from elastic soil models with judiciously selected

elastic parameters may be used in the prediction of soil behaviour with a reasonable degree

of accuracy (Powrie, 2004).

δεv = (1 / K') δp' ………….…. (3.15)

δεs = (1 / 3G') δq' ………….…. (3.16)

K' = (1 / 3) E' / (1 - 2ν') ………….…. (3.17)

G' = (1 / 2) E'/ (1 + ν') ………….…. (3.18)

Where K' is the bulk modulus, G' is the shear modulus, E' and ν' are the Young’s modulus

and Poisson’s ratio appropriate for changes of effective stress.

3.6.3. Modelling Plastic Behaviour

In the plastic phase of a model, deformations and strains incurred on loading are not

recovered when unloading. Plastic strain is irreversible. The three essential features that

apply in the theory of plasticity are yielding of the material, hardening, and flow (Atkinson

and Bransby, 1978). These features are described by the yield function, the hardening law,

and the flow rule (Hill, 1958). Where perfect plasticity is assumed, the yield function is

equal to failure. Plasticity theory in the hardening law presents the relationship between the

change in yield stress and the change in plastic strain. The flow rule in the plasticity theory

is the relationship between the failure envelope and the direction of the vector of the plastic

strain (Craig, 2004, Atkinson, 2007). Figure 3.10 show the behaviour of an ideal perfectly

plastic material.
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(a)

(b)

(c)

Figure 3.10: Ideal Perfectly Plastic Material Flow Rule:

(a) Stress yield limit (failure envelope); (b) Plastic strain of material;

(c) Flow rule illustration (yield & strain). Modified (Atkinson, 2007).

Loading in excess of the yield stress will result in plastic straining in the soil (Figure

3.10b). Varying combination of stresses defined by the axis in Figure 3.10a may achieve

failure defining the failure envelope (curve in Figure 3.10a). Normality conditions apply in

a perfectly plastic material where the vector of plastic strain is normal to the failure

envelope (Figure 3.10c). In a perfect state of plasticity, soil is assumed to deform

continuously without any load increment and change in volume giving rise to a plastic

flow. This state is defined by an application of the ultimate load and indefinite increment of

strain.
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3.6.3.1. Elastic Perfectly Plastic Model

The basic principle behind the Elastic Perfectly Plastic model is the modelling of the

combined elastic and plastic property in a soil occurring non-concurrently within the

model, where the plastic strains (Y’ to Y’’) succeed the elastic strains at failure. Yield

accounts for failure in this model. Increasing effective stress generates increasing elastic

strain. At ultimate effective stress, failure occurs and the strain becomes plastic. Unloading

(Y’’ to U) will recover the elastic straining without the plastic straining as shown in Figure

3.11. Subsequent reloading will introduce a new yield point at a different cumulative strain.

The ultimate effective stress remains unchanged. This model commonly adopts the Mohr

Coulomb failure criterion and is appropriate in modelling an approximate and general

behaviour of a soil under loading.

Figure 3.11: Illustration of elastic-perfectly plastic stress strain relationship.

Modified (Craig, 2004).

3.6.3.2. Elasto-Plastic Model

Soil exhibits some elastic and/or plastic properties at various stages of loading.

Predominantly, most soils typically exhibit a combination of elastic and plastic straining

during the unloading of an applied load. The magnitude of either is dependent on the nature

of the soil and the properties of the load applied. In accurately modelling the behaviour of
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soil, the elastic and plastic properties are combined in soil models considered suitable in

modelling the appropriate soil characteristics.

The elasto-plastic model accounts for a combined elastic and plastic property in a soil

occurring concurrently. Figure 3.12 illustrates the stress strain behaviour of the elasto-

plastic model. Elasto-plastic behaviour is experienced during loading from Y1 to Y2. If the

material is unloaded at Y2, elastic strain is recovered but plastic strain O1 to O2 is lost. The

cycle continues on reloading from O2 through Y2 to Y3. The material behaves elastically

when re-loaded and unloaded within the new yield stress limit O2 to Y2. The yield stress

changes from Y1 to Y3 and beyond as the loading increases.

Figure 3.12: Illustration of elasto-plastic stress strain relationship.

Modified (Atkinson, 2007).

3.6.3.2.1. Hardening & Softening

Strain hardening and softening is a characteristic of the elasto-plastic model. The increase

in yield point from A to B in Figure 3.13 is called hardening and the relationship that exist

between the increase in yield stress and the plastic straining is known as the hardening law

(Atkinson, 2007). Yielding and straining in the elasto-plastic model may cause softening
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where a peak stress has been realized, in which case the yield stress value will be

decreasing (Figure 3.14).

Figure 3.13: Strain hardening (Atkinson, 2007).

Figure 3.14: Strain softening (Atkinson, 2007).

There are two types of hardening. Hardening from shear strain and hardening from

compression. Hardening from shear strain is associated with plastic shear strain while

hardening from compression is associated with plastic volumetric strain.
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3.7. Summary

A review of the concept of the integral bridge, challenges originating from this concept,

proposed solutions, and a summary of the research effort on the integral bridge was carried

out in Chapter 2. Chapter 3 reviewed the impact of this concept affecting the behaviour of

the backfill and foundation soil. The integral bridge presents advantages that make it

preferable. Complications however arise from the concept of the integral bridge in

application thus introducing constraints in its use.

Fully understanding the behaviour of the soil subjected to soil-structure interaction in

response to the thermal effect on the structure, and the nature of the complications that

arise, have been challenging to engineers and academics alike. Generally acceptable design

and construction guidelines have not been developed. This is evidently, in part, due to a

lack of sufficient information and knowledge that may be required in the development of

guidelines for the design and construction of the integral bridge, as is standard practice in

most engineering events.

Research has been carried out on the earth pressure developed behind the abutment,

considered a primary problem in integral bridges. The result of these studies have shown

that change in the values of the backfill soil parameters affect the development of earth

pressure within the backfill soil (Wood and Nash, 2000). As a result of the characteristics

of soil, the season in which the bridge is constructed affects the development of earth

pressure. Studies carried out on the impact of the season of construction on integral bridge

performance determined that the effect was not significant and therefore may not be taken

into consideration (England et al., 2000). However, in studying the earth pressures

developed, these studies did not take into consideration the indispensable effect of the

foundation soil on which these structures are constructed.

The development of excess pore pressure is known to have a significant impact on the

known behaviour of soil. While the backfill soil is often engineered soil, mostly granular in

nature with a little possibility of developing excess pore pressure, the foundation soil is

more often cohesive and presents a significantly higher probability of developing excess

pore pressure. The impact of the excess pore pressure developed within the foundation soil
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as a result of the thermal induced abutment displacement, on the earth pressure behind the

abutment within the backfill soil, has not been investigated.

This knowledge is sought primarily by developing a model of an instrumented integral

bridge to simulate realistic earth pressure results obtained from the thermal induced backfill

soil loading. The impact of the excess pore pressure in the foundation soil, as a result of the

thermal-induced abutment displacement, on the development of earth pressure behind the

abutment, is then evaluated through the assumptions of fully undrained and fully drained

fine grained soils within the foundation materials under loading. This is evaluated as:

 Applicable to the impact of changes in the backfill soil parameters.

 Applicable to the impact of changes in the season of construction.

 Applicable to the impact of changes in the backfill soil parameters in changing

construction seasons.
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Chapter 4 : NUMERICAL MODELLING

4.1. Introduction

Modelling is an indispensable tool in today’s world with the expectation of more efficiency

in engineering outputs using leaner resources. Burland (1987) presented the view that

geotechnical engineering practice involves three parts. These parts are interlinked and

supported by experience consisting of empiricism and precedent. Two of the three parts are;

the ground profile established from site investigation, and the soil behaviour established

from soil testing. The third part is modelling which entails an application of the knowledge

obtained in the other two parts to guide the final decision making process of the engineer.

Engineering events may be modelled using equations. These equations increase in

complexity as the quantity of variables taken into consideration increase. Accuracy is also

improved as more relevant variables are taken into consideration within these equations.

Solving these highly complex equations may be a laborious and time demanding process,

fraught with possibilities of error, and may not achieve a solution. However, the numerical

method of analysis consistently provides solutions to these complex equations, albeit the

solutions are approximate solutions and are achieved through a tedious calculation process

(Ford, 1999). Solutions obtained from relatively complicated models of problems, using the

numerical method of analysis, are reputed to have a high degree of accuracy where

appropriately applied. The principles through which these solutions are achieved are briefly

described in this chapter.

4.2. Numerical Method Approach

Potts and Zdravkovic (1999) noted that for an exact theoretical solution to a geotechnical

engineering problem, the requirements of equilibrium, compatibility, material behaviour

and boundary conditions in forces and displacements must be satisfied. An evaluation of
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the methods of analysis showed that the numerical method of analysis satisfy these

conditions (Potts and Zdravkovic, 1999).

It has been established that the numerical method of analysis is a powerful tool and a more

flexible method in the analysis of problems represented by complex equations, such as may

be encountered in geotechnical engineering problems (Ford, 1999, Potts and Zdravkovic,

1999, Cundall and Strack, 1979).

4.2.1. Numerical Method Options

The availability of affordable digital personal computers with increasing capabilities of

performing otherwise tedious calculations in record time has encouraged the development

and use of advanced numerical methods in routine engineering analysis. Popular numerical

methods of analysis developed include the finite element method, the finite difference

method, the boundary element method, and the discrete element method. Many variations

of these methods with the same fundamental principles are also in use.

The discrete element method (DEM) initiated by Cundall and Strack (1979) is a numerical

method of analysis capable of simulating the motion and interactions of individual particles

(Kalala and Moys, 2004, Magnier and Donze, 1998). The discrete element method is based

on particle interaction modelling, at the moment of contact, defined by particle contact

conditions in which finite motions including displacements and rotation of the particle are

considered (Reddy, 1993). Elements collide and rebound at the point of contact and its

trajectory can be calculated by integrating Newton’s law with a knowledge of the geometry,

the direction and velocity of the approaching elements, the boundary conditions, and the

forces at collision (Richards et al., 2004). It is more suited to problems exhibiting strong

discontinuity in material and geometric properties (Mohammadi, 2003) and involving

transient dynamics terminating in a state of rest among the particles (Munjiza, 2004).

Discrete element numerical analysis method has been used in finding solutions to problems

in geotechnical engineering analysis (Richards et al., 2004, Villard et al., 2009a, Chen et

al., 2011) but is currently limited because of the time and computing capacity needed to

analyse all but the simplest problems.
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The boundary element method (BEM) or boundary integral method solves problems

formulated as equivalent boundary integral equations. The Boundary integral equation is

regarded as an explicit solution to the governing partial differential equation. This is

generally obtainable in linear partial differential equation. As a result, the boundary element

method is unable to accurately solve non-linear problems when compared to other

numerical methods (Katsikadelis and Nerantzaki, 1999). It is, however, an efficient option

of numerical analysis where linear problems are encountered.

The finite difference method (FDM) uses a topologically square network of lines to

construct the discretisation of partial differential equations. This approach in analysing

problems, is a potential bottleneck when applied to complex geometries in multiple

dimensions (Peiro and Sherwin, 2005). The constraints encountered as a result of using this

approach, motivated the use of the integral forms of the partial differential equations and

consequently the development of other numerical methods such as the finite element

method (Peiro and Sherwin, 2005). The finite difference method is reputed to be easily

implemented over regularly shaped or rectangular form type of geometry.

The finite element method (FEM) solves partial differential equations with values at

specific points identified as nodes. The fundamental principle is to discretise a domain into

a discrete number of elements known as finite elements and solve for the unknown values

at the nodes (Zienkiewicz et al., 1977). The nodes connect the finite elements within a

domain and form a mesh. The finite element method is capable of solving most properly

defined continuum problems.

4.2.2. Numerical Method Summary

Variations in results among numerical methods, that are considered suitable for a specific

type of problem, have been generally adjudged to be minimal (Fang et al., 2002, Marfurt,

1984, Katsikadelis and Nerantzaki, 1999) with arguments about one’s advantage over

another largely dependent on the exact definition of the referenced process (Zienkiewicz et

al., 1977). Different numerical methods suited for a given type of problem may provide

acceptable solutions to the problem using their various approaches. However, the choice of
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the most appropriate method to apply in any given circumstance is dependent on the nature

of the problem in consideration, and a recognition of the advantages and disadvantages of a

numerical method’s approach over another within the said circumstance (Zienkiewicz et al.,

1977).

In solving similar problems, the finite element method has been consistently rated generally

equal to the finite difference method or better in output (Marfurt, 1984, Simpson and

Clement, 2003). Results of the studies carried out by Fang et al. (2002) on a two point

boundary value problem, indicated that the finite element method had a slight advantage in

accuracy over other methods investigated especially the finite difference method.

The discrete element method was developed for materials exhibiting discontinuities thus

limiting its application on cohesive soils. As highlighted above, solutions to non-linear

problems as may be encountered in natural soil loading are challenging using the boundary

element method. Using the finite element method, complex non-linear equations and

problems with complex geometries, can be solved as analytical solution forms are not

required (Zienkiewicz et al., 1977) as is the case in the boundary element or the finite

difference method. A review of the fundamental principles of the finite element method as

applicable in geotechnical engineering problems, highlights its robustness in dealing with

problems that may be defined through complex equations, have finite boundary conditions,

and act as a continuum (Potts and Zdravkovic, 1999). The finite element application is

capable of solving problems with complex geometries, complex restraints, and complex

loading conditions. Its ability to deal with several complex equations in a continuum makes

it advantageous in simulating events such as a soil-structure interaction problem with

relatively small displacement.

The characteristic of the finite element method as identified above, coupled with a

computer-aided execution of the calculation analysis in successive stages, is ideally suited

to simulate the integral bridge construction and abutment displacement sequence and

closely replicate the behaviours of the soil materials within these sequences. The finite

element method is used in this research.
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4.3. Finite Element Approach

The finite element method finds approximate solutions to partial differential and integral

equations. This method derives solutions of problems in a given domain and provides the

approximate values of variables only at discrete number of points in a domain (Desai and

Abel, 1972). It is based on the principle of dividing a given domain into smaller domains

known as finite elements (Reddy, 1993). Figure 4.1 shows the discretisation of an irregular

shaped object into finite elements.

The fundamental idea behind the finite element method is to find solutions to a complicated

problem by replacing it with a simpler problem generating an approximate solution rather

than the exact solution (Rao, 2005). The finite element method of analysis over time has

been a popular application in finding solutions to geotechnical engineering problems. It was

identified by Britto and Gunn (1987) as the most commonly used numerical method in

geotechnical engineering applications and by Reddy (2004) as one of the most commonly

used methods for practical engineering problems.

Known properties of a typical finite element within the domain are acquired. Functions that

approximate the distribution of the actual displacement over each finite element are chosen.

This process is achieved through a mathematical formulation of the physical process. The

resulting equation is known as the “element equation” (Reddy, 1993). The unknown value

of the displacement functions are the displacement at the nodal points (Desai and Abel,

1972). This equation is unique to and must be developed for each type or class of element

within the domain.

In the finite element method, problems dependent on time are solved in two stages. In the

first stage, the differential equations are approximated by the finite element method to

achieve ordinary differential equations in time. The next stage involves these equations

being solved to obtain algebraic equations that are then resolved to obtain the values at the

nodes (Reddy, 1993).

The element equations are subject to boundary conditions that introduces a unique identity

and a solution to each case. The approximate solution to the problem in the given domain is
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obtained by assembling the properties of the finite elements in a meaningful way. The

assembly is based on the assumption that the solution considered is continuous at the inter-

element boundaries controlled by the nodes (Reddy, 1993).

Figure 4.1: Finite element discretisation of an irregular shape modelling a soil mass

with cluster representing different soil types

In the finite element method, it is possible to improve the accuracy of the approximate

solution. The degree of accuracy is based on the number of finite elements defined within a

domain. This arises from the principle that the approximate solution converges to the actual

solution as the number of finite elements tends to infinity. Consequently, the global error

(total finite element error) converges to zero (Reddy, 1993).

4.3.1. Discretisation

The primary step in the finite element approach is to quantify and define an approximate

geometry of the problem. The quantified geometry makes up the domain in consideration.

The domain is subdivided into a mesh of finite elements, a process known as discretisation.

The finite elements consequently constitute a cluster of smaller discrete regions that make

up the domain (Reddy, 1993, Desai and Christian, 1977).
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In a two dimensional domain, the finite elements are often triangular or quadrilateral in

shape. The finite elements are separated by nodal lines and the intersection of these nodal

lines is called nodal point (Desai and Christian, 1977). Finite elements are considered to be

interconnected at nodal points also known simply as nodes. In a finite element with straight

sides, the nodes make up the corners. The geometry of the nodes is identified by the

coordinates within the geometry of the domain (Potts and Zdravkovic, 1999). The finite

elements may be uniform resulting in a uniform mesh or otherwise, in a non-uniform mesh.

Discretisation presents the advantage of allowing “accurate representation of complex

geometries and inclusion of dissimilar materials” and “accurate representation of the

solution within each element to bring out local effect” (Reddy, 1993). Accuracy of the

finite element results depend on an accurate representation of the geometry. Discretisation

also presents the advantage of controlling the number of finite elements within a domain. In

the finite element method, the number of finite elements within the domain controls the

degree of accuracy.

4.3.2. Primary Variable Approximation

The finite element approach includes the selection of a primary variable such as

displacement or stress. The rule of how the variable should vary over the finite element

must be established. In a displacement primary variable selection, the primary unknown

quantity is the displacement, which varies through the domain. Other variables including

the stress are treated as secondary quantity and can be obtained through their representative

relationships with the displacement values.

Figure 4.2: Typical three node finite element.
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u=a1+a2x+a3y ……….. (4.1)

v= b1+b2x+b3y ……….. (4.2)

The constants in Equations 4.1 and 4.2 are expressed in terms of the individual nodes to

generate the nodal displacement equation.

The variation of displacements within the finite elements must satisfy the condition of

compatibility. In a two-dimensional plane strain analysis, displacement within the domain

is characterized by two global displacements that may be represented as u in the horizontal

(x) axis and v in the vertical (y) axis. The finite element axial displacement components are

assumed to vary over the domain by equations in a polynomial form as presented in

Equations 4.1 and 4.2 where the order of the polynomial is dependent on the number of the

nodes within the element. The nodal displacement equations for the nodes of the three node

finite element in Figure 4.2 are expressed as shown in Equations 4.3 - 4.8.

u1=a1+a2x1+a3y1 ……….. (4.3)

u2=a1+a2x2+a3y2 ……….. (4.4)

u3=a1+a2x3+a3y3 ……….. (4.5)

v1= b1+b2x1+b3y1 ……….. (4.6)

v2= b1+b2x2+b3y2 ……….. (4.7)

v3= b1+b2x3+b3y3 ……….. (4.8)

The simultaneous equations are solved for the constants a1, a2, a3, b1, b2, b3, in terms of the

displacements at the nodes to obtain Equation 4.9 where [ܰ] is defined as the matrix of

shape functions and the number of nodes in the element is n.

ቄ
ݑ

ݒ
ቅ= [ܰ]. ,ଵݑ} ,ଶݑ … . . , ,ݑ ,ଵݒ ,ଶݒ … . . , ்{ݒ = [ܰ].ቄ

ݑ

ݒ
ቅ
ௗ௦

……….. (4.9)

Accuracy of the finite element depends on the nature of the primary variable approximation

and on the size of the finite element. As the numbers and therefore the sizes of the elements
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within a domain change, the displacement approximation must have continuity within the

displacement domain in order to avoid voids or overlaps occurring; be capable of

representing rigid body movements; and be capable of representing constant strain rates

(Potts and Zdravkovic, 1999).

Variations of unknown displacements within a finite element are defined in terms of the

displacement at the nodes. Consequently, displacement within the domain is determined by

displacements at the nodes that satisfy compatibility conditions within adjoining finite

elements.

4.3.3. Equations

Functions that represent the distribution of the displacement over each finite element are

assembled into an element equation. This equation governs the deformation of the finite

element in a loading analysis. A typical element equation primarily satisfies the conditions

of equilibrium, compatibility and material constitutive behaviour. Changes in

displacements u and v in a plane strain analysis are assumed to be represented as follows:

{Δd} = ൛୳
୴
ൟ= [N]൛୳

୴
ൟ
୬

= [N]{Δd}୬ ……….. (4.10)

Strains corresponding to the displacements u and v on the x and y axes respectively in plane

strain analyses are represented by:

Δε୶ = −
ப(୳)

ப୶
……….. (4.11)

Δε୷ = −
ப(୴)

ப୷
……….. (4.12)

Δγ୶୷ = −
ப(୳)

ப୷
−

ப(୴)

ப୶
……….. (4.13)

Δε = Δγ୶ = Δγ୷ = 0 ……….. (4.14)

{Δε} = ൛Δε୶ Δε୷ Δγ୶୷ Δεൟ


……….. (4.15)
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Strains across the finite elements can be expressed in terms of the nodal displacements by a

combination of Equations 4.10 - 4.15 and is given by Equation 4.16 where [B] is a matrix

that contains derivatives of the shape functions and {Δd}୬ is the nodal displacement for the

finite element.

{Δε} = [B]{Δd}୬ ……….. (4.16)

The constitutive model representing the behaviour of the material can be expressed in terms

of stress strain relationship given in Equation 4.17 where [D] is the constitutive matrix in a

two dimensional plane strain analysis and {Δσ} = Δൣσ୶ Δσ୷ Δσ୶୷ Δσ൧.

{Δσ} = [D]{Δε} ……….. (4.17)

For a linear elastic material, [D] takes the form presented in Equation 4.18 where υ is

Poisson’s ratio and E is Young’s modulus (Potts and Zdravkovic, 1999).

E

(1 + υ)

⎣
⎢
⎢
⎢
⎢
⎢
⎡
(1 − υ) υ υ

υ (1 − υ) υ
υ υ (1 − υ)

0 0 0
0 0 0
0 0 0

0 0 0
0 0 0
0 0 0

(1/2 − υ) 0 0

0 (1/2 − υ) 0

0 0 (1/2 − υ)⎦
⎥
⎥
⎥
⎥
⎥
⎤

……….. (4.18)

The principle of minimum potential energy states that the static equilibrium position of a

loaded linear elastic body is responsible for minimizing the total potential energy. This

principal is the basis for determining the element equation for linear elastic material. The

total potential energy (E) of a body is defined as the strain energy (w) or work done within

the material less the work done by the applied loads (L) on the material. The principal of

minimum potential energy equilibrium equation is expressed in Equation 4.19.

δΔE = δΔW − δΔL = 0 ……….. (4.19)
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The strain energy (ΔW) is defined in Equation 4.20 where integrations are over the volume

of the body represented by Vol.

ΔW =
ଵ

ଶ
∫ {Δε}
୭୪

{Δσ} dVol =
ଵ

ଶ
∫ {Δε}[D]
୭୪

{Δε} dVol ... (4.20)

The work done by applied loads (ΔL) consists of work input from body forces and surface

tractions and is expressed as shown in Equation 4.21 where; {Δd} = {Δu , Δv} is the

displacement vector; {ΔF} = {ΔF୶ , ΔF୷} is the body force vector; and {ΔT} = {ΔT୶ ,

ΔT୷} is the surface traction vector. Srf represents the integration over the part of the

domain which surface tractions are applied.

ΔL = ∫ {Δd}
୭୪

{ΔF} dVol + ∫ {Δd}
ୗ୰

{ΔT} dSrf ……….. (4.21)

A combination of Equations 4.19 - 4.21 gives an equation for the total potential energy of

the body and this is expressed as a sum of the potential energies of the contributing

elements. The volume integral for this equation is over the volume of the element and the

surface integral is over the portion of the element boundary subject to surface traction as

shown in Equation 4.22. N is the number of elements.

ΔE =

∑ ቂ
ଵ

ଶ
∫ ൫ {Δd}୬

[B][D][B]{Δd}୬ − 2{Δd}୬
[N]{ΔF} ൯

୭୪
dVol − ∫ {Δd}୬


ୗ୰

[N]{ΔT} dSrfቃ
୧ୀଵ

……….. (4.22)

Equilibrium is achieved by minimizing the potential energy with respect to the incremental

nodal displacements over the mesh {Δd}୬ as shown in Equation 4.23.

δΔE =

∑ ({δΔd}୬
)୧ൣ∫ [B][D][B]dVol {Δd}୬ − ∫ [N]

୭୪
{ΔF}dVol

୭୪
− ∫ [N]

ୗ୰
{ΔT} dSrf൧

୧
= 0

୧ୀଵ

……….. (4.23)
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The expression as shown in Equation 4.23 can be represented in the form of Equation 4.24.

[K] is the element stiffness matrix and {ΔR} is the right hand side load vector.

∑ [K]୧({Δd}୬)୧=
୧ୀଵ ∑ {ΔR}

୧ୀଵ ……….. (4.24)

[K] = ∫ [B][D][B] dVol
୴୭୪

……….. (4.25)

{ΔR} = ∫ [N]
୭୪

{ΔF}dVol + ∫ [N]
ୗ୰

{ΔT} dSrf ……….. (4.26)

The element equation can be summarized into an equation determining and summing the

constituent element equations within a finite element in Equation 4.17 (Potts and

Zdravkovic, 1999). In order to evaluate the equations of the element stiffness matrix and

the right hand side load vector, integration of the equations must be carried out. An

evaluation of this form of integration cannot usually be carried out explicitly. Therefore, a

numerical approach is adopted for solutions.

[K]{Δd}୬ = {ΔR} ……….. (4.27)

The number of integration points determines the integration order and the higher the order,

the more accurate the result. The number of functions evaluated also depends on the

integration point thus demanding higher computing capacity for greater accuracy. It is more

convenient to restrict evaluations of stress and strains to integration points as the stiffness

matrix is determined by numerical integration, and the element equations are referred to

integration points (Potts and Zdravkovic, 1999).

Several numerical integration approaches have been established. However, Potts and

Zdravkovic (1999) identified the Gaussian integration scheme as the most commonly used

numerical integration scheme. The integration points within the Gaussian integration

scheme are identified as the Gauss points. The integration order in this scheme depends on

the shape and type of element being used in the analysis.
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To achieve solutions to problems within a domain the element equations within that domain

are assembled into a global equation where [Kୋ] is the global stiffness matrix; {Δd}୬ୋ is a

vector containing the unknown nodal displacements for the entire finite elements within the

domain; and {ΔRୋ} is the global right hand side load vector as shown in Equation 4.28.

[Kୋ]{Δd}୬ୋ = {ΔRୋ} ……….. (4.28)

The element stiffness matrix is assembled into the global stiffness matrix and the terms are

obtained through summing the individual element contribution, while taking into account

the degree of freedom or nodal displacement common between elements. The terms of the

right hand side load vector are obtained through summing the individual loads acting on

each node.

4.3.4. Boundary Conditions

A loaded body or structure will undergo unlimited rigid body motion unless constraints are

imposed to keep the body or structure in equilibrium. The boundary conditions are

introduced to define a boundary value problem making it possible to achieve a solution in

equilibrium.

Two types of boundary conditions, the forced or geometric and the free or natural can be

imposed (Rao, 2005, Anandarajah, 2010). A combination of these types of boundary

conditions is used in achieving a solution to finite element problems. Boundary conditions

are controlled by the loads and displacements that finite elements may be subjected to

within the domain.

Loading inputs that include loading conditions, line load, and surcharge pressure, affect the

right hand side of the global system of element equation. Loading inputs into the right hand

side load vector {ΔRୋ} are prescribed as force (Equation 4.28), thus pressure boundary

conditions must be expressed as equivalent nodal force to be assembled into the right hand

side load vector (Potts and Zdravkovic, 1999).
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Displacement boundary conditions and inputs affect the vectors containing unknown nodal

displacements{Δd}୬ୋ (Equation 4.28). In analysis, sufficient displacement conditions

required in achieving a rigid body mode of deformation such as rotation or translation must

be prescribed. In conditions of insufficient displacement, the global stiffness matrix will be

singular and the equation cannot be solved.

4.3.5. Solutions

The global equations assembled with the boundary conditions form a large system of

simultaneous equations. These simultaneous equations are solved to give the values of the

unknown nodal displacements. Several mathematical techniques used in solving a large

system of simultaneous equations exist. However, most finite element programs adopt a

technique based on Gaussian elimination in the evaluation of a large system of

simultaneous equations (Potts and Zdravkovic, 1999).

Secondary quantities such as strain and stress are determined after the primary quantities

are determined. A combination of the nodal displacement values obtained in the analysis

and equations representing material relationships are evaluated to achieve values of the

secondary quantities.

4.3.6. Non-linear theory

In non-linear behaviour, the constitutive matrix [D] is not constant but varies with stress or

strain. Consequently, in a non-linear finite element analysis, a technique to accommodate

the change in the constitutive matrix must be developed to represent more accurately the

behaviour of the material.

The basic strategy developed involves applying the boundary conditions incrementally. The

incremental application of the boundary conditions modifies the finite element global

equation to take account of the increments and is expressed as shown in Equation 4.29

where [Kୋ]୧ is the incremental global stiffness matrix; {Δd}୬ୋ
୧is a vector containing
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incremental nodal displacements; {ΔRୋ}୧ is the vector of incremental nodal forces; and i is

the increment number.

[Kୋ]୧{Δd}୬ୋ
୧= {ΔRୋ}୧ ……….. (4.29)

The change in the boundary conditions is applied in a series of increments during the

analysis, and for each increment, Equation 4.29 must be solved. As a result of the non-

linear constitutive behaviour, the incremental global stiffness matrix will be based on the

current increment stress and strain levels thus varying over the loading process. This

implies that the element stiffness matrix within a specific increment depends on the stress

and strains determined at the preceding increment.

A cumulative result of the increments after the final increment presents a solution to a non-

linear problem. Several different techniques have been developed to accommodate the

change in the constitutive matrix including the tangent stiffness method, the visco-plastic

method, and the modified Newton-Raphson method (Potts and Zdravkovic, 1999).

4.3.7. Stress Analysis

Stresses in soil are analysed in terms of either the total stress or the effective stress and pore

pressure. The relationship that exists between the total stresses, effective stress, and pore

pressure is expressed in the principal of effective stress. Equation 4.30 is the principal of

effective stress equation where {Δσ} is the total stress, {Δσ'} is the effective stress and

{Δσ} is the pore pressure. Equation 4.32 represents a fully drained analysis.

{Δσ} = {Δσ'} + {Δσ} ……….. (4.30)

{Δσ} = {Δp Δp Δp 0 0 0} ……….. (4.31)

{Δσ} = {Δσ'} ……….. (4.32)
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In undrained analysis, the solid and fluid phase deform together thus on the larger scale the

strains in the solid and fluid are assumed to be equal. The stress component in Equation

4.30 is equated to strain through the equation defining material constitutive behaviour in

Equation 4.17 to give Equations 4.33 and 4.34. Substituting Equations 4.17, 4.33 and 4.34

into Equation 4.30 results in Equation 4.35 where [D] is the constitutive matrix in terms of

total stress; [D'] is in terms of effective stress; and [D] in terms of pore pressure.

{Δσ'} = [D']{Δε} ……….. (4.33)

{Δσ} = [D]{Δε} ……….. (4.34)

[D] = [D'] + [D] ……….. (4.35)

However, [D] is related to the bulk modulus of the pore fluid K. In a two phase fluid such

as may occur in a partially saturated soil, [D] can be presented as shown in Equation 4.36

where Kୣ, the equivalent bulk modulus of pore fluid, is a constant, 1ଷ is a 3x3 matrix of 1s,

and 0ଷ is a 3x3 null matrix.

Kis related to Kୣ as presented in Equation 4.37 where n is the soil porosity, and for

saturated material, Equation 4.38 (Naylor, 1974) apply. Consequently, in the consideration

of effective stress, pore pressure, and total stress, instead of specifying [D] in a finite

element analysis, a direct combination of the pore fluid equivalent bulk modulus Kୣand the

constitutive matrix in terms of effective stress [D'] is specified for analysis. Kୣ is used in

calculating the change in pore pressure values from Equation 4.39 where Δp is an

increment in pore pressure and Δε୴ is the volumetric strain.

[D] = Kୣ
1ଷ 0ଷ
0ଷ 0ଷ

൨ ……….. (4.36)

Kୣ =


୬
……….. (4.37)

Kୣ = K ……….. (4.38)

Δε୴ =
୮


……….. (4.39)
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4.3.8. Soil-Structure Interaction

Most problems in geotechnical engineering would involve some interaction between soil

and structure. Typical soil and typical structure materials characteristically have different

properties that lead to significantly different constitutive behaviour. In soil-structure

interactions problem with sufficient displacements, relative movement occur with respect to

the soil and the structure.

Continuum within the elements and compatibility of displacements prevents relative

displacement of elements at common nodes and consequently soil-structure interaction

behaviour. To accommodate this constraint, interface elements are used to model the soil-

structure boundary (Boulon and Nova, 1990, Viladkar et al., 1994). The interface element

presents the ability to vary the constitutive behaviour of the interface and allow differential

movement of the adjoining elements (Potts and Zdravkovic, 1999).

Several methods have been proposed for the analysis of interface properties including the

use of thin continuum elements, use of linkage elements, hybrid method where the soil and

structure are modelled separately and linked through constraint equations for compatibility,

and use of special joint element with zero or finite thickness (Potts and Zdravkovic, 1999).

4.4. Finite Element Software

The principles of the finite element method have been adopted in the development of

numerous computer software programs for commercial purposes or private use. The

commercially available finite element software have the added advantage of being more

widely used by professionals and academics, and consequently more independently tested

in its application. The rapidly growing list of commercially available finite element

software include the general application type of finite element software such as ABAQUS

that may be adopted for use in most engineering problems (ABAQUS, 2000), as well as

more specialized type of finite element software such as SAP2000 for structural

engineering analysis and Plaxis for geotechnical engineering analysis.
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The general application software is a useful tool in the analysis of engineering problems

that cut across different fields of engineering. However, these software are least specialized

in some specific application when compared to other specialized software. They are less

flexible than the more specialized software in direct application over a specific problem and

may therefore require the development of other specialized codes. This usually would

require an extensive validation process, demanding time and resources to build confidence

for its use. The general application software are often less suitable than a specialized

software in solving practical problems within such specific fields.

Several specialized geotechnical engineering software have also been developed including,

Frew by Oasys Limited, Arup Group, UK, SVSoild by soil vision systems Ltd, Canada,

Plaxis 2D by Plaxis bv, Netherlands (Smadi, 2012). However, Plaxis is a popular software

that has featured as an effective tool in the analysis of many geotechnical engineering

problems. It has the advantage of being one of the oldest commercially available

geotechnical finite element software, having been in development and use since 1987

(Brinkgrene et al., 2008).

Plaxis finite element software program has been extensively used for geotechnical

engineering analysis, providing valid results in academic research. Several articles

published on geotechnical engineering research identify Plaxis as the finite element

software used in analysis. It has been used in seeking solutions to several geotechnical

problems and research studies including problems in soil-structure interaction,

consolidation, and slope stability analysis (Abusharar et al., 2009, Demir et al., 2009,

Lovisa et al., 2010, Tan, 2008, Hammouri et al., 2008, Howard and Warren, 2009, Gong

and Zhao, 2009, Cui and Zhou, 2009).

4.4.1. Plaxis Software

The Plaxis code incorporates models of structural behaviour and soil that can be used to

simulate the behaviour of soil and soil-structure interaction. The software is specially

equipped with programs designed to model the constitutive relationships that can be used in
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simulating non-linear and time-dependent behaviour of soils (PLAXIS, 2010b). Plaxis

software is also equipped with special procedures in dealing with hydrostatic and non-

hydrostatic pore pressures as characterized by soil.

Plaxis has been used extensively to generate high quality research outputs that have been

found to closely match results obtained using other analytical approach as was

demonstrated in the slope stability analysis by (Hammouri et al., 2008). Results from Plaxis

have also been found to closely match results obtained using laboratory based approach as

demonstrated in the study of the behaviour of geotextile-reinforced sand bed by (Lovisa et

al., 2010), and results obtained from actual measurements taken on site as demonstrated in

the modelling of an instrumented flexible pavement by Howard and Warren (2009) .

The finite element analysis in this research is carried out using the Plaxis code and its soil

models. Plaxis 2D version 9.0 used in this research offers soil model options including

linear elastic and perfectly plastic soil behaviour, and variants of the hyperbolic soil model

behaviour.

4.4.2. Plaxis Soil Models

Soil modelling using the finite element approach consists of a set of mathematical

equations, integrated into the finite element software code, to generate outputs that replicate

the expected behaviour a soil with specific characteristics would generate. These equations

take into consideration parameters that significantly influence some specific behaviour of

the soil, under specific conditions, to generate an expected output.

Several types of soil models are available with increasing complexities or simplicity. An

increase in the complexity or simplicity of the soil model will certainly change the cost of

analysis but may not generate a more relevant result. Therefore, the relevant characteristics

of the soil type and the governing features and parameters are carefully considered in order

to determine a suitable soil model.
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Soils behaviour is generally non-linear under loading. However, specific characteristic

behaviours of soil may be modelled using linear or non-linear models under simulated

loading. Plaxis uses a number of soil models offering several levels of sophistication in

modelling the behaviour of soil. The Plaxis Mohr Coulomb model can be generally

considered as a first order approximation for soil behaviour and can be used for a quick

assessment in modelling. A review of the Mohr Coulomb model as constituted in Plaxis 2D

version 9.0 is presented in Section 4.4.2.2 below.

Undrained behaviour in Plaxis may be modelled using the undrained effective stress

analysis or the undrained total stress analysis. The undrained effective stress analysis

considers the effective stress and pore pressure distinctively in analysis. This enables

undrained analysis to be executed with effective stress input parameters. The undrained

total stress analysis requires undrained parameters in analysis and generates outputs in total

stress (PLAXIS, 2010a).

4.4.2.1. Soil Model Review

The Plaxis code supports a number of soil models including the elastic perfectly plastic

Mohr Coulomb soil model and other more sophisticated models that highlight different

properties of soil and models several other characteristics. The behaviour of these models is

controlled by parameters that identify specific characteristics, and the governing equations

designed to relate these parameters in a certain way.

Soil parameters required in analysis within the Plaxis soil models include: Young modulus,

E, Axial stress / axial strain in uniaxial compression or extension test where radial stress is

constant (da / dεa); Secant modulus at 50% of the material strength, E50
ref (Secant stiffness

in standard drained triaxial test); Oedometer modulus, Eoed
ref; Unloading and reloading

stiffness, Eur
ref; Poisson’s ratio, v, Radial strain / axial strain in uniaxial compression or

extension test where radial stress is constant ( - dεr/dεa); Poisson’s ratio for unloading, v’ur;

Angle of internal friction, ࣘ ’; Cohesion, c’; Dilatancy, ψ; Power for stress-level dependency

of stiffness, m; Initial void ratio, eint; Reference shear modulus at very small strain, G
୰ୣ ;

Threshold shear strain, γ0.7; Modified compression index, λ*; Modified swelling index, κ*;
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Modified creep index, μ*; Cam clay compression index, λ; Cam clay swelling index, κ;

Slope of critical state line, M (PLAXIS, 2010a, PLAXIS, 2010b).

These soil models in Plaxis are designed to simulate various characteristics of the soil. The

Mohr Coulomb model simulates elastic and perfectly plastic soils behaviour, with a fixed

yield value at which the soil exhibits a perfectly plastic behaviour, and before which the

behaviour is assumed perfectly elastic.

The hardening soil model is designed to model the elasto-plastic behaviour of soils with

decreasing stiffness, irreversible plastic straining under loading, and a shifting yield value

below which the behaviour is perfectly elastic in unloading and reloading. The Hardening

Soil model with small strain stiffness is developed based on the Hardening soil model and

performs accordingly but is in addition enhanced to capture the soil behaviour at

infinitesimal strains.

The Soft Soil Creep (Time dependent behaviour) model is an elasto-plastic model designed

to capture the special features of soft soil secondary (time dependent) compression. The

Soft Soil model is an elasto-plastic model designed to simulate the behaviour of soft soils.

The Modified Cam-Clay model is an elasto-plastic model based on the modified cam-clay

soil model principle as developed by (Roscoe and Burland, 1968) cited in (Anandarajah,

2010).

A review of the composition of the Modified Cam-Clay soil model highlights its

shortcomings in analysing problems involving cyclic loading. The integral bridge abutment

backfill material is subjected to cyclic loading. Consequently, the behaviour of the backfill

soil materials and loading pattern in an integral bridge model may not be accurately

modelled using the modified Cam-Clay soil model.

Integral bridge backfill and foundation materials typically include soils not classified as soft

soils. A basic feature of the Soft Soil models is the linear stress dependency of stiffness.

This feature may not be applicable in modelling the varying material types that constitute

the integral bridge backfill and foundation soils. As a result, the behaviour of the backfill
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soil materials in an integral bridge model may not be accurately modelled using the Soft

Soil and the Soft Soil Creep model.

The Mohr Coulomb model does not take into consideration irrecoverable soil deformation

on loading under the yield stress value. The model only assumes perfectly plastic straining

at the yield stress value. The Mohr Coulomb model is consequently not suitable in

accurately modelling the soil properties of the materials surrounding a typical integral

bridge.

The Hardening Soil model and the Hardening Soil model with small strain stiffness are

models based on the same principles. However, the Hardening Soil model with small strain

stiffness is enhanced to capture soil behaviour at infinitesimal strains. The Hardening Soil

model with small strain stiffness requires inputs resulting from very small strain values

(usually in the order of 0.001%) and cannot be realistically observed or measured in the

loading of an integral bridge. Strains generated from an integral bridge loading typically

occur within the range of the retaining walls and foundations limits illustrated in Figure 3.3.

The limitations associated with sourcing of the model parameter values for modelling in a

post construction analysis also limits the flexible use of several relevant models in

simulation. The Hardening Soil model as formulated by Plaxis, within this research, is

considered the best model for simulating the relevant features of the soil behaviour,

originating from a combination of different soil types subjected to cyclic loading. The

combination of soil parameters that constitute the soil model equations account for the

characteristics considered relevant in determining the soil behaviour, and consequently

most realistically model the features these soil combination may exhibit as a continuum.

The Hardening Soil model is therefore used in developing the integral bridge soil models

and modelling the behaviour under loading. The parameters values required by the

Hardening Soil model, within the context of this research are available. A review of the

Hardening soil model as constituted in Plaxis 2D version 9.0 is presented in Section 4.4.2.3.
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4.4.2.2. Mohr Coulomb Model (Perfect plasticity)

The Mohr Coulomb model in Plaxis is a material soil model designed to simulate an elastic

perfectly plastic behaviour. The onset of plasticity is identified by a fixed yield boundary.

Values of stress below the fixed yield value result in perfect elastic behaviour and

reversible strains. Strains and strain rates are made up of the elastic and plastic components

as shown in Figure 4.3. Plasticity in this model is defined by the Mohr Coulomb failure

criteria. The Mohr Coulomb failure criteria can be defined as shown in Equations 4.40 and

4.41.

Figure 4.3: Stress strain representation of an elastic perfectly plastic model

(PLAXIS, 2010a).

߬= ܿʹ + ʹߪ ܽݐ ݊ øʹ ……….. (4.40)

ଵ

ଶ
−ଶ'ߪ) (ଷ'ߪ =

ଵ

ଶ
ଶ'ߪ) + ݅ݏ(ଷ'ߪ ø݊ʹ + ܿʹ ʹøݏܿ ……….. (4.41)

The failure criteria can be represented by the six functions presented in Equations 4.42 -

4.47 when formulated with respect to the principal stresses. The condition in which all the

functions are zero presented together represent a hexagonal cone in principal stress space as

shown in Figure 4.4.
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Figure 4.4: Mohr-Coulomb failure surface in principal stress space where c = 0.

Modified (PLAXIS, 2010a).
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ௗܧ =
( ଵ– ୴ʹ ) ʹ

( ଵ– ଶ୴ʹ )( ଵା ୴ʹ )
……….. (4.48)

ܩ =
ʹ

ଶ( ଵା ୴ʹ )
……….. (4.49)

4.4.2.3. Hardening Soil Model (Elasto-plastic)

When subjected to loading, soil shows decreasing stiffness and develops irreversible strain.

The Hardening Soil model in Plaxis is designed to capture these soil properties. It simulates

the elasto-plastic behaviour of soils. The yield surface in this model is not fixed in the

principal stress space, changing as a result of plastic straining.

The Hardening Soil model Plaxis code is designed to simulate the behaviour of soft soils

and stiff soil (Schanz and Vermeer, 1998). This model supersedes the popular hyperbolic

material model (Duncan and Chang, 1970, Kondner, 1963) by introducing soil dilatancy

and a yield cap (PLAXIS, 2010a). Features of this model includes a hyperbolic stress strain

relationship, dilatancy, stress dependent stiffness according to a power law, plastic straining

due to primary deviatoric loading, plastic straining due to compression, elastic unloading

and reloading, observed yield cap, and failure according to the Mohr Coulomb model.

The Hardening Soil model is based on the hyperbolic relationship between vertical strain

and deviatoric stress in a primary triaxial loading. In a standard drained triaxial test, the

curves can be described by Equation 4.50 where the deviatoric stress q, is less than that at

failure, q, and εଵis the strain.

ଵߝ =


ாି (ா/ೌ)
……….. (4.50)

The asymptotic value of the shear strength is ݍ and isܧ the initial stiffness. ܧ and

ହܧ are related by Equation 4.51. This relationship is graphically represented in Figure 4.5.

ହܧ is the confining stress dependent stiffness modulus, dependent on stress for primary
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loading and can be derived by Equation 4.52 with ହܧ


being a reference stiffness modulus

corresponding to the reference confining pressure , and m being the power that defines

the amount of stress dependency.  has a default value equal to a hundred stress units.

Equations 4.53 and 4.54 respectively define the deviatoric stress at failure and the

asymptotic value of the shear strength. ݍ is derived from the Mohr Coulomb failure

criterion. Where ݍ is equal to ,ݍ the failure criterion is satisfied and the stress strain

relationship becomes perfectly plastic. In Plaxis, the ratio between ݍ and ݍ is given by

the failure ratio ܴ with a default value of 0.9 (see Figure 4.5).

=ܧ
ଶாఱబ

ଶିோ
……….. (4.51)

ହܧ = ହܧ
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……….. (4.52)

ݍ = ( 'ܿ cot ø' − (ଷ'ߪ
ଶୱ୧୬øʹ

ଵିୱ୧୬øʹ
……….. (4.53)

ݍ =


ோ
……….. (4.54)

Eହ
୰ୣ in Equation 4.52 is substituted by E୳୰

୰ୣ  to describe the relationship for the stress

dependent stiffness modulus, E୳୰ for unloading and reloading as shown in Equation 4.55.

E୳୰
୰ୣ  is the referenced Young’s modulus for unloading and reloading corresponding to the

reference pressure, p୰ୣ .

௨ܧ = ௨ܧ
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ௗܧ = ௗܧ
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Figure 4.5: Hyperbolic stress strain relationship. Modified (PLAXIS, 2010a).

Plaxis Hardening soil model is capable of effectively modelling a combination of soft and

stiff soil behaviour as may be found constituting the foundation and backfill soil of an

integral bridge. It is therefore used in developing a model of an instrumented integral

bridge identified for this study. Undrained behaviour is modelled using Plaxis undrained

effective stress analysis in the Hardening Soil model.
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4.4.3. Plaxis Structure Modelling

Structures and structural behaviour may be modelled in Plaxis by the use of either one of or

any combination of plates, hinges and rotation springs, tunnels, node to node anchor and

fixed end anchor. See Plaxis reference manual for more details (PLAXIS, 2010b). The

choice of the structure model to be used in modelling is significantly dependent on the

characteristics of the effect of the structure on the soil that is relevant in the modelling.

The presence and effect of these structural members in the analysis can be controlled. This

implies that structures or parts of structures can be introduced or eliminated gradually in

successive phases of analysis to simulate construction processes. Structural model used in

this research include the plates, hinges, and node to node anchor.

The node to node anchor is a two node elastic spring element that models the ties between

two points. This spring element is allocated a constant spring normal stiffness that can be

subjected to tensile and compressive forces. The maximum forces that this element may be

subjected to can be introduced to simulate maximum capacity beyond which failure occurs

(PLAXIS, 2010b).

Plates are used to model the effects on the soil of relatively slender structures with

significant flexural rigidity and normal stiffness. The structural geometry of plates in not

replicated in Plaxis but the influence of the structure on the soil is simulated. Plates are

represented in Plaxis by a line. Hinges and rotation spring is a plate connection that

prevents continuous rotation of linking plates at the point of connection thus acting like a

hinge at point of connection (PLAXIS, 2010b).

4.5. Validation

Validating a model is not an attempt to provide a general seal of approval but is rather more

of an indication of the level of confidence in the model’s behaviour for a clearly defined

purpose under specific conditions (Greenberger et al. (1976) cited in Ford (1999)). A
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consequence of the use of modern computers in modelling is the increasing difficulty in

validating and verifying the outputs of these complex analyses for confidence in their

reliability. Several validation tests that may be used in modelling exist. Ford (1999)

identified five of these tests as prominent among the others. These are; Verification test-

where test is rerun in a completely independent manner from the original test run; Face

validity test- where the test results are simply evaluated on how realistic and sensible they

appear to be; Historical behaviour test- where the results generated by the model of a

recorded case are comparable to the results that were recorded; Extreme behaviour test-

where extreme conditions are tested to see if the model’s results are plausible; Detailed

model check test- where more detailed models are used to verify components of the results.

Replicating the historical behaviour by a model is one of the most common and important

test and arguably the most convincing. Within the scope of this research, validation test

carried out other than the replicating historical behaviour test, include the face validity test

and the verification test as described by Ford (1999).

4.5.1. Modelling Errors

Reliable finite element simulation results primarily depend on an application of the right

approach to modelling while limiting error that may also be cumulative. Errors within the

finite element simulation arise from several contributing factors that can be generally

grouped under the three segments that contribute to modelling. These are the data input

factor, the computing input factor and the human input factor.

The data input factor error is controlled by values that may be measured or perceived. This

includes the geometry definition, the material information and the environmental

information. The certainty of the definition of the geometry and the value of the material

and environmental information gathered, together with the use of all the relevant input

parameter components in modelling is a prerequisite for a reliable modelling result.

The computing unit introduces computing input factor error. This error may be cumulative

in the course of an analysis and may become substantial. It is affected mainly by the
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capacity and capabilities of the computer used in the analysis. The human input factor error

is directly attributed to the errors introduced by the human operator of the model. This may

range from the conscious choices made in the cause of the simulation to the unconscious

omissions that adversely affect the accuracy of the outputs.

A primary characteristic of modelling is the simplification of actual events. Consequently,

several assumptions are made. It is vital to critically analyse these assumptions to verify

that they predominantly reflect the actual circumstance being modelled as accurately as

possible in order to generate useful results.

4.5.2. Simulation Steps

A successful simulation process generally complies with a defined pattern commencing

with the case assessment, and a series of implementations, evaluations and reviews. The

process typically starts with a problem review where the aim of the modelling process is

determined. A review of the available data and software capability/flexibility is considered

in determining the approach necessary to achieve the aim of the model. The model is setup

accordingly and tested in order to appreciate the pattern of results generated.

The model may be calibrated or validated by adjusting the approach or parameters with

flexibilities to refine the outputs. The model is then used for the purpose it was designed for

and the results are analysed for its sensible representation of reality. Figure 4.6 show a flow

chart inspired from a presentation by Wicks (2011). The chart summaries the steps of

modelling also discussed in details by Ford (1999).

The preceding steps identified within the flow chart are usually reviewed at the decision

points. Ford (1999) acknowledged the iterative, trial and error process, built up in steps of

increasing complexities, involved in setting up a model capable of replicating the observed

behaviour of a system.
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Figure 4.6: Modelling flow chart.

4.5.3. Validation Conclusion

Models are based on simplification of complex systems for the primary reason of

appreciating specific characteristics. Models therefore exclude factors considered least

relevant and focus on the interaction of factors considered relevant. Consequently, the

characteristic of modelling is to generate results without the impact of certain factors

otherwise present in real cases. Modelling therefore generates little more than a useful and

illuminating support base towards understanding a real case, and should be considered

accordingly. Perhaps the most important fact in a modelling simulation is that the perceived

accuracy and validity of the results are dependent on how the result is to be used.

A review of published literature on analysis of soil behaviour in geotechnical engineering

reveals an increasingly large number of successful studies carried out using the finite
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element method. Studies using the finite element method on integral bridge have been

carried out by authors including (Civjan et al., 2007) - in evaluating the integral bridge

structure, (Khodair and Hassiotis, 2005) - in soil pile interaction, and (Pugasap et al., 2009)

- in predicting soil pressure. Results generated using the finite element models were found

to be similar to results measured by other conventional methods.

4.6. Summary

This chapter briefly described the numerical method and its application in analysis. A brief

description of the more commonly used numerical methods was presented. The

fundamental principle of the finite element method approach adopted in this research was

highlighted. An overview of computer software - Plaxis, based on the finite element

method, was also presented together with details of the relevant Plaxis software’s structure

and soil model applications. The validation of the modelling output was discussed.

Implementation of the principles of the finite element method as discussed in this chapter is

reported in the next chapter. The process of modelling of an integral bridge and the

simulation of the backfill loading is also presented in the next chapter. The results of the

modelling outputs are validated using the principles discussed in this chapter.
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Chapter 5 : INTEGRAL BRIDGE MODEL DEVELOPMENT

5.1. Introduction

The process of modelling an integral bridge presents several challenges, ranging through

the choices of parameters to use in the analysis, to the appropriate approach to be adopted

for simulation. It is important to generate a model that is as realistic as possible. In order to

achieve this, a number of assumptions have to be made in relation to the soil properties, the

constitutive model, the geological profile, and modelling of the construction processes.

Figure 5.1: Illustration showing summary of model development flow

This chapter describes the process of developing a model integral bridge. The model

development was achieved through the computer-aided application of the numerical
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method using the finite element approach. This was implemented using the parameters of

the structural members, and the parameters of the foundation and construction soil

materials taken from a case study bridge. Abutment displacement in response to thermal

loading was applied to establish the earth pressure response within the backfill soil. Figure

5.1 presents the path followed and the subjects considered in the development of this finite

element model, starting at the case study review and ending at validation.

The problems encountered in the process of generating a realistic model are highlighted.

The thought process and the principles behind the solution to these problems through the

stages of the model development, construction and abutment displacement simulation are

presented. Results generated by subjecting the model backfill soil to a similar loading

process as in the actual bridge are presented. Validation of the output is discussed. The

bridge structure, backfill and foundation soils are modelled using Plaxis finite element

software (Plaxis 2D, Version 9.0).

5.2. Typical Integral Bridge Case Study

To provide a revised design guideline for long jointless (integral) bridges, the Finnish Road

Administration commissioned research within the Institute of Earth and Foundation

Structures in Tampere University of Technology (TUT) under the title "Jointless Bridge–

Soil Interaction" 2002–2008. The research included the long-term field tests of the

Haavistonjoki Bridge commencing in 2003 to 2008 (Nilsson, 2008, Kerokoski, 2006). The

eastern abutment and deck of this bridge were instrumented during construction. Figure 5.2

show a picture of the Haavistonjoki Bridge. Figure 5.3 presents an illustration of the eastern

abutment of this bridge section.

The Haavistonjoki Bridge is an integral bridge located along the Tampere–Jyväskylä

highway in Finland. It is a 3 span slab bridge with a total span length of 50m and a total

bridge width of 11m. An abutment height of 2.5m and thickness of 1.2m was constructed at

the eastern end of the bridge span to support the bridge deck. Two pile columns, with a

diameter of 710mm each, resting on rock were used as intermediate supports to the bridge
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deck and abutment (see T3 and T4 in Figure 5.3). This bridge was constructed and

instrumented in the summer of 2003.

Figure 5.2: Photograph of the Haavistonjoki Bridge after construction

(Kerokoski, 2006)

The Haavistonjoki Bridge was built above an existing ground surface that consists of

clayey silt to a depth of 5m at the location of the then proposed bridge eastern abutment.

Below the clayey silt at this location is a thin layer of clay with a thickness of

approximately 1m, and below that a 3.5m deep moraine layer beneath the clay. Beneath the

moraine layer, rock is encountered. The bridge deck was built well above the existing

ground surface requiring extensive backfilling. The backfill material consists of well

compacted crushed rock to a fill height of approximately 5m above the existing ground

level at the location of the eastern abutment. The ground water level was not observed but

estimated (Kerokoski, 2006).

A total of 191 gauges were installed during the construction of the bridge to measure the

performance of the bridge over time. Results obtained from the gauges included

measurements of the bridge deck temperature, eastern abutment displacement, and earth
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pressure. Figures 5.4 and 5.6 show a picture of some instruments attached to the bridge

during construction. These results were used in developing a bridge model.

Figure 5.3: Technical illustration of the bridge deck cross section

showing, the eastern abutment and pile (Kerokoski, 2006)

Figure 5.4: Bridge abutments showing laser distance-meter equipment

and protruding end of steel bars (Kerokoski, 2006)
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The changes in bridge length were measured by installing laser distance-meter equipment

between the opposing abutments. Abutment displacements were measured using ten long

steel bars installed at three levels through the eastern abutment (see Figure 5.3 and Figure

5.4).

Figure 5.5: Technical illustration of bridge abutment section

showing location of earth pressure cells (Kerokoski, 2006)

Figure 5.6: Photograph of bridge abutment showing location of earth pressure cells

(Kerokoski, 2006)

Temperature gauges were installed within the deck slab, in the soil near the abutment piles,

and within the backfill soil behind the abutments. Earth pressure cells embedded in the
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concrete abutment were installed on the outer surface of the abutment wall behind the

abutment and in contact with the backfill soil. These were used to measure the earth

pressures developed in the backfill soil at the interface between the abutment and the

backfill soil. The earth pressure cell locations are presented in Figures 5.5 and 5.6.

The graphs in Figures 5.7 and 5.8 were generated with information obtained from the

measurement of the bridge performance over time. Figures 5.3 and 5.5 provide the relevant

location codes used in Figures 5.7 and 5.8. Figure 5.7 shows the deck temperature and the

recorded earth pressure from individual earth pressure cells at the abutment plotted against

time (recorded dates). Figure 5.8 shows the displacement at the eastern abutment plotted

against time (recorded dates).

Figure 5.7: Graph of earth pressure and deck temperature against time (date)

(Kerokoski, 2006)
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Figure 5.8: Graph of displacement against time (date) at abutment (Kerokoski, 2006)

The geometric and material properties of the bridge structure, foundation soils, and backfill

soil used in developing the model integral bridge were taken from the published

information about the Haavistonjoki Bridge (Nilsson, 2008, Kerokoski, 2006) highlighted

in this section. The finite element model developed and used in this study was modelled

after the eastern abutment of the Haavistonjoki Bridge. The temperature and the thermal

induced eastern abutment displacement measured on site were used in developing the

model abutment displacement. This information was used in simulating the integral bridge

construction and thermal induced abutment displacement through time. Details of these are

presented in Sections 5.3, 5.4 and 5.5.

5.3. Model Development

Construction of a typical integral bridge structure as described in Section 5.2 consists of

several components including the foundation soil, backfill soil, bridge deck, and bridge

abutment. The thermal induced displacement of an integral bridge abutment model

therefore requires a complex system that considers several component models working

together to sustain loads (see Figure 5.9). This section presents the process of creating the

component models and the conditions under which they function as a unit. This includes

developing a model of the integral bridge structure that consists of the geometric and

material properties of the Haavistonjoki bridge abutment, deck, and piles as described in
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Section 5.2. Models of the construction soils and the foundation soils are also required. The

model of the construction soils consists of the geometric and material properties of the

backfill and excavation fill material of the Haavistonjoki bridge, while the model of the

foundation soils consist of the geological profile and material properties of the different

foundation soil materials.

Figure 5.9: Component models that constitute the integral bridge model

5.3.1. Components Model Development

The development of the component models that make up the bridge structure, the

foundation soil and the construction soils are presented in this section. Other than the

geometric and material properties of these component models as published (Nilsson, 2008,

Kerokoski, 2006, Kerokoski and Laaksonen, 2005), a number of other considerations affect

the development of the model. These include the assumptions made in the process of

developing the models and details of the finite elements and conditions of operation.
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5.3.1.1. Geometry

Information obtained from the publications (Nilsson, 2008, Kerokoski, 2006, Kerokoski

and Laaksonen, 2005) on the components of the Haavistonjoki Bridge include the relative

positioning of the soil components and the structural members of the bridge. The relative

positioning was modelled as published. Detailed information about the soil profile and the

general geometric measurements of the cross section of the bridge on site as illustrated in

Figure 5.3 were obtained from site investigation data (Nilsson, 2008, Kerokoski, 2006).

Different finite element clusters defined the different soil types. A cluster is a defined area

marked out by boundaries within the finite element domain. In Plaxis, the cluster is defined

by a closed loop of different lines within which the finite elements may be assigned certain

properties to simulate the behaviour of the soil in the enclosed section (PLAXIS, 2010b).

The base of the model was modelling the interface between the rock and the soil with the

rock being rigid. It was assumed that there would be no vertical displacement to the soil

particles at this interface. The ground water table on the site was not measured (Kerokoski,

2006) but estimated at 9.5m below the finished road level in the model. The construction

involved excavation through three different soil types. The excavated soil materials were

replaced with a fill material. A soil cluster cutting across these three materials defining the

geometry of the excavation was established to accommodate the properties of the

replacement fill material. Details of the simulation process that describes the construction

modelling are explained in Section 5.4.

The structural components were modelled using plates and node to node anchors within the

Plaxis code (PLAXIS, 2010b). A brief description of these components and their

application are presented in Section 4.4.3. An abutment height of 2.5m and thickness of

1.2m was modelled using a plate. The bridge deck was modelled using a different plate

with model thickness of 0.86m (see Section A–A in Figure 5.5). Pile support for the

abutment was modelled using node to node anchors. The bridge deck was positioned above

the existing ground surface requiring a backfill height of approximately 5m at the abutment

location. The abutment rested directly on the model pile foundation. The bottom of the
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model pile columns were fixed to the base of the model at a location to simulate piles

rooted in rock as shown in Figure 5.27 (b). Details of the parameters assigned to these

component models are presented in Section 5.3.1.4.

5.3.1.2. Finite Element Boundaries

The fixed base, the surface of the soil and the vertical boundaries, define the external

boundaries of the finite element domain, created to model the integral bridge. Figure 5.10

show the boundaries. The vertical boundaries (right and left boundaries) are established at

locations within the soil mass where boundaries do not actually exist. These boundaries are

established on the sides that have a relatively infinite soil boundary, to provide solutions to

the loading simulation of these soils. Each of these four external boundaries identified in

Figure 5.10 is subject to boundary conditions. The boundary displacement conditions are

presented below and the process through which the external boundaries are established is

also presented.

Figure 5.10: External geometric boundaries of the integral bridge finite element model

5.3.1.2.1. Boundary Conditions

The finite element nodes at the external boundaries of the left and right sides of the model

were fixed horizontally but were not restrained vertically. The finite element nodes at the

external boundaries of the bottom of the model, representing the rock surface were fixed
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vertically and horizontally. The finite element nodes at the external boundaries of the top

sides of the model were not restrained vertically and horizontally.

5.3.1.2.2. Loading Effect on Boundary

The external boundaries must be established to enable realistic solutions for the problem.

These external boundaries within which all finite element clusters and applications are

contained may be forced or natural. Natural boundaries are defined by the existing

geometry or conditions of the real event. However, in cases that consist of relatively infinite

boundaries, artificial boundaries must be set to define the domain. These artificial

boundaries are forced boundaries that do not exist in reality and are set by the user

primarily to enable a quantifiable definition of the problem. Consequently, forced

boundaries affect the accuracy of the model.

The primary factor responsible for the accuracy of a finite element model with forced

boundaries is the positioning of these boundaries. The positioning of the forced boundaries

may generate forces or displacements that are reflected back into the model by the

boundaries in locations where they do not exist. Reflective forces or displacements are

caused where the forces or displacement imposed are restricted or altered within its natural

range or limits, acting on the principles of Newton’s third law of motion. However, within

a soil mass, the impact of an imposed force or displacement exerted at a referenced position

diminishes with increasing distance from that position. The range within which this impact

can be appreciated and measured is defined in this research as the impact influence zone.

Ideally, the forced boundaries (in this case the vertical boundaries on the left and right sides

in Figure 5.10) should be set at infinity to ensure that the boundaries do not influence the

analysis in anyway. This is not feasible within the principles of the finite element approach

and therefore forced boundaries must be set.

A solution is to model a relatively large area, setting the boundaries a significant distance

away from the location of the imposed force or displacement, exceeding the region of the

impact influence zone. However, extensive analytical details of the model would be lost
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within the spread of the finite element nodes and stress points in the relatively vast space

that will be introduced thus having an effect on the accuracy. Finer finite element mesh in

these circumstances to capture these details may cost exceedingly more in time and

resources, and will generate less analytical detail than defining a relatively smaller area for

the problem using the same resources. Therefore, a balance between the cost of analysis

and the effect on the model’s accuracy has to be achieved in locating the forced external

boundaries. In this study, the forced external boundaries were positioned where the effect

from the model loading is diminished, and satisfactory details of the analysis were

preserved for review.

The soil loading in this model is caused by the horizontal displacement of the top of the

abutment. This is modelled as a prescribed lateral displacement on the abutment at the

location of the fixed joint between the bridge deck and abutment to ensure that all the

structural properties of the bridge during the abutment displacement (including the bending

moments), are accurately modelled. Analysis to define the impact influence zone of this

displacement within the domain was carried out. This was done by comparing simulation

results of no abutment displacement (establishing the default), maximum abutment

displacement away from the backfill soil, and maximum abutment displacement towards

the backfill soil, to reveal an approximate boundary area that would define the limit of the

impact influence zone on the model behaviour as a result of these displacements.

Figure 5.11 shows the effective mean stress contour results of the model subjected to

maximum abutment displacement away from the backfill soil, and maximum abutment

displacement into the backfill soil. Point A and B in Figure 5.11 identify abutment

displacement away from and into the backfill soil respectively. The dotted vertical line

across the models in Figure 5.11 towards the right external boundary indicates the region

(towards the right) beyond which an insignificant amount of change is experienced as a

result of the displacements experienced by the abutment. This region is defined as the limit

of the impact influence zone on the right external boundary.

To determine appropriate locations for the forced boundaries, the results of modelling the

resultant stresses developed within the backfill soil due to the abutment displacements were
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compared with the forced boundaries at various locations. Results of simulations carried

out with the right vertical external boundary beyond the dotted vertical line (towards the

right) in the direction away from the abutment displacement location, were compared to the

results of the simulation carried out with the right vertical external boundary at the dotted

vertical line (considered the limit of the impact influence zone). These results were found to

be similar. However, an appreciable difference was increasingly found where the results of

the simulation carried out establishing the right side vertical external boundary at the dotted

vertical line, were compared with the results of simulations carried out with the right

vertical external boundary nearer to the abutment than the dotted line.

Figure 5.11: Impact of maximum displacement into and away from backfill

on mean stress compared, showing little effect to the right hand boundary

This indicates that establishing the right vertical external boundary at any location beyond

the dotted vertical line to the right will generate similar results within the backfill soil. The



109

right vertical external boundary was therefore established at a location immediately beyond

the dotted vertical line. Stresses developed as a result of the abutment displacement within

the backfill were little affected by the location of the left vertical external boundary when

the boundary was established beyond the limit of the excavation geometry to the left,

highlighted in Figure 5.11 (Excavation Geometry Boundary). Consequently, the location of

the vertical left external boundary, positioned to accommodate the excavation geometry

was considered appropriate.

5.3.1.3. Finite Element Details

There are two finite element types incorporated into the Plaxis code; the 6 node triangular

element, and the 15 node triangular elements. The 6 node element has 6 finite element

nodes and 3 Gaussian integration points within the element. The 15 node element has 15

finite element nodes and 12 Gaussian integration points within its element as shown in

Figures 5.12 and 5.13.

The 15 node element requires more computing capacity than the 6 node element but

provides a more accurate simulation result. This is because a fourth order interpolation is

used for displacement calculation in the 15 node element against the second order

interpolation used in the 6 node element. See Plaxis reference manual for more details

(PLAXIS, 2010b). Stresses and strains calculated at the 12 Gaussian integration points

(stress points) in the 15 node element have also been found to provide reliable results

(Nagtegaal et al., 1974, Sloan and Randolph, 1982). The 15 node element was used in

developing the integral bridge model for analysis.

Figure 5.12: Location of nodes within a 15 node triangular element

(PLAXIS, 2010b)
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Figure 5.13: Location of stress points within a 15 node triangular element

(PLAXIS, 2010b)

5.3.1.4. Parameters

The integral bridge material model consists of the structural components and the soil

component. The structural components are made up of the bridge deck, abutment, pile and

pile toe structure models. The soil components are made up of soil model types including

the backfill material soil model (crushed rock), construction fill material soil model

(reduced crushed rock) and foundation material soil models (clayey silt soil, moraine soil

and clay soil).

5.3.1.4.1. Structure Components

Plaxis models the effect of the structural components of the instrumented bridge (including

the concrete reinforcements) on the soil models. Information on the reinforcement details

were not provide in the publication and are therefore not modelled. Details of the bridge

structure, pile toe and pile properties used are presented in Tables 5.1 and 5.2. Most of the

geometric and material properties of the structural components were obtained from the

publications (Nilsson, 2008, Kerokoski, 2006). However, some values of the parameters of

the structure component’s material required in modelling the behaviour of these

components were not provided in the published data. Consequently, typical parameters of

these materials were assumed in the modelling. The bridge was built of reinforced concrete.

Parameters for reinforced concrete not provided in the publication were obtained from

published data on concrete and reinforced concrete properties (Neville, 1995, Neville and

Brooks, 1987, Mindess et al., 2002, Kerokoski, 2006, Reynolds et al., 2008).
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Name Type EA

kN/m

EI

kN m2/m

w

kN/m3

v

Abutment Wall Elastic 3.960 x 108 4.752 x 107 28.800 0.2

Bridge Deck Elastic 1.650 x 108 3.438 x 106 12 0.2

Pile Toe Elastic 1.188 x 107 3.742 x 105 4.750 0.2

Table 5.1: Bridge Structures and Pile Toe Material properties

Name Type EA

kN/m

Lspacing

m

Pile Elastic 1.188 x 107 5.50

Table 5.2: Pile Material properties

A Young’s Modulus of 30GPa, unit weight (w) of 24kN/m3 and Poisson’s ratio (v) of 0.2

was assumed for the bridge and pile structures. As a result of the bridge deck cross section

shape (Figure 5.5), an average effective bridge deck thickness of 0.5m was assumed for the

purpose of calculating the flexural rigidity (bending stiffness) EI and axial stiffness EA. A

pile axial stiffness value calculated from a concrete pile diameter of 710mm was used. A

calculated out of plane pile spacing (identified as Lspacing in Plaxis software), of 5.5m was

also used for the pile support. Foundation pile were designed as compression piles and are

therefore modelled using node to node anchor which enables compressive and tensile

stiffness. This feature in Plaxis models abutment supports only and does not interact with

the foundation soil. The structural members of the model were simulated as materials

exhibiting linear elastic properties.

5.3.1.4.2. Soil Components

Soil parameters required and the values used in modelling the soil behaviour using Plaxis

Hardening Soil model are presented in Table 5.3 (PLAXIS, 2010a, PLAXIS, 2010b). The

stiffness, cohesion, friction angle, dilatancy and the unit weight parameters are the primary
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parameters used in this studies. The values of these parameters were obtained from the

bridge site investigation (Kerokoski, 2006, Kerokoski and Laaksonen, 2005). Where the

values of these parameters were not published from the bridge site investigation, typical

parameters for the backfill and foundation soil type as published by several authors

(Bowles, 1997, Bakker et al., 2006, Bell, 2000, Bowles, 1984, Chou and Bobet, 2002,

McNally, 1998, Parsons, 1992, Steele and Snowdon, 1996, Smith et al., 2001) were used.

Plaxis Hardening Soil model requires other soil parameters. These other parameters were

not provided by the publication. Values of some of these parameters are also not readily

obtainable in practice. However, Plaxis software provides default values for these

parameters.

Published data obtained from the actual bridge site did not include the permeability values

of the backfill and construction fill material, or the permeability values of the different

foundation soil types. This implies that some assumed values must be used to satisfy the

conditions required within the finite element equations. The accuracy of a model is

improved where a limited number of assumptions are made. However, the permeability

parameter within the soil model provides information required in modelling the

consolidation behaviour, which exist between fully drained and fully undrained behaviour

within the foundation material. An informed decision was therefore made on the choice of

simulating the soil models as exhibiting either drained or undrained characteristics, when

subjected to loading. This was to establish the respective limits within which the soil

behaviour is expected fall. The decision to model the materials as drained or undrained was

supported by the permeability equations obtained from Darcy’s law and the displacement

rates established from the thermal loading on the integral bridge abutment.

Darcy’s law relates the discharge of fluid through a porous medium such as soil to the

permeability as expressed in Equations 5.1 and 5.2. A factor in this equation is the

hydraulic conductivity with the units of velocity. This is a measure of the rate of flow

through an area. In soil mechanics, granular or highly porous soil materials such as crushed

rock and moraine typically have hydraulic conductivity values in excess of 10-2m/s and

clayey silt material typically have hydraulic conductivity values below 10-8m/s (Zhang,

2006, Murthy, 2003).
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Hardening Soil Model Parameters

Soil
Parameter

Units Crushed
Rock

Reduced
Crushed

Rock

Clayey
Silt

Clay Moraine

ࣘ o 45 42 33 25 45
c kN/m2 0 0 1 2 0
ψ o 8 5 0 0 4

E50
ref

MN/m2 80 29.7 9.3 4 80
Eoed

ref
kN/m2 E50

ref E50
ref E50

ref E50
ref E50

ref

Eur
ref

kN/m2 3 x E50
ref 3 x E50

ref 3 x E50
ref 3 x E50

ref 3 x E50
ref

γsat kN/m3 19-23 22 18 18 23

γunsat kN/m3 18-22 20 17 16 23
kx m/day 0 0 0 0 0
ky m/day 0 0 0 0 0
ck - 1015 1015 1015 1015 1015

Rayleigh alpha - 0 0 0 0 0
Rayleigh beta - 0 0 0 0 0

Dilatancy
cut-off

- Not
Activated

Not
Activated

Not
Activated

Not
Activated

Not
Activated

m - 0.5 0.5 0.5 0.5 0.5
Cc - - - - - -
Cs - - - - - -
einit - 0.5 0.5 0.5 0.5 0.5
vur - 0.2 0.2 0.2 0.2 0.2
pref

kN/m2 100 100 100 100 100
K0

nc 1-sin ࣘ 1-sin ࣘ 1-sin ࣘ 1-sin ࣘ 1-sin ࣘ
cincrement kN/m3 0 0 0 0 0

yref m 0 0 0 0 0
Rf - 0.9 0.9 0.9 0.9 0.9

Tensile
Strength

kN/m2 0 0 0 0 0

Interface
Strength

- Rigid Rigid Rigid Rigid Rigid

Table 5.3: Soil Material properties

A preliminary finite element simulation of the thermal induced abutment displacement of

the model integral bridge, subjected to a typical daily temperature variation of up to

10oC/day (FMI, 2012), that may be experienced within the regional location of the

Haavistonjoki Bridge in Finland, generated maximum displacement rate of approximately

10-6m/s at Point A in Figure 5.14 and approximately 10-7m/s in the clay layer at Point B.
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Figure 5.14: Finite element simulation of total displacements within the bridge

as a result of the thermal induced abutment displacements recorded

In a soil mass subjected to loading, the build up of excess pore pressure is dependent on the

ease at which water displaced as a result of the loading may flow through soil (seepage).

Where there is restriction to this flow, excess pore pressure develops. This is largely

dependent on the permeability of the mass. Where other factors are constant (same fluid

within the same medium), permeability may be directly related to hydraulic conductivity

(Equation 5.2).

An indication of the ease of flow through the clay soil medium was obtained where the

hydraulic conductivity of clay was compared to the displacement experienced within the

clay medium in the model. The results showed that the hydraulic conductivity value of a

typical clay soil was less than the displacement rate experienced within the clay soil in the

simulation. Furthermore, displacements experienced within the soil mass may result in

plastic straining and reduced pore spaces.

This information suggests restricted drainage and a build up of pore pressure. The typical

hydraulic conductivity values of the other soil materials used in the modelling were also

compared with the displacement rates experienced within these materials in the simulation.

Point A

Location of Maximum Thermal Induced Displacement

(blue arrow indicating abutment displacement direction)

Point B

Location of Thermal Induced Displacement in Clay
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The results showed that the hydraulic conductivity values of these materials significantly

exceeded the displacement rates experienced within these materials in the simulation. This

suggests free draining and no build up of pore pressures within these materials.

=ݍ ܭ ݅ܣ

……….. (5.1)

ܭ = ݇
gߩ

ߤ

……….. (5.2)

Where q is the discharge; K is the hydraulic conductivity measured in m/s; i is the hydraulic

gradient; A is the cross-sectional area of flow; k is the intrinsic permeability; ρ is the fluid

density; μ is the fluid viscosity; g is the gravitational acceleration.

Comparing the typical hydraulic conductivity of the materials to the displacements

experienced within these same materials in the model suggests a remote possibility of an

increase in pore pressure in the crushed rock, reduced crushed rock and moraine materials.

Consequently, the crushed rock, reduced crushed rock and moraine materials were

considered more likely to exhibit drained characteristics when subjected to loading under

these conditions. These materials were modelled as drained. However, material consisting

of clay may exhibit undrained characteristics when subjected to loading under these

conditions. Consequently, clayey silt and clay materials were modelled as undrained.

Details of type of modelling (drained or undrained) used in simulating loading within the

soil models are presented under ‘Initial’ column of ‘Model (Type)’ in Table 5.4 Section

5.6.1.

5.3.1.5. Nodes & Stress Points

The finite element method generates results at the specific locations of the nodes and the

stress points. These locations are identified in the Plaxis model before calculation. The

measured abutment displacement as a result of the thermal induced expansion and
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contraction of the bridge deck occurs at the contact point between the bridge deck and the

abutment. This contact point is the location of the maximum thermal induced abutment

displacement (see Figure 5.15). Figure 5.16 show the location of the earth pressure cells

within the finite element model.

Figure 5.15: Location of the abutment and bridge deck intersection

and the abutment displacement node in the model

The intersection of the plate modelling the abutment and the plate modelling the bridge

deck, models the jointless link of the integral bridge. These plates are structurally linked

with a fixed joint. The recorded abutment displacement caused by the thermal induced

expansion and contraction of the bridge deck is measured at the “Abutment Bridge Deck

Contact Point.” This point is identified in Figure 5.15. At this location, the maximum

displacement of the bridge deck is accurately accounted for. The abutment displacement

node is therefore selected at this contact point to effectively model and monitor the

abutment displacements during the loading simulation of the integral bridge model.

On the instrumented bridge, earth pressure cells were placed behind the abutment to

measure the earth pressure developed as a result of the abutment displacement. The location

of the earth pressure cells is illustrated in Figure 5.16 (b) (a magnified section A-A in

Figure 5.5). Stress points, identified in Figure 5.16 (a), measuring the calculated earth
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pressure within the model were selected at similar locations within the model also

identifying the upper and lower earth pressure cell positions.

(a) Upper and lower stress point position modelling the earth pressure

cell position in the bridge

(b) Section showing the relative position of upper and lower earth

pressure cells on the Haavistonjoki Bridge abutment. See Figure 5.4.

Modified (Kerokoski, 2006).

Figure 5.16: Section of model abutment (a); Illustration showing the cross section

of the abutment and the location of the earth pressure cells (b)
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5.3.2. Loading Modelling

The thermal induced expansion and contraction of the bridge deck results in the horizontal

displacement of the upper end of the abutment structure, causing the abutment to deform.

This was modelled by the introduction of a prescribed horizontal displacement to the upper

section of the model abutment. The resultant horizontal displacement is modelled through

the structural properties of the abutment. The model abutment displacement was measured

at the contact point between the abutment and bridge deck (Figure 5.15) by the nodal

horizontal displacement. Integral bridge abutment displacements are small. This reduces the

magnitude of earth pressure developed. Modelling the interface between the soil and the

structure further reduces the magnitude of the earth pressure developed. Consequently, to

simulate the maximum possible values of earth pressures that may be developed from the

magnitude of abutment displacements used within the model, interface properties were not

activated in this parametric study.

However, modelling of the abutment displacement pattern presented challenges, some of

which was solved by modelling other components of the bridge as applied load. This

section presents the process of creating the components of the model that were modelled as

applied load. The properties of the finite element modelling approach, the abutment

displacements, and the soil-structure interaction that necessitated this modelling approach

are discussed.

5.3.2.1. Road & Approach Slab Structure

The completed integral bridge and backfill soil construction consist of the bridge approach

made up of the road embankment (road structure) and approach slab. The locations of the

road structure and approach slab within the model are labelled (Label 1 & Label 2 in Figure

5.17). The 5m long approach slab was constructed with a hinge joint connection to the

abutment. The bottom of the approach slab was located at a depth of 0.8m below the

finished road level (Kerokoski, 2006). The thickness of the approach slab was assumed to

be the thickness of a typical bridge slab, 0.2m (Chen and Duan, 2000).
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In modelling the bridge, the upper section of the backfill that models the road structure

should consist of component models that account for the behaviour of an approach road

structure including an approach slab. The different material properties of the soil and

structure components required in developing the road structure model, as well as modelling

of the soil-structure interaction of these component models had to be dealt with in a variety

of ways. Several constraints were encountered in this process. The solutions to these

constraints used in the final model development are presented.

An option considered was modelling the approach slab section and the road structure only

sections (see Label 2 in Figure 5.17) using separate plates (Plaxis provision for modelling

structures). Using this option, the principal of continuity in a finite element analysis ensures

a bond between the plates modelling the road structure only section and the approach slab

located at one end of the approach slab span (Location B in Figure 5.18). This principle

also ensures a bond between the plates modelling the approach slab and the plate modelling

the abutment (Location A in Figure 5.18). Consequently, a moment or a hinge would have

to be introduced as a result of the plate to plate contacts that exist between the abutment

and the approach slab, and between the approach slab and the road structure.

The properties of the road structure and approach slab contact point are not accurately

represented by a hinge joint, or by sustaining a structural moment as would be the case at

these contact points if plates model the approach slab and road structures. There is also a

potential to develop differential settlement in the backfill soil under these structures which

will not be appropriately accounted for. As a result of the characteristics of the plate to

plate link in Plaxis, this option will not model the road structure, approach slab, and

abutment contact point accurately. This option underestimates the calculated vertical

stresses under loading and hence the earth pressure in the backfill soil.

Another option considered involves modelling the properties of the road pavement using

the soil material model. Unlike the previous approach illustrated in Figure 5.18 where the

materials within the approach slab span are treated as a unit and modelled as a plate, this

approach separates the approach slab span unit into soil and structure. This includes the use

of a plate to model the approach slab as it is made up of a different material property type
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from soils as modelled in Plaxis (Figure 5.19). The approach slab positioned behind the

abutment (see Approach Slab in Figure 5.17 and Figure 5.19) is modelled within the road

structure and backfill soil material.

Figure 5.17: Road structure section of bridge model showing road structure,

approach slab and abutment contact point

Using the Plaxis software code in this modelling option would require superimposing the

properties of the approach slab structure (through the plate) on the location within the soil

where the plate is positioned. This is because in Plaxis finite element modelling, plates are

superimposed on a continuum and consequently overlap the soil (PLAXIS, 2010b). The

immediate impact of this is the absence of the dimensioning of the approach slab within the

soil model as plates are not assigned 2D properties in Plaxis (see Approach Slab modelled

using plate in Figure 5.17). The other shortcoming is that the weight of the approach slab

structure is superimposed on the weight of the soil within the same location thus increasing

dramatically the total material weight at that location. This option exaggerates the

calculated earth pressure in the backfill soil.

Bridge Structure Road Structure (including Approach Slab)

Road Structure Only

Road Structure Approach

Slab Contact Point

Bridge Abutment Approach

Slab Contact Point

Approach Slab

Approach Slab Span

Label 1

Label 2
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Figure 5.18: Illustration of road structure and integral bridge structure link

Having encountered these constraints, a review of the modelling approach was considered.

The primary problem of the integral bridge is known to originate from the soil-structure

interaction between the bridge abutment structure and the backfill/foundation soil. In a

parametric study of the integral bridge backfill performance subjected to thermal induced

abutment displacements, detail information on the composition of the road structure and its

characteristic behaviour may be considered less relevant. However, the road structure will

contribute to the loading of the backfill and foundation soil. This effect is considered

relevant in modelling the backfill soil behaviour.

The road structure and approach slab was therefore modelled as a load sustained by the

backfill soil and abutment. These weight effects are simulated as distributed and point loads

on the backfill soil and abutment structure. Loading is not a material model hence

eliminates the constraints posed by material models and their properties. The loading also

acts within locations that material properties are considered least important in the model.

The loads act at the level of the bottom of the road structure and approach slab within the

backfill soil (Level A in Figure 5.20), and the contact point of the bottom of the approach

slab on the abutment structure (Point A in Figure 5.20). The distributed loads act within the

backfill at the level of the bottom of the road structure and approach slab. The point load

acts at the contact point of the bottom of the approach slab on the abutment structure. The

road structure only (Label 2 in Figure 5.17) is modelled as a uniformly distributed load
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spanning across its width while the approach slab is modelled as triangular distributed load

and a point load.

Figure 5.19: Illustration of approach slab road structure and integral bridge

structure link

The triangular distributed load is the loading experienced within the backfill soil beneath

the approach slab. The soil fully supports the weight of the approach slab at the approach

slab and road structure contact point (see Location B in Figure 5.18 and Point B in Figure

5.20). The magnitude of the triangular distributed load at Point B is 18.6kN/m. At the

approach slab abutment contact point, the abutment fully supports these weights because

the approach slab is structurally linked to the abutment at this end (see Location A in Figure

5.18 and Point A in Figure 5.20). The road structure at the approach slab span is

consequently modelled using a triangular distributed load and a point load, thus

incorporating half of the weight of the approach slab distributed as experienced within the

backfill soil and the other half fully supported by the abutment (see Figure 5.20). The

magnitude of the point load at Point A is 46.5kN
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Figure 5.20: Location of distributed load modelling road structure and approach

slab within backfill soil and abutment structure

The unit weight of road pavement structure (including the wearing course, base course and

sub base) was not provided. This was assumed to be 23kN/m3 (Glanville et al., 1952,

McNally, 1998). The representative unit weight of the abutment, deck and approach slab

was assumed to be the typical unit weight of reinforced concrete. The average thickness of

road structure at the road structure only section was assumed to be 0.8m. The total

thickness of the road structure at the approach slab span is 0.8m including an approach slab

thickness of 0.2m.

5.3.2.2. Approach Slab Span Displacement

The earth pressure immediately behind the abutment is significantly affected by the loading

pattern the backfill soil experiences as a result of the abutment displacement. Consequently,

modelling the realistic behaviour of a constructed integral bridge requires in addition to the

other load information, detailed information on the loading pattern the backfill soil is

Point A Level A

Approach Slab Load Road Structure Load

Backfill SoilPoint B
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subjected to as a result of the impact of the abutment displacements transmitted through the

approach slab.

The approach slab is joined to the abutment (see Region A in Figure 5.21) and therefore

experiences similar lateral displacements as the bridge abutment during thermal induced

displacements. During the abutment displacements, the approach slab slides within the soil.

Other than across the length of the approach slab, the lateral impact of the slide is limited to

the region immediately around the end of the approach slab (see Region B in Figure 5.21).

The road surface immediately above the end of the approach slab (Point B in Figure 5.21)

typically experiences no appreciable displacement as a result of the thermal induced

abutment displacement.

Figure 5.21: Illustration of approach slab displacement behind the abutment

Under these circumstances, a significant part of the displacement impact from the lateral

displacement of the abutment is absorbed by the backfill soil beneath the approach slab.

This implies that the effect of the lateral displacement diminishes away from the abutment

(beyond Region B in Figure 5.21). This detail is important because in a finite element

modelling approach (where the continuity conditions apply) the lateral displacements of the

nodes simulating the impact of the abutment lateral displacements may not appropriately
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model the actual conditions on site. The impact significantly affects the vertical stresses

calculated immediately behind the abutment and hence the earth pressures at this location.

As a result of the continuity conditions of the finite element approach, the entire span of the

road structure surface is uniformly affected by the impact of a displacement within the

same cluster (where dealing with similar material) during the simulation of the lateral

displacement of the model abutment (Dim. A in Figure 5.22 indicates the impact range). In

reality, this impact is primarily experienced by sections of the road structure built above the

approach slab (see Dim. B in Figure 5.22) as described above. Immediately beyond the

approach slab the impact of this movement rapidly diminishes.

Figure 5.22: Road structure modelling and abutment displacement impact region

on backfill soil

Figure 5.24 presents an illustration of the backfill loading pattern, considering the loading

distribution on the backfill soil only as highlighted in the enlarged section of Figure 5.22.

Figure 5.24 illustrates the comparative effect of introducing lateral displacement restriction.

Abutment Displacement Impact Region
(Solid Line - Impact Region as modelled in a finite element program)
(Dotted Line - Impact region as experienced within backfill)

Approach Slab Loading Distribution

on Backfill soil and Abutment

Road Structure Loading Distribution

on Backfill Soil

Dim. A
Dim. B

Backfill Soil
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Figure 5.23 illustrates the displacements as modelled using the finite element approach,

without displacement restrictions. Case A, B and C show the backfill loading distribution

pattern; where no abutment displacement is experienced (Case A), where abutment

displacement away from the backfill soil is experienced (Case B), and abutment

displacement into the backfill soil (Case C). The extent of displacement is indicated by the

dotted vertical (dimension) lines to the left identified as’ –x’ for displacement away from

the backfill soil and ‘x’ for displacement towards the backfill soil (see Figure 5.21 for –x

and x).

Figure 5.23: Unrestricted approach slab and road structure displacement

impact on backfill soil under distributed load modelling the

bridge approach of the road structure
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Figure 5.24: Comparative approach slab and road structure displacement

impact on backfill soil under distributed load modelling the

bridge approach of road structure

Considering the reduction in load sustained by the backfill soil under the approach slab in

the direction towards the abutment (represented by the converging sides of the triangular

distributed loading towards Point A in Figure 5.20), slight changes in lateral displacement

may result in a significant percentage change in the approach slab loading impact

experienced within the backfill soil. Consequently, modelling the impact of the entire road

structure length experiencing the horizontal displacements (as enforced by the continuity

conditions of the finite element approach in a cluster - indicated by the triangular loading

labelled ‘Total Road Structure cluster affected’ in Case B and C in Figure 5.23), against
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modelling the same impact with restrictions applied to the approach slab displacement

impact (to significantly diminish the effect beyond the end of the approach slab span -

indicated by the triangular loading ‘Restricted effect to Approach Slab Structure’ in Case B

and C in Figure 5.24 ), result in differences in the vertical stresses and the earth pressure

experienced behind the abutment (see shaded section of Case B and C in Figure 5.24).

Case B illustrates the restricted impact compared with the simply applied finite element

approach in the abutment displacement away from the backfill soil. Case C illustrates the

same comparison as Case B but in abutment displacement towards the backfill soil.

Without the application of the loading impact restriction within the backfill soil, the

abutment displacements result in exaggerating the earth pressure experienced in abutment

displacement away from the backfill and under estimating the earth pressure experienced in

abutment displacement towards the backfill. This difference is highlighted by the shaded

section of the triangular loading in Case B and Case C of Figure 5.24.

To account for this development and model the restriction, horizontal displacements at the

finite element node identifying the road structure approach slab contact point (Region B in

Figure 5.21) is restricted allowing vertical displacements only (Point B in Figure 5.20).

This restriction applies to this singular node only. All other nodes around this road structure

approach slab contact point node are not restricted. Being the node that directly transmit the

impact of the lateral displacements, this largely confines the effect of the approach slab

span loading displacements to the approach slab span section, and limits the effect of the

lateral approach slab displacement to the location identified by Region B in Figure 5.21.

This closely models the loading effect in the backfill soil at the road structure approach slab

contact point and the loading effect of the approach slab span section on the backfill soil.

5.4. Simulation

The simulation process using the finite element approach involves several steps as follows:

 A geometrical representation of the bridge site.

 Assigning properties to the component parts of the model.
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 Defining an appropriate finite element mesh.

 Modelling the construction sequence

 Modelling the operational aspects of thermal loading.

Geometric representation of the bridge site was carried out in a model developed using

Plaxis 2D version 9.0 software. The bridge and soil properties of the instrumented bridge

described in Section 5.2 were assigned to the component parts of the model. Mesh

sensitivity analysis showed that the coarse finite element mesh in Plaxis was adequate for

this parametric study. This was generated across all clusters of the model (see Figure 5.25).

Modelling the construction sequence and the operational aspects of thermal loading are

presented in this section.

Figure 5.25: Finite element mesh of the bridge model

Finite element simulation using Plaxis 2D Version 9.0 is based on a two dimensional plane

strain analysis. Figure 5.26 presents an illustration of a 2D plain strain mesh within a 3D

object. An elastoplastic analysis was undertaken to evaluate the impact of thermal induced

bridge deck expansion and contraction on the abutment. Two conditions were assumed

during loading simulation on the soil models. These include a condition in which no excess

pore pressures were generated in the foundation soils during loading, and a condition in

which excess pore pressures were generated within the fine grained soils of the foundation

materials resulting from the rate of the thermal induced soil loading (i.e. foundation

material soils with clay).
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Figure 5.26: Illustration of 2D plane strain mesh (PLAXIS, 2010b)

The components of the models were simulated in four stages (Figure 5.27). This process

includes modelling the bridge and backfill construction process from the original site

conditions before construction, and up to the integral bridge abutment displacement. The

first stage was to simulate the original geotechnical soil profile (Figure 5.27(a)); the second

the earth works and foundation construction of the bridge (Figure 5.27(b)); the third the

bridge deck and approach embankment construction (Figure 5.27(c)); and the fourth the

abutment displacement into and away from the backfill soil (Figure 5.27(d)).

Component models created in Plaxis may be activated and deactivated during the

calculation phases. This process was used in simulating the construction process and

defining the sequence of events. Activation or deactivation introduces or removes the

properties assigned to these component models within the cluster. The cluster representing

the area beneath the model bridge deck and above the sloping construction fill surface

(Space in Figure 5.28) is also not activated as this represents a space subject to atmospheric

conditions only.

The initial condition models the preconstruction state of the site (Figure 5.27(a)). In the

sequences of simulation, the initial step of the finite element calculation involves

generating the initial stresses within the preconstruction soil materials. This is achieved in

the simulation by introducing gravity loading to the finite elements modelling the

preconstruction soil. Gravity loading introduces displacement within the soil model as
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stress is generated. The stresses are retained as the initial stresses while the displacements

are reversed. This provides a soil model free of displacement inputs but with initial stresses.

Figure 5.27: Model simulation; (a) Existing profile before construction; (b) Construction

of bridge abutment, pile structures, and replacement fill materials in the

construction phase; (c) Finished construction soil profile and bridge; (d)

Abutment displacements

The next steps in the sequence of the simulation involved activating the soil clusters to

simulate mass earth works construction and deactivating those clusters to simulate

excavations. This was done by first deactivating the preconstruction material (Figure
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5.27(a)) and then replacing with fill material identified in the area labelled RC in Figure

5.27(b). The cluster labelled CR in Figure 5.27(c) was then activated to simulate backfill

soil construction. The construction simulation of structural members was also achieved by

activating the presence of these members in the sequence of pile toe and piles, abutment

(Figure 5.27(b)), and finally the bridge deck (Figure 5.27(c)). These processes of activation

and deactivation were carried out in separate phases of calculations that follow the

sequence in which these processes occur on the construction site during construction. This

procedure models the history of the foundation soil and the stresses the foundation and

construction materials were subjected to during the construction process. Finite element

meshes within the clusters are illustrated in Figure 5.28.

The impact of the temperature change on an integral bridge structure is measured by the

lateral displacement of the abutment within the recorded time. The abutment displacements

recorded at the bridge site against time were used in simulating the thermal induced

abutment displacement. The phases of calculation simulating the abutment displacement do

so by simulating prescribed lateral displacement to the abutment in sequence (defined by

the recorded time). This process simulates the soil-structure interaction between the

abutment and the backfill soil.

Figure 5.28: Finite element mesh of the bridge model highlighting clusters

indicating initial steps and construction steps during the model development

Modelling and evaluating the impact of the thermal induced cyclic lateral displacement on

the integral bridge structure and backfill soil is dependent on data that relates the

corresponding values of temperature, abutment displacement, and earth pressure to time.

ConstructionSPACE
Construction Modelling

Modelling

Construction Modelling

Initial Modelling

Initial Modelling

Initial Modelling
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The abutment displacement simulation was limited to a time frame within which data

relating these corresponding values on the Haavistonjoki Bridge was published

5.4.1. Load Model Simulation

The distributed and point load representing the road structure and the approach slab were

activated to simulate the construction of the roadway after the bridge and backfill

construction calculation phases. However, the soil cluster modelling the location of the road

and approach slab structure at the upper section of the backfill soil cluster is not activated

(see Road Structure in Figure 5.29(b)). This is because the cluster was replaced by the

distributed load (see same location in Figure 5.29(a)) imposed on the backfill soil which

models the road structure and approach slab loading impact on the backfill soil instead.

(a)

(b)

Figure 5.29: Modelling the road structure with distributed load.

5.4.2. Thermal Effect & Abutment Displacement

The predominant and most relevant effect of thermal changes in the functioning of an

integral bridge is the expansion and contraction of the bridge deck. The magnitude of this

expansion and contraction is largely dependent on the effective bridge temperature (EBT).

The EBT of a bridge is controlled by several factors including the thermal conductivity of

the various materials that make up the bridge, the sun’s intensity and shades obstructing the

Approach Slab

Approach Slab

Road Structure

Road Structure

Backfill Soil

Backfill Soil
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sun’s radiation, wind effect, precipitation volume, and other environmental conditions and

factors the bridge deck may be subjected to.

The actual displacement of the abutment as measured on site, is affected by several other

factors other than the EBT. These other factors include the bridge abutment properties, the

abutment foundation structure, the foundation soil properties and the backfill soil

properties. At the Haavistonjoki Bridge site, the eastern abutment displacement is also

affected by the prevailing circumstances of these conditions at the western abutment.

Theoretically, the thermal induced dimension change in a structural member that accounts

for the linear displacement experienced at one end is a product of the coefficient of thermal

expansion, the change in temperature and the length of the structure accounting for the

change. This relationship is expressed in Equation 5.3 where ΔL is the change in length, α

is the coefficient of thermal expansion, Δt is the change in temperature and L is the length

(bridge deck length). However, calculating the actual change in abutment displacement on

any integral bridge site is more complicated and certainly not obtained from the product of

the coefficient of thermal expansion, temperature change and length of the bridge deck

alone. This is because the influence of other factors that affect the displacement of the

abutment some of which exhibit a non linear stress strain relationship such as the backfill

and foundation soil. However, it has been found that the stiffness of an integral bridge

superstructure is significantly higher than the stiffness of the backfill and abutment

supporting piles such that the temperature induced abutment displacement is primarily

controlled by the bridge structure behaviour (Arsoy et al., 2002) which is predominantly

linear. Equation 5.3 is a simple relationship to predict the lateral displacement at the

abutment based on the coefficient of expansion of the bridge deck. In practice, this cannot

be used because of the factors related to EBT.

ΔL = α Δt L

……….. (5.3)

The alternative was to use the published data and develop a linear relationship by

comparing several recorded temperatures at specific times and the corresponding recorded
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displacement. It was found that the displacement (measured in this case as change from a

referenced point) of the eastern abutment may be approximated to a displacement pattern

defined by Equation 5.4.

CL=1.712 + 0.458Ct

……….. (5.4)

Equation 5.4 was obtained using the data obtained from the bridge site (Kerokoski, 2006)

to create a simple linear regression for temperature and displacement data as shown in

Figure 5.30. This equation is used as the model displacement for the integral bridge

abutment in this study. In Equation 5.4, CL is the current length of the change in abutment

displacement relative to the referenced abutment displacement position in mm, Ct is the

current temperature in oC, 1.712 and 0.458 are the regression constants. Equation 5.4 sets

an abutment displacement of 0mm to occur at a corresponding temperature of

approximately -3.74oC. This is the reference point for this equation.

Figure 5.30: Graph of displacement against temperature showing the relationship

between Equation 5.4 and the abutment displacement measured on site
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5.5. Results

Results obtained in the process of modelling the thermal induced loading of the bridge are

presented under the headings of abutment displacement, temperature controlled

displacement, and earth pressure.

Imposed displacements in Plaxis are presented in Section 5.5.1. Abutment displacement

results obtained through Equation 5.4 are presented in Section 5.5.2. The results of the earth

pressure behind the abutment calculated within the model as a result of simulating the

abutment displacement pattern recorded at the bridge site is presented in Section 5.5.3.

5.5.1. Abutment Displacement

Data presenting recorded values of the earth pressure, temperature and the eastern abutment

displacement was presented from the 10th to the 16th of February 2004 (Kerokoski, 2006,

Kerokoski and Laaksonen, 2005).

Figure 5.31 shows the abutment displacement output as modelled within Plaxis software

(simulated displacement in Figure 5.31). These displacements were generated from inputs

into Plaxis of the measured displacement on site as published (measured displacement in

Figure 5.31). The result of the abutment displacement within the time frame that presents

sufficient information for replicating the behaviour of the bridge in Plaxis is superimposed

on the recorded displacements measured on site (across the month). Results within the

section of the displacement against time graph indicating the 10th to the 16th of February

2004 are compared. The results show the output from the software closely modelling the

measured displacement recorded on site. Output from the finite element software, Plaxis,

approximates the displacements to the nearest tenth of a millimetre within the first

millimetre and to the nearest millimetre after the first millimetre. Abutment displacement

simulation is carried out using a 6 hourly interval input of measured displacement.
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Figure 5.31: Plaxis simulated 6 hourly data input abutment displacement

from 10th to 16th February 2004 superimposed on displacements recorded

on site

5.5.2. Temperature Controlled Displacement

The previous section presented the results of the abutment displacement output generated

from an input of the measured abutment displacement in Plaxis. This section presents the

results of the abutment displacements model generated by Equation 5.4. In both sections,

the results are compared with the measured displacement to indicate the accuracy of the

outputs.

The displacement result generated by Equation 5.4 and the measured displacement recorded

on site are presented in Figure 5.32. This compares the measured abutment displacement on

site with the model abutment displacement using Equation 5.4 from the 10th to the 16th of

February 2004. The Effective Bridge Temperature (EBT) as recorded on site determines the

abutment displacement output using Equation 5.4. The results show the abutment

displacement output from Equation 5.4 matches the measured displacement recorded on

site.
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Figure 5.32: Simulated effective bridge temperature (EBT) from the 10th to 16th

February 2004 and measured abutment displacement recorded on site from

1st to 27th of February, 2004

5.5.3. Earth Pressure

The average earth pressure from the earth pressure cells installed on the instrumented

bridge site was obtained (average of earth pressure results in Figure 5.7). This was

compared with the earth pressure results obtained from the displacements inputs in the

finite element analysis (simulated displacement in Figure 5.31).

Plaxis 2D executes a two-dimensional plane strain analysis considering information along

the bridge length and height whereas the earth pressure cells were positioned at intervals

across the bridge width. As a result, the average earth pressures recorded in the earth

pressure cells positioned behind the eastern abutment as shown in Figures 5.5 and 5.6 were

used in modelling.

5.5.3.1. Initial & Fully Drained Models

Thermal loading is slow enough to prevent excess pore pressures developing in the granular

materials. However, in the fine grained materials it is possible that some excess pore

pressures will develop the amount depending on the permeability of the soils and the rate of
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loading. It is highly likely that these soils will be partially drained. Rather than attempting

to predict the actual excess pore pressure, two extremes were considered. These extremes

are the fully undrained conditions and the fully drained conditions.

As discussed in Section 5.3.2.4.2, the crushed rock, reduced crushed rock, and moraine

soils are more likely to exhibit drained characteristic. These are therefore modelled only

under fully drained conditions. However, clayey silt and clay soils may exhibit some

undrained characteristic. The clayey silt and clay soil are therefore modelled as fully

drained and fully undrained.

From these drainage conditions, two integral bridge models were developed for the

parametric studies. The first model simulates the crushed rock, reduced crushed rock, and

moraine soil models as fully drained and simulates the clayey silt and clay soil models as

fully undrained. This model is identified as the initial model. The second model simulates

all the soil models as fully drained. The second model is identified as the fully drained

model (see Table 5.4, Section 5.6.1.).

Figure 5.33 shows the simulated average earth pressure values generated from the model

using the abutment displacement recorded on site in the initial model (simulated mean) and

the average earth pressure values obtained from the earth pressure cells (measured mean)

against time.

Figure 5.34 shows the simulated average earth pressure values generated from the model

using the abutment displacement recorded on site in the fully drained model (simulated

mean) and the average earth pressure values obtained from the earth pressure cells

(measured mean) against time. Data generating the measured average earth pressure value

curves, identified in Figures 5.33 and 5.34 as the measured mean were obtained from

bridge instrumentation.
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Figure 5.33: Initial model simulated earth pressure values compared with the average

earth pressure values of the earth pressure cells measured on site

Figure 5.34: Fully drained model simulated earth pressure values compared

with the average earth pressure values of the earth pressure cells measured

on site.

The measured mean curve and the initial model have a relative response that appears

similar in the general trend and pattern of behaviour as well as the earth pressure range.

However, the values of the earth pressure differ (Figure 5.33).
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5.6. Validation

Simulation outputs of the bridge model may be validated through replicating the historical

behaviour, face validity test, and the verification test as described by Ford (1999). Details

of these tests are presented in Section 4.5. The instrumentation of the bridge provided earth

pressure values and the corresponding abutment displacement values, bridge temperature

values, and the recorded time.

The historical behaviour test was used in validating the earth pressure values developed by

the model bridge. The verification test was used in validating the EBT controlled eastern

abutment displacement model as well as the finite element method approach and software

output. The results as obtained in all cases satisfy the face validity test as they appear to be

within reasonable and acceptable limits. Validation of these various components of the

model using these methods improves confidence in the model developed for this research.

This process is discussed in this section.

5.6.1. Historical Behaviour Test

Stress points selected in the integral bridge model at similar locations of the earth pressure

cells groups (Figure 5.16) measured the earth pressure developed in the model during the

loading simulation. Figures 5.33 and 5.34 compares the average earth pressure measured on

site to the predicted average earth pressure.

It can be observed that the earth pressure developed and measured on site on the 10th of

February 2004 is lower than the earth pressure values simulated from the models at a time

modelling the same day (Figure 5.33 and 5.34). The relative changes in earth pressures are

similar. The initial difference may be attributed to a few factors. The history of the existing

soil is a factor that may possibly be responsible for the difference between the predicted

results and the measured results from the bridge site. The actual time of construction may

have been different from that used in the prediction. The installation of the earth pressure

cells could have affected the earth pressures acting on the cells.
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Figure 5.35: Relative earth pressures developed in the initial model and fully drained

model compared to the relative earth pressures measured on site

The validation is reported relative to the 10th February in time. Figure 5.35 presents the

relative earth pressure results comparing the earth pressure values from the initial model

simulation result, the fully drained model simulation result, and the measured values

obtained from the bridge site.

In modelling, certain parameters within the event being modelled may be uncertain. There

may also be variations in the recorded values of parameters and the actual parameters. This

may result in variations between the modelled behaviour and the actual behaviour. These

values may be adjusted within the probable range of error, to obtain acceptable results

(Ford, 1999). Typically, within a specific soil mass, soil parameters may vary slightly from

one point to another. Measured soil parameters may be different from the in situ values

because the stress path of the test procedure is different from the in situ stress path. The

extent of variation may depend partly on the nature and style, and possibly time (as in the

case of the integral bridge) of obtaining the measurements.

The backfill stiffness value is considered the primary parameter of concern on the

instrumented bridge construction site because of the sensitive response of granular material

stiffness values to compaction (Leong et al., 2006, Modoni et al., 2010). The stiffness

measurement is traditionally taken before the completion of the construction process as part

of the site investigation or material testing for design and construction. However, the
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mobilised stiffness may differ because the laboratory compaction is different from the in

situ compaction leading to different densities and the construction process can cause further

changes in density and therefore stiffness. Consequently, the stiffness parameter of the

model was varied to reflect the variation of stiffness that may arise from material

compaction. A series of stiffness values was assumed in several simulations of the integral

bridge model generating a series of earth pressure values. The stiffness value providing the

best model of the backfill earth pressure was obtained using a statistical approach.

The mean squared error statistical approach (Montgomery and Runger, 2007, Montgomery

et al., 2007), expressed in Equation 5.5, and best estimate condition between any two

estimates (where ଵܧ is the best estimate), expressed in Equation 5.6, were adopted in the

determination of the best fit to the predicted and measured earth pressures.

ܧ =  −ݕ) ŷ)
ଶ



ୀଵ

……….. (5.5)

ଵܧ
ଶܧ

< 1

……….. (5.6)

ܧ is the mean square error of the estimator, n is the number of variables, y is the estimator

and ŷ is the data, ଵܧ and ଶܧ are any two estimator’s mean square error. Several variations of

the stiffness values were considered in both the initial model and the fully drained model.

The best model estimate was achieved at a backfill stiffness value of 92.1MN/m2 against

80MN/m2 reported in the publication.

The best model estimate of the backfill soil behaviour using a stiffness value in the initial

model presented in Figure 5.36, show consistent pattern of behaviour between the mean

earth pressures measured on site and the simulated mean earth pressures obtained through

the initial model. Figure 5.36 also presents the result of the fully drained model with a

stiffness value of 92.1MN/m2. Variations in the stiffness values of the fully drained model

obtained a best fit curve to the actual pattern of the behaviour of the backfill soil at a
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significantly higher stiffness value of 107.5MN/m2. However, the best match of the fully

drained model behaviour pattern presented results with obvious variations from the

measured backfill soil behaviour when compared with results from the initial model (Figure

5.37).

Figure 5.36: Best estimate of the average relative earth pressures measured on site

generated through a backfill stiffness value of 92.1MN/m2 in the initial

model and the earth pressure generated where subjected to fully drained

conditions.

Figure 5.37: Best fit estimates of the average relative earth pressures as measured

on site generated through variation of the Initial model and the fully drained

model stiffness values.

-20

0

20

40

60

80

0 1 2 3 4 5 6

Ea
rt

h
P

re
ss

u
re

(k
N

/m
2
)

Time (Days)

Relative Mean Earth Pressures (Initial & Fully
Drained Model Backfill Stiffness - 92100kN/m2)

Simulated Mean (Initial Model)

Simulated Mean (Fully Drained)

Measured Mean

-20

0

20

40

60

80

0 1 2 3 4 5 6

Ea
rt

h
P

re
ss

u
re

(k
N

/m
2
)

Time (Days)

Best Fit Initial Model & Fully Drained Model Mean
Earth Pressure to Measured Mean Earth Pressure

Best Fit Initial Model 92.1MN/m^2

Measured Mean

Best Fit Fully Drained 107.5MN/m^2



145

Variations of the other soil parameters used in modelling (identified in Section 5.3.1.4.2)

had an insignificant effect on the pattern of behaviour defined by the stiffness (the

insignificant effect of changes in other backfill soil parameters was investigated and

reported in Chapter 6). Where the stiffness in the initial model is assumed to be

92.1MN/m2, Figure 5.36 defines the boundaries within which the earth pressures developed

as a result of the drainage state of the soil is expected to exist. This falls within the limits

defined by the initial model and the fully drained model.

The results presented in Figure 5.37 show that the actual soil behaviour of the in situ

backfill soil after construction may be based on a stiffness value of 92.1MN/m2, against the

preconstruction recorded value of 80MN/m2, using the initial model. The initial model

produce a better fit than the fully drained model suggesting that the soil response was more

likely to be partially drained i.e. the stress changes due to the variation in temperatures

generated excess pore pressure in the foundation soils. Table 5.4 presents the input values

of stiffness, cohesion, friction angle, dilatancy and the unit weight that match the behaviour

of the instrumented bridge. Values of the other Hardening Soil model parameter are as

presented in Table 5.3. These values (parameters of Table 5.4 and the remaining parameters

in Table 5.3) are used as the model soil parameters in Chapters 6 and 7.

Name Model (Type) γunsat

kN/m3
γsat

kN/m3
E50

kN/m2
c

kN/m2
ࣘ
o

ψ
o

Initial Fully Drained

Crushed
rock

Drained - 22 23 92,100 0 45 8

- Drained
Reduced
crush rock

Drained - 20 22 29,700 0 42 5
- Drained

Clayey silt Undrained - 17 18 9,300 1 33 0
- Drained

Moraine Drained - 23 23 80,000 0 45 4
- Drained

Clay Undrained - 16 18 4,000 2 25 0
- Drained

Table 5.4: Soil Material properties
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5.6.2. Verification Test (Temperature)

The UK Design Manual For Roads and Bridges (BD37/01, 2001) recommends that for

calculating temperature effects, the coefficients of thermal expansion for structural steel

and concrete structures may be taken as 12 x 10-6/°C. However, in the case of a thermal

induced displacement of an integral bridge abutment, the measured expansion is dependent

on several factors as described in Section 5.4.2.

An actual expansion displacement of approximately 5.9mm for a change in temperature of

13.625oC was measured on site at the eastern abutment. The calculated deck expansion

value using the coefficient of thermal expansion value (12 x 10-6/°C ) as recommended by

the UK design manual for roads and bridges (assuming the 50m bridge length) in Equation

5.3, is 8.175mm for a similar temperature change value. This translates to a thermal

expansion ratio of 0.72 for the measured abutment displacement length on site to the

theoretical expansion length used in design.

Figure 5.38: EBT with corresponding abutment displacement measured on site

and the modelled temperature controlled abutment displacement

Across the life of the bridge, the effective bridge temperature (EBT) of the structure may be

subjected to extremes of -26.1oC for minimum temperature and 38.5oC for maximum

temperature based on similar extreme shade air temperatures obtained in England

(Met.Office, 2012). Subjected to these extreme temperatures, the relationship representing
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the effect of the factors affecting abutment displacement is shown in Figure 5.39. The ratio

of the simulated eastern abutment displacement length from the EBT controlled abutment

displacement model (using Equation 5.4), to the theoretical expansion length used in design

(Equation 5.3), on the 50m span instrumented integral bridge across the extreme

temperatures is (29.58mm/38.76mm) 0.76.

The result ratio for the abutment displacement temperature model (Equation 5.4) is 0.76

while the result ratio for the theoretical expansion length used in design (Equation 5.3) is

0.72. These two result ratio show reasonable consistency within an error margin of ±6%.

This suggests that the EBT controlled eastern abutment displacement model (Equation 5.4)

is consistent with the actual behaviour and, by design standards, the error margin of ±6% is

acceptable.

Figure 5.39: Relationship between Equation 5.4 and Equation 5.3 relative

to the measured abutment displacement measured on site.

The curves showing the model displacement calculated (using Equation 5.4), the actual

displacement measured on site, and the effective bridge temperature (EBT) obtained from

site measurements are presented in Figure 5.38. While the displacements calculated from

the EBT appear to be sensitive to immediate temperature changes, it closely matches the

displacements measured on site that appear to be less sensitive to immediate changes in

temperature. Figure 5.39 illustrates the relationship between the model abutment
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displacement that accounts for the factors affecting the actual abutment displacement

(Equation 5.4), the abutment displacement calculated by design recommendations

(Equation 5.3), and the abutment displacement taken from site measurements.

5.6.3. Verification Test (Finite Element Approach)

The verification test identified by Ford (1999) may be used in validating the finite element

software approach in the modelling of the earth pressure values developed behind the

abutment of an integral bridge. This is done in this study by comparing the output

generated using the finite element method approach to the output generated using a

different approach in the analysis of earth pressure developed behind the abutment of an

integral bridge. Wood and Nash (2000) modelled a simplified version of an integral bridge

applying the finite difference numerical method using FLAC 3.3 software in the analysis.

Figure 5.40: Schematic diagram of integral bridge (Wood and Nash, 2000)

A similar integral bridge model was developed using the finite element method. Identical

parameters used in the finite difference model development and abutment displacement

simulation were also used in developing the model integral bridge, and in simulating the

model abutment displacement in Plaxis. The Mohr Coulomb model designed to simulate an

elastic perfectly plastic behaviour was used in both analyses to simulate the soil behaviour

(Wood and Nash, 2000).
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Layout of zones in FLAC software model (Wood and Nash, 2000)

Figure 5.41: Models displaying unite of analysis in FLAC (a) and Plaxis (b)

Values of the soil parameters as used by Wood and Nash (2000) were used in developing

the soil model in Plaxis. Similar displacement values to the top of the abutment as

published was used in the displacement of the finite element model (Wood and Nash,

2000). Properties of the abutment and deck as defined in the publication was also used

(Wood and Nash, 2000). An abutment thickness of 1.2m was assumed. The results obtained

using Plaxis finite element software approach compared with the results obtained by Wood

and Nash (2000) using the finite difference approach were similar. Modelling details and

results are presented in Figures 5.40, 5.41 and 5.42. These results also supports confidence

in the approach adopted in the use of Plaxis 2D to develop the component models enabling

loading simulations on an integral bridge model.
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Figure 5.42: Results of horizontal stresses modelling earth pressures

in FLAC (a) and Plaxis (b)

5.7. Conclusion

The process of developing an integral bridge model and simulating the abutment

displacement and earth pressures developed within the backfill soil of an instrumented

integral bridge were presented in this chapter. The relevant details of an instrumented

integral bridge required in the successful development of a model was described and the

data obtained through the instrumentation of the bridge was presented.
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It is appreciated that modelling the abutment displacement and the earth pressures

developed as a result of the thermal induced expansion and contraction of the abutment

involves several relevant component models. The processes involved in the development

and compilation of these component models to function as a unit sustaining common

loading in a characteristic manner were highlighted and discussed. Parameters used in the

component model development and loading simulation of the backfill soil were obtained

from published information providing data on an instrumented integral bridge. Validation

of the result outputs generated by these component models was discussed.

Modelling an integral bridge remains a complex undertaking even with advanced finite

element numerical method software. It was found that modelling an instrumented bridge

presents several challenges not often considered in the process of simply modelling an

integral bridge without actual performance data to compare the model output against. These

challenges arise from fine details, which may be considered less relevant in the choices

made while modelling components of the integral bridge in a soil-structure interaction

using the finite element method. However, these challenges are also appreciated to be

dependent on the geometric characteristic of the structure as well and therefore care must

be taken in appreciating primarily the properties of the structure and soil, and the

characteristic of the modelling tool. The principles behind the solutions adopted were

discussed.

The results of models featuring fully drained and fully undrained characteristics in the clay

foundation soils were compared. Subjected to similar conditions, the fully drained model

expectedly developed lower earth pressure values under the displacement controlled

integral bridge loading than the initial model. It was found that a relatively minor

modification to the backfill stiffness parameter of the fully undrained model generated

results that closely matched the actual behaviour of the backfill soil as measured on site.

However, with extensive modification to the backfill stiffness parameter of the fully

drained model, the best match displayed results with obvious variations from the actual

behaviour. It is also appreciated that the foundation soils are not significantly affected by

the thermal loading even though they affect the earth pressures. This highlights the
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importance of taking into consideration and evaluating the effect of the state of the clay

components of foundation soil during loading on the behaviour of the backfill material.

An effective bridge temperature (EBT) abutment displacement model was also developed

for use in Chapter 6. The relationships between this temperature model displacement, the

actual displacement measured on site, and the UK recommended design standard

displacement were highlighted showing that the design predictions are incorrect as they

ignore the complex thermal expansion and displacement of the bridge deck and the

abutment. However, the ratio between the thermal displacements predicted by the design

code and the measured values confirmed by the numerical study suggests a simple way to

predict design displacements.

The next chapter presents a parametric study on the backfill soil of an integral bridge. This

is carried out by introducing variations to the backfill soil parameter values and analysing

the impact of these variations on the earth pressure. The impacts of the state of the

foundation soil on the variation of these backfill soil parameters are also evaluated. This

analysis is carried out on the integral bridge and soil models that have been developed in

this chapter.
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Chapter 6 : BACKFILL SOIL PARAMETRIC STUDY

6.1. Introduction

The nature of the backfill soil and its behaviour under loading is predominantly responsible

for the magnitude of earth pressure experienced behind the abutment of the integral bridge

structure. A characteristic behaviour of a soil mass is predicted through the values of the

relevant soil parameters, established to be a measure of the properties that are responsible

for the behaviour. During the design process of an integral bridge, the predicted

characteristics of the backfill soil obtained from the values of the backfill soil parameters

present a reliable indication of the long-term performance of the bridge. Determining the

design length of the bridge is based on this information. The choice of backfill material and

management of these materials in the construction process is also dependent on this

information.

This chapter presents the results of a parametric study carried out to determine the impact

that changes in specific backfill soil parameters would have on the earth pressure behind

the abutment of an integral bridge. The instrumented integral bridge (discussed in Chapter

5) is used in this study. The bridge model and its measured abutment displacement pattern

are used as the primary integral bridge abutment displacement model for this study.

However, a supporting abutment displacement pattern based on an assumed EBT is used to

develop a cyclic abutment displacement model, theoretically expected from the thermal

induced abutment displacement of the integral bridge. The impact of the fully drained and

the fully undrained state of the fine grain soils within the foundation material on the

behaviour of the backfill soil is taken into consideration in these analyses.

The backfill and foundation soil are modelled using soil parameters obtained from the

bridge site investigation. Soil parameters investigated in earlier studies include the stiffness,

cohesion, friction angle, dilatancy and the unit weight (Wood and Nash, 2000, Kerokoski
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and Laaksonen, 2005, Kerokoski, 2006, Nilsson, 2008). These are the primary parameters

investigated in this parametric study. In addition, the effect of change in the Poisson’s Ratio

is also investigated in Section 6.6.3. However, within a specific soil material type, these

parameters exist within some established range. Soil parameter values may vary slightly

across similar materials of the same type obtained at different intervals even from the same

source or location. The construction process involving the material may also introduce

variation within these parameter values. These variations result in changes within the soil

properties of similar material type. Relatively large variations may potentially lead to

significant changes in the soil behaviour as a result of the largely uncertain effect of the

soil-structure interaction. Knowledge obtained from this study would enable a more

adequate design, accommodating the effect of these variations that may arise as a result of

the material source or construction process.

6.2. Model Soil & Abutment Displacement

The soils and abutment displacement patterns are defined and described in this section. The

measured lateral abutment displacement pattern used as the primary model abutment

displacement pattern is presented in this section. Details of the cyclic abutment

displacement model carried out to support the findings are also presented.

6.2.1. Backfill & Foundation Soil

The backfill soil material parameters obtained from the model soil (generating outputs

matching the behaviour of the instrumented bridge backfill - see details in Section 5.61)

with a backfill soil stiffness value of 92.1MN/m2, was used in this parametric study. Details

of the instrumented bridge’s backfill and foundation soil parameters used in this analysis

are presented in Tables 5.3 and 5.4 (see Section 5.6.1). Two parallel models were simulated

in which the behaviour of the foundation soil models under loading was altered. This was

to evaluate the effect of assuming fully drained and fully undrained fine grain soils

behaviour within the foundation material, under thermal induced loading on the behaviour



155

of the backfill soil. These parallel models identified as the initial model and the fully

drained models are as defined in Section 5.5.3.1.

The parametric study required the variation of specific soil parameters of the backfill soil

during the loading simulation. While the values of one or more of these soil parameters -

stiffness, cohesion, friction angle, dilatancy and the unit weight are altered for each loading

simulation, other soil parameters retained a default backfill soil parameter value. These

default values are as presented in Table 5.4. This was carried out in order to appreciate the

effect of changes to the specific parameter on the backfill soil behaviour. The relationship

between the fully saturated bulk density and dry density was maintained in the variation of

soil parameters.

6.2.2. Abutment Displacement Pattern

The abutment displacement pattern obtained from the bridge site from the 10th to the 16th

day of February 2004 is used as the primary displacement model in this study (see

measured displacement in Figure 5.31). However, between these dates (10th to 16th of

February, 2004), the abutment displacement recorded does not appear to follow a simple

cyclic lateral abutment displacement pattern.

A problem of the integral bridge is the soil-structure interaction associated with the cyclic

loading of the backfill soil. Studies carried out by many researchers have shown that cyclic

loading in soil result in different soil behaviours. This includes studies by Carder and Hayes

(2000) that determined cyclic loading of soils can be characterised in two ways (one way

cyclic loading and two way cyclic loading) all resulting in different soil behaviours, both of

which may apply during a thermal induced integral bridge abutment loading of the backfill

soil. Due to the fact that the abutment displacement pattern measured on the bridge site

does not define a cyclic loading pattern, the findings on the impact of change in soil

parameter values on the earth pressure using this displacement pattern may require further

evaluation accommodating the impact of cyclic loading.
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A secondary displacement model option is therefore considered to support the findings that

may be established using results obtained from modelling the measured abutment

displacement pattern. This option models a typical cyclic abutment displacement pattern

established by a cyclic temperature variation. The model simulates a predicted abutment

displacement induced by the daily maximum and minimum temperature of the bridge site.

The model is based on the instrumented bridge introducing only change to the abutment

displacement pattern.

Figure 6.1: Graph showing EBT controlled average daily maximum

and minimum temperature at bridge site region (Cyclic Displacement

Model) and actual recorded displacement (Site Displacement Record).

The daily average maximum and minimum temperature recorded at the Tampere and

Jyväskylä region of Finland, the location of the bridge, on the 10th to the 16th of February

2004, was determined to be approximately -5oC and -12oC respectively. This information

obtained from the temperature contour map published by the European Climate Assessment

& Dataset (ECA&D) (Klein Tank et al., 2002) for these dates, was used in determining the

predicted displacement the bridge structure may have been subjected to based on the

average daily maximum and minimum temperature recorded. This was developed from the

EBT controlled abutment displacement model (see Equation 5.4) that provided abutment

displacement results with high accuracy. Details of the model abutment displacement

patterns are presented in Figure 6.1.
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6.3. Backfill Soil Parameter Range

The parametric study carried out involves the variation of the model backfill soil (crushed

rock) parameters across a specific range. To generate realistic results, the limits and range

of the backfill soil parameter were established within limits considered realistic to the

specific soil parameter in a typical crushed rock material. Typically, information available

on the backfill soil properties of structures of this type are limited (Wood and Nash, 2000).

Some information on the typical range of the backfill soil parameters was also provided

from the bridge site investigation (Nilsson, 2008, Kerokoski, 2006, Kerokoski and

Laaksonen, 2005).

Consequently, the range of typical soil parameter for crushed rock material was obtained

from publications by several authors on crushed rock and soil material parameters. The

crushed rock backfill soil parameter range established for the purpose of this parametric

study are cohesion, 0kPa – 4kPa, unit weight, 18kN/m3 – 22kN/m3, friction angle 35o – 45o

(Bowles, 1997, Bakker et al., 2006, Bell, 2000, Bowles, 1984, Chou and Bobet, 2002,

McNally, 1998, Parsons, 1992, Steele and Snowdon, 1996, Smith et al., 2001). The range

of the stiffness value of the compacted crushed rock material used in the backfill

construction was obtained from the publication (Kerokoski, 2006). The dilatancy angle

range was based on the friction angle dilatancy relationship in granular soils (De Josselin

De Jong, 1976, Rowe, 1962). The stiffness and dilatancy range are 50MPa – 250MPa, and

0o – 10o respectively.

BACKFILL SOIL PARAMETERS

Stiffness Cohesion Friction Angle Dilatancy Unit Weight

BACKFILL

SOIL

PARAMATER

RANGE

50 MPa 0 kPa 35o 0o 18 kN/m3

100 MPa 1 kPa 37.5o 3o 19 kN/m3

150 MPa 2 kPa 40o 6o 20 kN/m3

200 MPa 3 kPa 42.5o 8o 21 kN/m3

250 MPa 4 kPa 45o 10o 22 kN/m3

Table 6.1: Model soil backfill parameters

The parametric study involves a wide combination of several parameter values. Within the

range of the backfill soil parameters, a number of parameter values considered sufficient to
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establish some pattern of behaviour were identified. For each backfill soil parameter, five

parameter values including values that define the upper and lower limit and three other

values in-between these limits were established. Details of the soil parameters and values

identified for this parametric study are presented in Table 6.1.

In reporting the impact of these parametric studies, two types of parametric variation were

further identified based on defining each of the five parameters as one of the following; a

subject parameter; a variable parameter; or other parameter. The first parametric variation

involves defining one parameter as variable parameter and four as other parameter. In this

parametric variation, the five values of the variable parameter identified under the backfill

soil parameters column in Table 6.1 are simulated with other parameter values retaining the

default parameter value as defined in Table 5.4. The second parametric variation involves

defining one parameter as subject parameter, one as variable parameter and three as other

parameter. In the second parametric variation, for each value of the five subject parameters

(a column in Table 6.1), the five variable parameter values (a second column in Table 6.1)

are simulated with the three other parameter values retaining the default parameter values

(defined in Table 5.4). In both parametric variation types (first and second), the backfill soil

parameters identified as the subject, variable and other parameter change until all

combinations have been simulated.

These parametric variation combination were simulated using the initial model and again in

the parallel fully drained model (see Model (Type) in Table 5.4). In the parameter

combination layout within this studies, a number of repetitions could have occurred where

the identity of the subject and variable soil parameter in one simulation were interchanged

in another. To eliminate the risk of repetition and omissions, a numerical identity was

assigned to every simulation option. This process supported a more effective management

of the large number of simulations required in this analysis. While the first parametric

variation type is enveloped in the second parametric variation type, the first was found to

appropriately define the effect of the changes to the values of the variable parameter on the

model, therefore presenting an accurate overview of the more detailed simulation

combinations carried out in the second.
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6.4. Simulation Plan

Simulations on a number of soil parameter combinations was not carried out because of the

interrelationships that exist between the friction angle and dilatancy in granular materials,

making some combination unrealistic (Bolton, 1986, De Josselin De Jong, 1976). The

default soil model parameters include a dilatancy angle of 8o not sustainable with a friction

angle value of 35o and 37.5o. This combination may be appreciated in the stiffness against

friction angle table (Table 6.3), cohesion against friction angle table (Table 6.7), friction

angle against dilatancy table (Table 6.12), dilatancy against friction angle table (Table

6.16), and unit weight against friction angle table (Table 6.20). Other unrealistic

combinations exist where friction angle and dilatancy were varied as highlighted in

Sections 6.4.3 and 6.4.4. These soil models, indicated in red italic fonts were not taken into

consideration in the analysis. The parametric variation involved 396 independent cases.

This is because in the parametric variations, the variables are dependent on each other

causing repetitions. These simulations were numbered accordingly (See Table 6.2- 6.21).

The format of presenting the simulation plan is explained using the tables in Section 6.4.1.

Section 6.4.1 presents the simulation plan where the stiffness parameter is chosen as the

subject parameter. Details of the subject parameter (stiffness) are presented within the

upper two rows within the tables in this section (Tables 6.2-6.5). In Table 6.2, cohesion is

identified as the variable parameter while the remaining parameters not identified as either

subject or variable are identified as other parameters. Tables 6.3, 6.4 and 6.5 have friction

angle, dilatancy and unit weight respectively identified as the variable parameters. Details

of the variable parameters are presented within the first two columns in this section. The

value of the subject and variable parameters within each simulation identity is as defined in

the row and column of the table while the values of the other parameters are the default

values in Table 5.4. This simulation plan presentation format applies in Sections 6.4.2,

6.4.3, 6.4.4 and 6.4.5 for cohesion, friction angle, dilatancy and unit weight respectively.

6.4.1. Stiffness

Simulation layout for stiffness parametric study is presented in Tables 6.2 - 6.5.
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STIFFNESS

50 MPa 100 MPa 150 MPa 200 MPa 250 MPa

Cohesion
(Initial
Model)

0 kPa 4 123 5 124 6
1 kPa 139 140 141 142 143
2 kPa 13 144 14 145 15
3 kPa 146 147 148 149 150
4 kPa 16 151 17 152 18

Cohesion
(Fully
Drained
Model)

0 kPa 1 121 2 122 3
1 kPa 125 126 127 128 129
2 kPa 7 130 8 131 9
3 kPa 132 133 134 135 136
4 kPa 10 137 11 138 12

Table 6.2: Stiffness against cohesion

STIFFNESS

50 MPa 100 MPa 150 MPa 200 MPa 250 MPa
Friction
Angle
(Initial
Model)

35o 25 167 26 168 27
37.5o 169 170 171 172 173
40o 28 174 29 175 30
42.5o 176 177 178 179 180
45o 4 123 5 124 6

Friction
Angle
(Fully
Drained
Model)

35o 19 153 20 154 21
37.5o 155 156 157 158 159
40o 22 160 23 161 24
42.5o 162 163 164 165 166
45o 1 121 2 122 3

Table 6.3: Stiffness against friction angle

STIFFNESS

50 MPa 100 MPa 150 MPa 200 MPa 250 MPa

Dilatancy
(Initial
Model)

0o 37 195 38 196 39
3o 197 198 199 200 201
6o 202 203 204 205 206
8o 4 123 5 124 6
10o 40 207 41 208 42

Dilatancy
(Fully
Drained
Model)

0o 31 181 32 182 33
3o 183 184 185 186 187
6o 188 189 190 191 192
8o 1 121 2 122 3
10o 34 193 35 194 36

Table 6.4: Stiffness against dilatancy
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STIFFNESS

50 MPa 100 MPa 150 MPa 200 MPa 250 MPa
Unit
Weight
(Initial
Model)

18 kN/m3 49 223 50 224 51
19 kN/m3 225 226 227 228 229
20 kN/m3 52 230 53 231 54
21 kN/m3 232 233 234 235 236
22 kN/m3 4 123 5 124 6

Unit
Weight
(Fully
Drained
Model)

18 kN/m3 43 209 44 210 45
19 kN/m3 211 212 213 214 215
20 kN/m3 46 216 47 217 48
21 kN/m3 218 219 220 221 222
22 kN/m3 1 121 2 122 3

Table 6.5: Stiffness against unit weight

6.4.2. Cohesion

Simulation layout for cohesion parametric study is presented in Tables 6.6 - 6.9.

COHESION

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa

Stiffness
(Initial
Model)

50 MPa 4 139 13 146 16
100 MPa 123 140 144 147 151
150 MPa 5 141 14 148 17
200 MPa 124 142 145 149 152
250 MPa 6 143 15 150 18

Stiffness
(Fully
Drained
Model)

50 MPa 1 125 7 132 10
100 MPa 121 126 130 133 137
150 MPa 2 127 8 134 11
200 MPa 122 128 131 135 138
250 MPa 3 129 9 136 12

Table 6.6: Cohesion against stiffness
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COHESION

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa
Friction
Angle
(Initial
Model)

35o 67 255 68 256 69
37.5o 257 258 259 260 261
40o 70 262 71 263 72
42.5o 264 265 266 267 268
45o 58 239 59 240 60

Friction
Angle
(Fully
Drained
Model)

35o 61 241 62 242 63
37.5o 243 244 245 246 247
40o 64 248 65 249 66
42.5o 250 251 252 253 254
45o 55 237 56 238 57

Table 6.7: Cohesion against friction angle

COHESION

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa

Dilatancy
(Initial
Model)

0o 79 283 80 284 81
3o 285 286 287 288 289
6o 290 291 292 293 294
8o 58 239 59 240 60
10o 82 295 83 296 84

Dilatancy
(Fully
Drained
Model)

0o 73 269 74 270 75
3o 271 272 273 274 275
6o 276 277 278 279 280
8o 55 237 56 238 57
10o 76 281 77 282 78

Table 6.8: Cohesion against dilatancy

COHESION

0 kPa 1 kPa 2 kPa 3 kPa 4 kPa
Unit
Weight
(Initial
Model)

18 kN/m3 91 311 92 312 93
19 kN/m3 313 314 315 316 317
20 kN/m3 94 318 95 319 96
21 kN/m3 320 321 322 323 324
22 kN/m3 58 239 59 240 60

Unit
Weight
(Fully
Drained
Model)

18 kN/m3 85 297 86 298 87
19 kN/m3 299 300 301 302 303
20 kN/m3 88 304 89 305 90
21 kN/m3 306 307 308 309 310
22 kN/m3 55 237 56 238 57

Table 6.9: Cohesion against unit weight
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6.4.3. Friction Angle

A dilatancy angle of 6o may not be sustained with a friction angle value of 35o, and a

dilatancy angle of 10o may not be sustained with friction angle values of 35o and 37.5o as

indicated in Table 6.12 (Bolton, 1986, De Josselin De Jong, 1976). Simulation identities

reflecting these unrealistic combinations of soil parameters are presented in red italic fonts

in the simulation layout for friction angle parametric studies (Tables 6.10 - 6.13).

FRICTION ANGLE

35o 37.5o 40o 42.5o 45o

Stiffness
(Initial
Model)

50 MPa 25 169 28 176 4
100 MPa 167 170 174 177 123
150 MPa 26 171 29 178 5
200 MPa 168 172 175 179 124
250 MPa 27 173 30 180 6

Stiffness
(Fully
Drained
Model)

50 MPa 19 155 22 162 1
100 MPa 153 156 160 163 121
150 MPa 20 157 23 164 2
200 MPa 154 158 161 165 122
250 MPa 21 159 24 166 3

Table 6.10: Friction angle against stiffness

FRICTION ANGLE

35o 37.5o 40o 42.5o 45o

Cohesion
(Initial
Model)

0 kPa 67 257 70 264 58
1 kPa 255 258 262 265 239
2 kPa 68 259 71 266 59
3 kPa 256 260 263 267 240
4 kPa 69 261 72 268 60

Cohesion
(Fully
Drained
Model)

0 kPa 61 243 64 250 55
1 kPa 241 244 248 251 237
2 kPa 62 245 65 252 56
3 kPa 242 246 249 253 238
4 kPa 63 247 66 254 57

Table 6.11: Friction angle against cohesion
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FRICTION ANGLE

35o 37.5o 40o 42.5o 45o

Dilatancy
(Initial
Model)

0o 101 337 102 338 79
3o 339 340 341 342 285
6o 343 344 345 346 290
8o 67 257 70 264 58
10o 103 347 104 348 82

Dilatancy
(Fully
Drained
Model)

0o 97 325 98 326 73
3o 327 328 329 330 271
6o 331 332 333 334 276
8o 61 243 64 250 55
10o 99 335 100 336 76

Table 6.12: Friction angle against dilatancy

FRICTION ANGLE

35o 37.5o 40o 42.5o 45o

Unit
Weight
(Initial
Model)

18 kN/m3 109 361 110 362 91
19 kN/m3 363 364 365 366 313
20 kN/m3 111 367 112 368 94
21 kN/m3 369 370 371 372 320
22 kN/m3 67 257 70 264 58

Unit
Weight
(Fully
Drained
Model)

18 kN/m3 105 349 106 350 85
19 kN/m3 351 352 353 354 299
20 kN/m3 107 355 108 356 88
21 kN/m3 357 358 359 360 306
22 kN/m3 61 243 64 250 55

Table 6.13: Friction angle against unit weight

6.4.4. Dilatancy

Simulation layout for dilatancy parametric study is presented in Tables 6.14 - 6.17.

Dilatancy angles of 6o and 10o may not be sustained with a friction angle value of 35o, and

a dilatancy angle of 10o may not be sustained with a friction angle value of 37.5o (Bolton,

1986, De Josselin De Jong, 1976). Simulation identities reflecting these combinations of

soil parameters are presented in red italic fonts in the simulation layout for the dilatancy

against friction angle parametric studies (Table 6.16).
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DILATANCY

0o 3o 6o 8o 10o

Stiffness
(Initial
Model)

50 MPa 37 197 202 4 40
100 MPa 195 198 203 123 207
150 MPa 38 199 204 5 41
200 MPa 196 200 205 124 208
250 MPa 39 201 206 6 42

Stiffness
(Fully
Drained
Model)

50 MPa 31 183 188 1 34
100 MPa 181 184 189 121 193
150 MPa 32 185 190 2 35
200 MPa 182 186 191 122 194
250 MPa 33 187 192 3 36

Table 6.14: Dilatancy against stiffness

DILATANCY

0o 3o 6o 8o 10o

Cohesion
(Initial
Model)

0 kPa 79 285 290 58 82
1 kPa 283 286 291 239 295
2 kPa 80 287 292 59 83
3 kPa 284 288 293 240 296
4 kPa 81 289 294 60 84

Cohesion
(Fully
Drained
Model)

0 kPa 73 271 276 55 76
1 kPa 269 272 277 237 281
2 kPa 74 273 278 56 77
3 kPa 270 274 279 238 282
4 kPa 75 275 280 57 78

Table 6.15: Dilatancy against cohesion

DILATANCY

0o 3o 6o 8o 10o

Friction
Angle
(Initial
Model)

35o 101 339 343 67 103
37.5o 337 340 344 257 347
40o 102 341 345 70 104
42.5o 338 342 346 264 348
45o 79 285 290 58 82

Friction
Angle
(Fully
Drained
Model)

35o 97 327 331 61 99
37.5o 325 328 332 243 335
40o 98 329 333 64 100
42.5o 326 330 334 250 336
45o 73 271 276 55 76

Table 6.16: Dilatancy against friction angle
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DILATANCY

0o 3o 6o 8o 10o

Unit
Weight
(Initial
Model)

18 kN/m3 117 385 386 91 118
19 kN/m3 387 388 389 313 390
20 kN/m3 119 391 392 94 120
21 kN/m3 393 394 395 320 396
22 kN/m3 79 285 290 58 82

Unit
Weight
(Fully
Drained
Model)

18 kN/m3 113 373 374 85 114
19 kN/m3 375 376 377 299 378
20 kN/m3 115 379 380 88 116
21 kN/m3 381 382 383 306 384
22 kN/m3 73 271 276 55 76

Table 6.17: Dilatancy against unit weight

6.4.5. Unit Weight

Simulation layout for unit weight parametric studies is presented in Tables 6.18 - 6.21.

UNIT WEIGHT

18 kN/m3 19 kN/m3 20 kN/m3 21 kN/m3 22 kN/m3

Stiffness
(Initial
Model)

50 MPa 49 225 52 232 4
100 MPa 223 226 230 233 123
150 MPa 50 227 53 234 5
200 MPa 224 228 231 235 124
250 MPa 51 229 54 236 6

Stiffness
(Fully
Drained
Model)

50 MPa 43 211 46 218 1
100 MPa 209 212 216 219 121
150 MPa 44 213 47 220 2
200 MPa 210 214 217 221 122
250 MPa 45 215 48 222 3

Table 6.18: Unit Weight against stiffness
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UNIT WEIGHT

18 kN/m3 19 kN/m3 20 kN/m3 21 kN/m3 22 kN/m3

Cohesion
(Initial
Model)

0 kPa 91 313 94 320 58
1 kPa 311 314 318 321 239
2 kPa 92 315 95 322 59
3 kPa 312 316 319 323 240
4 kPa 93 317 96 324 60

Cohesion
(Fully
Drained
Model)

0 kPa 85 299 88 306 55
1 kPa 297 300 304 307 237
2 kPa 86 301 89 308 56
3 kPa 298 302 305 309 238
4 kPa 87 303 90 310 57

Table 6.19: Unit Weight against cohesion

UNIT WEIGHT

18 kN/m3 19 kN/m3 20 kN/m3 21 kN/m3 22 kN/m3

Friction
Angle
(Initial
Model)

35o 109 363 111 369 67
37.5o 361 364 367 370 257
40o 110 365 112 371 70
42.5o 362 366 368 372 264
45o 91 313 94 320 58

Friction
Angle
(Fully
Drained
Model)

35o 105 351 107 357 61
37.5o 349 352 355 358 243
40o 106 353 108 359 64
42.5o 350 354 356 360 250
45o 85 299 88 306 55

Table 6.20: Unit Weight against friction angle

UNIT WEIGHT

18 kN/m3 19 kN/m3 20 kN/m3 21 kN/m3 22 kN/m3

Dilatancy
(Initial
Model)

0o 117 387 119 393 79
3o 385 388 391 394 285
6o 386 389 392 395 290
8o 91 313 94 320 58
10o 118 390 120 396 82

Dilatancy
(Fully
Drained
Model)

0o 113 375 115 381 73
3o 373 376 379 382 271
6o 374 377 380 383 276
8o 85 299 88 306 55
10o 114 378 116 384 76

Table 6.21: Unit Weight against dilatancy
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6.5. Soil Parameter Variation & Earth Pressures

Results of the first parametric variation (defined in Section 6.3) showing earth pressure

developed during simulation of the abutment displacement are presented in this section.

Section 6.5.1 presents the results of the simulation based on the abutment displacements as

recorded on site (‘Site Displacement Record’ curve of Figure 6.1). Section 6.5.2 discusses

the results of the simulation from the cyclic abutment displacement model developed

(‘Cyclic Displacement Model’ curve of Figure 6.1).

6.5.1. Measured Abutment Displacement Model

Simulation results of earth pressures developed from modelling the abutment displacement

recorded on the site are presented. The results, presented in Figures 6.2 - 6.11, show the

impact of change in specific soil parameters across the parameter range as defined in Table

6.1.

Stiffness:

Results showing the impact of simulating changes in the backfill soil stiffness values are

presented in Figures 6.2 and 6.3.

Figure 6.2: Change in backfill stiffness (Initial Model).
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Figure 6.3: Change in backfill stiffness (Fully Drained Model).

Cohesion:

Results showing the impact of simulating changes in the backfill soil cohesion values are

presented in Figures 6.4 and 6.5.

Figure 6.4: Change in backfill cohesion (Initial Model).
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Figure 6.5: Change in backfill cohesion (Fully Drained Model).

Friction angle:

Results showing the impact of simulating changes in the backfill soil friction angle values

are presented in Figures 6.6 and 6.7.

Figure 6.6: Change in backfill friction angle (Initial Model).
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Figure 6.7: Change in backfill friction angle (Fully Drained Model).

Dilatancy:

Results showing the impact of simulating changes in the backfill soil dilatancy values are

presented in Figures 6.8 and 6.9.

Figure 6.8: Change in backfill dilatancy (Initial Model).
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Figure 6.9: Change in backfill dilatancy (Fully Drained Model).

Unit weight:

Results showing the impact of simulating changes in the backfill soil unit weight values are

presented in Figures 6.10 and 6.11.

Figure 6.10: Change in backfill unit weight (Initial Model).
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Figure 6.11: Change in backfill unit weight (Fully Drained Model).

6.5.2. Model Abutment Cyclic Displacement

Simulation of a cyclic abutment displacement pattern (secondary displacement model

option) was carried out on the initial model and the fully drained model. The results of

these simulations presented in Appendix 1 show the impact of the changes to the backfill

soil parameters values across the range as defined in Table 6.1 while other parameters of

the backfill soil retained the default values defined in Table 5.4.

The magnitude or range of the abutment displacement in the cyclic displacement model is

lower than that realised from the measured abutment displacement (see Figure 6.1).

6.6. Analysis &Discussion

Data obtained from simulating the abutment displacements under varying conditions were

analysed. The results of these analysis and the implications are discussed in this section.
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6.6.1. Measured & Cyclic Displacement

The maximum difference in earth pressure values developed as a result of the changes in

backfill soil parameters across the range of a specific backfill soil parameter was quantified

(see Figures 6.12 and 6.13). This was to determine the impact of these changes on the

magnitude of earth pressure experienced behind the integral bridge abutment. Comparative

analyses of these quantities, based on the first parametric variation type (described in

Section 6.3), show the relative impact of change in each backfill parameter on the earth

pressure.

Figure 6.12: Impact of changes in backfill soil (Initial model) parameter within

the model crushed rock backfill soil as a result of the model integral

bridge abutment displacements.
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Figure 6.13: Impact of changes in backfill soil (Fully drained model) parameter

within the model crushed rock backfill soil as a result of the model

integral bridge abutment displacements.
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different behaviour pattern as a result of the assumptions on state of the fine grain soils.

Further analysis based on the second parametric variation (described in Section 6.3) was

carried out to provide more details from the evaluation of the impact of these changes.

These analyses considered the simultaneous impact of the changes in the subject and

variable parameter on the earth pressures. The results obtained from the second parametric

variation type show little variation from the results obtained using the first parametric

variation type. These results (from the second parametric variation) confirm the significant

impact of change in the backfill stiffness parameter and the relatively insignificant impact

of change in the other soil parameters considered in this study. Detailed analyses of the

impact of changes in the backfill soil parameters evaluated in the second parametric

variation are presented in Sections 6.6.2.

6.6.2. Impact of Change in Backfill Soil Parameters

The impact of change in the backfill soil parameters on the earth pressure developed behind

the abutment is evaluated using the bridge model featuring the abutment displacement

recorded on the site (see ‘Site Displacement Record’ curve of Figure 6.1). Results

presented show earth pressure plotted against the subject parameters with the variable

parameters defining the curves. The results show that some degree of change occurs in the

earth pressure values generated within the model as a result of changes in the backfill soil

parameters. The results however indicate that change in earth pressure values is

predominantly controlled by change in the stiffness value. The results also show that lower

earth pressure is developed in the fully drained model when compared to the initial model.

6.6.2.1. Impact of Stiffness

Results evaluating the impact of change in stiffness values are presented in this section. The

change in the earth pressure values as a result of the changes in the backfill soil stiffness

values is found to be significant irrespective of the changes that occur within the other

backfill soil parameter values in the model (see Figures 6.14-6.17). It can be appreciated

that the maximum and minimum percentage change in earth pressure value developed as a

result of change in stiffness values from 50 to 250MPa, within the initial and the fully



177

drained model are 220% and 110% respectively . This may be found in Figure 6.16 (“0

Deg. Dilatancy (Fully Drained Model)” curve for maximum change and “0 Deg. Dilatancy

(Initial Model)” curve for minimum change). The average percentage change is 161.2%.

Figure 6.14: Cohesion curves showing impact of changing stiffness values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.15: Friction angle curves showing impact of changing stiffness values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.16: Dilatancy curves showing impact of changing stiffness values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.17: Unit weight curves showing impact of changing stiffness values in

the model bridge backfill soil at the maximum abutment displacement.
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6.6.2.2. Impact of Cohesion

Results evaluating the impact of change in cohesion values are presented in Figures 6.18 -

6.21. In general, there appear to be an increase in the earth pressure values as cohesion

value increases across the changes in the soil parameters evaluated. It is also appreciated

that the maximum and minimum percentage change in earth pressure developed as a result

of the changes in cohesion values from 0 to 4kPa, within the initial and the fully drained

model are 22% and 2% respectively. This may be found in Figure 6.19 (“42.5 Deg. Friction

Angle (Fully Drained Model)” curve) for maximum and Figure 6.18 (“150MPa Stiffness

(Initial Model)” curve) for minimum. The average percentage change is 8.3%.

Figure 6.18: Stiffness curves showing impact of changing cohesion values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.19: Friction angle curves showing impact of changing cohesion values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.20: Dilatancy curves showing impact of changing cohesion values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.21: Unit weight curves showing impact of changing cohesion values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.22: Stiffness curves showing impact of changing friction angle values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.23: Cohesion curves showing impact of changing friction angle values

in the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.24: Dilatancy curves showing impact of changing friction angle values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.25: Unit weight curves showing impact of changing friction angle values in

the model bridge backfill soil at the maximum abutment displacement.
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6.6.2.4. Impact of Dilatancy

The results of evaluating the impact of the changes in the value of the backfill soil dilatancy

angle are presented in Figures 6.26 - 6.29. The maximum and minimum percentage change

in the earth pressure value developed as a result of the changes in dilatancy angle values

from 0o to 10o, within the initial and the fully drained model are 16% and 1% respectively.

The curves showing these changes are presented in Figure 6.26 (“250MPa Stiffness (Initial

Model)” curve for maximum and “50MPa Stiffness (Initial Model)” curve for minimum).

The average percentage change is 5.2%

Figure 6.26: Stiffness curves showing impact of changing dilatancy values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.27: Cohesion curves showing impact of changing dilatancy values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.28: Friction angle curves showing impact of changing dilatancy values in

the model bridge backfill soil at the maximum abutment displacement.

50

55

60

65

70

75

80

85

90

0 2 4 6 8 10

Ea
rt

h
P

re
ss

u
re

(k
P

a)

Dilatancy (Degrees)

Earth Pressure against Dilatancy. Impact of Changing Dilatancy

Values across Constant Backfill Cohesion.

0 kN/m^3 Cohesion
(Initial Model)

0 kN/m^3 Cohesion
(Fully DrainedModel)

2 kN/m^3 Cohesion
(Initial Model)

2 kN/m^3 Cohesion
(Fully DrainedModel)

4 kN/m^3 Cohesion
(Initial Model)

4 kN/m^3 Cohesion
(Fully DrainedModel)

50

55

60

65

70

75

80

85

90

0 2 4 6 8 10

Ea
rt

h
P

re
su

re
(k

P
a)

Dilatancy (Degrees)

Earth Pressure against Dilatancy. Impact of Changing Dilatancy

Values across Constant Backfill Friction Angle.

40 Deg. Friction Angle
(Initial Model)

40 Deg. Friction Angle
(Fully Drained Model)

42.5 Deg. FrictionAngle
(Initial Model)

42.5 Deg. FrictionAngle
(Fully Drained Model)

45 Deg. Friction Angle
(Initial Model)

45 Deg. Friction Angle
(Fully Drained Model)



186

Figure 6.29: Unit weight curves showing impact of changing dilatancy values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.30: Stiffness curves showing impact of changing unit weight values in

the model bridge backfill soil at the maximum abutment displacement.

Figure 6.31: Cohesion curves showing impact of changing unit weight values in

the model bridge backfill soil at the maximum abutment displacement.
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Figure 6.32: Friction angle curves showing impact of changing unit weight values

in the model bridge backfill soil at the maximum abutment displacement.

Figure 6.33: Dilatancy curves showing impact of changing unit weight values in

the model bridge backfill soil at the maximum abutment displacement.
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6.6.3. Impact of Change in Poisson’s Ratio

Plaxis Hardening Soil model requires an input of the unloading and reloading Poisson’s

Ratio parameter. The cyclic loading of the model integral bridge carried out in this study

involves the unloading and reloading of the backfill and foundation soil materials.

Consequently, a parametric study on the variation of the Poisson’s Ratio within this model

was carried out to establish the effect of this parameter on the model.

Typical Poisson’s Ratio parameter value of soils as found in several publications range

from approximately 0.1 to virtually incompressible 0.5 (United States. Federal Highway et

al., 1999, Das, 2008). The value of the Poisson’s Ratio for the backfill soil material type,

crushed rock, range from 0.15 to 0.35 (Ryall et al., 2000). However, for realistic

computational results in the Plaxis undrained effective stress analysis, the bulk modulus of

water must be appreciably higher than the effective bulk modulus of the soil. This condition

is best satisfied with a soil Poisson’s Ratio less than 0.35 (PLAXIS, 2010a).

Parametric studies was therefore carried out varying the value of the backfill soil Poisson’s

Ratio from 0.16 to 0.32. Figures 6.34 and 6.35 present the results showing the impact of

simulating changes in the backfill soil Poisson’s Ratio in the initial model and in the fully

drained model respectively. Results of the cyclic model are presented in Appendix 1.

Figure 6.34: Change in Backfill Poisson’s Ratio (Initial Model)
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Figure 6.35: Change in Backfill Poisson’s Ratio (Fully Drained Model)

Figure 6.36 compare the impact of change in Poisson’s Ratio and the impact of change in

other soil parameters to the impact of change in the stiffness parameter. The results show a

significantly larger impact on the earth pressure values as a result of the change in the

stiffness parameter compared to change in the Poisson’s Ratio parameter and change in the

other soil parameters analysed.

Figure 6.36: Impact of change in backfill soil parameters on earth pressure
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6.6.4. Summary

As established in Chapters 2 and 5, several factors affect the magnitude of the lateral

abutment displacement. These include the foundation geometry, foundation material type,

the bridge structure properties and geometry that may affect the extent to which the

abutment may yield in bending and rotation. These factors merge in a relatively

complicated combination to affect the earth pressure values. The impact of these

combinations on the earth pressure values is unique to each bridge as it largely depends on

the combination of the bridge structure properties, and the nature of the bridge site/location.

However, the effect of these combinations was not considered in this study as the bridge

model developed for this simulation was based on an instrumented bridge, only varying the

backfill soil parameters, state of foundation soil under loading, and abutment displacement,

to enable a parametric study of the effect of these variations on the model.

The results obtained in this study show that changes in the values of all backfill soil

parameters affect to some extent, the magnitude of earth pressure experienced within the

backfill soil. There appears to be an increase in the earth pressure values as stiffness,

cohesion and unit weight values increases across the changes in the other soil parameters

(see Figures 6.14 – 6.21 and Figures 6.30 – 6.33 respectively). There also appear to be a

decrease in the earth pressure values as friction angle values increases across the changes in

the other soil parameters (see Figures 6.22 – 6.25). These clearly indicate a behaviour trend

owing to change in specific backfill soil parameter values. However, the change in earth

pressure values recorded as a result of the changes in the cohesion, friction angle, dilatancy

and unit weight backfill soil parameters values, are relatively small and predominantly

result in an average percentage change of less than 10% to the earth pressure values across

the parameter variation range. As a result of the relatively negligible magnitude of change,

these slight variations may also be considered to be a product of other factors affecting the

magnitude of earth pressure experienced within the backfill soil that have not been taken

into consideration in this study. Consequently, the patterns of behaviour attributed to

changes in the cohesion, friction angle, dilatancy and unit weight backfill soil parameters,

have not been clearly established from this analysis.
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However, the impact of changes in the stiffness values on earth pressure is convincing with

the relatively large variation in the earth pressure values dependent on these changes.

Change in stiffness values within the model crushed rock backfill material may potentially

result in an average percentage change in excess of 160% to the earth pressure values

across the parameter variation range. This pattern of behaviour was observed in the models

where the backfill stiffness parameter value of 50MPa was gradually increased to 250MPa

(see Figures 6.14 - 6.17). Changes in the values of other parameters pale in comparison.

This suggests that the magnitude of earth pressure developed behind the abutment of an

integral bridge as a result of the thermal induced loading is primarily controlled by the

relative stiffness of the backfill soil. This result agrees with the conclusions reached by

Wood and Nash (2000) in a similar study varying primarily the friction angle against the

stiffness, using an elastic perfectly plastic soil model, on a simplified model of an integral

bridge, in a numerical model analysis.

The earth pressures developed in the fully drained model was found to be generally lower

than the earth pressure developed in the initial model under similar conditions. The range of

the earth pressures developed across similar change in backfill soil stiffness parameter was

however found to be higher in the fully drained model. There is no clearly defined or

established pattern of behaviour sustained in the initial model as well as the fully drained

model. This is appreciated through a review of the impact of changes in specific soil

parameters between measured and cyclic abutment displacement bar chart in the initial and

fully drained models (see Figures 6.12 and 6.13). From inspecting Figures 6.12 and 6.13, it

is evident that the earth pressure range in the initial model was not sustained in the fully

drained model. The ratio between the measured and cyclic displacements in the initial

model was also not sustained in the fully drained model. The impact of changes to the unit

weight parameter is only less significant than the impact to the change in stiffness (see

Figure 6.12) in the initial model, rather than least significant among all the parameters

evaluated (see Figure 6.13) in the fully drained model. These results clearly show

appreciable differences suggesting that a different behaviour pattern, hence earth pressure

values may be expected in assuming a fully drained or undrained behaviour for fine grained

soils during analysis.
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6.7. Conclusion

Results of the parametric studies carried out to determine the impact that changes in

specific soil parameters within the backfill material have on the earth pressure developed

behind the abutment of a model integral bridge, were presented in this chapter. The backfill

soil parameters identified for evaluation included the stiffness, cohesion, friction angle,

dilatancy and unit weight. Loading simulations defining the pattern of abutment

displacement recorded on an instrumented bridge site were carried out. Secondary loading

simulations defining an established cyclic loading pattern were also carried out. These

loading simulations were carried out varying the values of these parameters within the

model backfill soil and varying the state of the foundation soil materials under loading.

Results of the study reported in this chapter suggest that changes in the value of all backfill

soil parameters affect to some extent the magnitude of earth pressure experienced within

the backfill soil. However, the results indicate that the magnitude of earth pressure

developed behind the abutment of an integral bridge as a result of the thermal induced

loading is primarily controlled by the change in the stiffness value of the backfill soil, and

that changes in other backfill soil parameters have a negligible impact on the earth pressure.

These results also indicate that the state of the integral bridge foundation soil under thermal

induced loading have an appreciable effect on the behaviour of the backfill soil and the

earth pressure values.

A parametric study on the impact of the variation of the backfill soil parameters was

considered in this chapter. A parametric study on the impact of the seasons within which

the integral bridge is constructed on the earth pressure developed within the backfill soil is

considered in the next chapter. The impact of the variation of the stiffness parameter values

(now established as being primarily responsible for the magnitude of earth pressure

developed) on the season in which the integral bridge structure is completed is also

considered in the next chapter. These analyses are carried out evaluating the impact of the

state of the foundation soil materials under thermal induced loading.
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Chapter 7 : IMPACT OF CONSTRUCTION SEASON

7.1. Introduction

While the integral bridge is significantly affected by temperature changes that are

dependent on time and season, the construction process of the bridge structure in practice is

generally not influenced by time periods or seasons. As a result, bridge construction

activities in most cases occur all year round except in the most extreme of weather

conditions. It is appreciated that the four distinct seasons within a typical year in the United

Kingdom are associated with clearly different temperature range and weather conditions.

It has been observed through the review of the temperature data and the corresponding

displacement pattern of the integral bridge abutment that the nature of the change in

temperature defines the characteristics of the displacement experienced on any typical

integral bridge. Where rising temperature is responsible for an abutment displacement in a

specific direction, falling temperature within the same circumstances on the same bridge

structure will be responsible for an abutment displacement in the opposite direction. The

patterns of displacements defined by the patterns of temperature change, potentially define

a unique pattern of behaviour within the backfill soil.

Through establishing a link between the time or season of construction and the abutment

displacement pattern of an integral bridge, abutment displacement simulations are carried

out to determine the impact of the construction season. This chapter presents the results of

the parametric studies evaluating the impact of the season of construction on the magnitude

of earth pressure developed within the backfill soil behind the abutment. The impact of the

assumption of fully drained and the fully undrained state of the fine grain soils within the

foundation material on the behaviour of the backfill soil is taken into consideration. As a

result of the significant impact the variation of the backfill soil stiffness parameter has on

the magnitude of earth pressure experienced within the backfill soil (see Chapter 6), the

impact of changes in the backfill soil stiffness parameter on the season of construction is
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also evaluated. The temperature model is based on a typical United Kingdom annual

temperature pattern established in this chapter. The earth warmed by 0.75oC within the last

century (Met.Office, 2012) typically resulting in only fractions of a millimetre in abutment

displacement. The temperature changes due to daily and seasonal changes are much greater

than the temperature change due to climate change. Consequently, the impact of climate

change was not considered in this study. However, the predicted increase in temperature

will increase the earth pressures as the mean temperature increases.

The resulting abutment displacement is calculated using Equation 5.4 (see Chapter 5) and

the coefficient of thermal expansion as recommended for concrete and steel bridges by the

UK Design Manual For Roads and Bridges (BD37/01, 2001). A measure of the abutment

displacement is as described in Section 5.3.1.5 (Chapter 5). The integral bridge model

developed in Chapter 5 including the soil model, bridge and soil geometry and parameters

are retained for this study.

7.2. Temperature Record

The UK met office offers arguably the most reliable and most widely used United Kingdom

weather data information. Consequently, data used in modelling the possible temperature

scenarios to which an integral bridge constructed in the United Kingdom may be subjected

to, was obtained from publicly available data published by the UK met office.

The temperature data made available by the UK met office is presented in monthly and

annual summaries from data stations located within the counties of the United Kingdom.

These can be viewed as summaries for geographical regions within a United Kingdom

country, summaries for countries, or summaries for the entire United Kingdom. These data

summaries are presented as average and maximum or minimum temperature values. The

geographical definition of the boundaries that define the regions is available on the UK met

office website (Met.Office, 2012). Extreme case temperature data within the United

Kingdom and its regions are also presented.
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Extreme temperature data are considered ideal for most engineering design purposes.

However, an evaluation of the available data published by the UK Met office show that

several regions do not experience the temperatures similar to those identified as extreme in

other regions. More critically, colder regions are often colder and warmer regions, warmer.

Thus regions that have been subjected to an upper extreme temperature have not been

subjected to the lower extreme temperature and vice versa. An annual temperature model

made up of extreme temperature values thus present an unrealistic scenario unlikely to

occur within the life span of a bridge structure built in any region within the United

Kingdom.

Months UK Mean Daily Temperature / Month
( oC )

Temperature
Range

( oC )

Calculated
Model

Abutment
Displacement

(mm)

Highest Maximum
Average

Temperature
Recorded (England

SE / Central S)

Lowest Minimum
Average

Temperature
Recorded (England

SE / Central S)

January 9.9 -5.4 15.3 7.0
February 10.9 -4.3 15.2 7.0

March 14.1 -1.2 15.3 7.0
April 18.2 0.9 17.3 7.9

May 19.4 4.2 15.2 7.0

June 23.4 7.4 16.0 7.3
July 26.1 9.7 16.4 7.5

August 25.7 9.1 16.6 7.6
September 22.7 6.7 16.0 7.3

October 18.6 2.5 16.1 7.4

November 13.2 -0.2 13.4 6.1

December 10.4 -2.7 13.1 6.0

Table 7.1: Highest maximum and lowest minimum average temperature

from England South East / Central South region (1910 to 2012). Abutment

displacement calculated from Equation 5.4.

Temperature records considered best suited for use in modelling the performance of a

typical thermal induced integral bridge abutment displacement within the United Kingdom,
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would ideally include maximum and minimum temperature values that have the potential of

regularly occurring within the months of the year in any region across the United Kingdom.

This temperature record would support the development of a model that more realistically

simulates the performance of an integral bridge under realistic United Kingdom climatic

conditions. Through a review of the United Kingdom temperature data set, the average

temperature data (average maximum and minimum) was found to present high and low

temperature values with the greatest probability of occurring within the months of the year

across the regions in the United Kingdom.

England South East / Central South was identified as the region with the most extreme

cases of maximum and minimum average temperature data. The maximum and minimum

temperature averages from 1910 to 2012 within this region, was identified for use in the

modelling. The temperature data obtained within this region was considered the best

available recorded data for a number of reasons. Primarily, it affords a wider temperature

range and therefore a greater calculated abutment displacement and more significant earth

pressure values for evaluation, while the calculated abutment displacement for the bridge

model remained within the integral bridge abutment displacement limit of ±20mm defined

by the United Kingdom design of integral bridges manual (BA42/96, 2003).

Temperature data across all regions of the United Kingdom also showed that the

temperature average values from the England South East / Central South were attained or

exceeded in all other United Kingdom regions over the duration within which records have

been published (1910 – 2012). Consequently, maximum and minimum average temperature

data obtained from the England South East / Central South region is considered suitable as

being representative of the United Kingdom. This is supported by a publication of

temperature records in Britain by Webb and Meaden (Webb and Meaden, 2000). These

maximum and minimum averages (shown in Table 7.1) were used in establishing a typical

temperature pattern over the course of a year.
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7.3. Displacement & Construction Season

The conventional construction process of an integral bridge requires a full construction or

placement of the abutments before the construction or placement of the bridge deck. During

the construction process, when the abutment is fully erected before the deck is constructed,

the abutment may be considered to be at a relative neutral horizontal position - without any

forces or displacement input from the deck. Lateral abutment displacement or lateral forces

from the bridge deck as a result of the thermal expansion and contraction of the bridge deck

can only occur when the deck is structurally linked to the abutments. On construction

completion, before the effect of thermal displacement is experienced, the change in bridge

deck length or relative abutment displacement is 0mm. In modelling the construction

seasons, the effect of thermal variation on the integral bridge structures is assumed elastic.

Abutment displacement is assumed to be strain controlled because the stiffness of the

bridge super structure is significantly higher than the stiffness of the materials resisting the

abutment displacement (Arsoy et al., 2002).

The direction of the abutment displacement, with respect to the backfill soil, depends on the

nature of the temperature change. A temperature change resulting in rising temperatures

will lead to a bridge deck expansion. The expansion of the bridge deck results in abutment

displacement away from the bridge deck and into the backfill. A temperature change

resulting in falling temperatures will lead to a bridge deck contraction and an abutment

displacement towards the bridge deck and away from the backfill. This establishes a pattern

of abutment displacement behaviour that may be linked to a recognised pattern of

temperature change. The integral bridge structure is therefore subjected to temperature

increase or decrease from the temperature at construction completion up to the peak

summer or winter months, and a general increase or decrease in deck length, and thereafter,

cyclic increase and decrease in deck length as the seasons change through the years.

As the thermal induced displacements commences immediately following the construction

completion, the season in which the construction is completed would determine the general

pattern of loading the backfill soil would be subjected to as illustrated in Figures 7.1, 7.2

and 7.4. Due to the largely cyclic nature of the temperature variations experienced within

the life span of an Integral bridge, the temperature values and the pattern of cyclic abutment
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lateral displacements recorded within the bridge structure at any given moment or time

duration will likely reoccur.

7.3.1. Summer & Winter Construction

An established pattern of a clear temperature cycle with relatively high summer months’

temperatures and low winter months’ temperatures is defined by the United Kingdom

climate pattern. This implies that within a typical year in the United Kingdom, the general

trend of temperature change beyond the peak summer month would be falling temperatures

and likewise, that beyond the peak winter month would be rising temperatures.

Where construction is completed in the peak of the summer months, bridge deck

contraction and abutment displacement will tend to occur only away from the backfill soil

as time progresses towards the winter months and the temperature drops. Beyond the winter

months and towards the next summer, the temperature rises and the abutment displacement

will tend to occur towards the backfill and subsequently return to the relative neutral

position (0mm - see Figure 7.3). The bridge deck expansion will in theory not exceed its

length at the neutral position as the next peak of the summer month would have an

approximately equal temperature value as the previous peak summer month in which the

bridge was constructed.

Figure 7.1: Displacement pattern defining a typical integral bridge abutment

displacement when construction is completed in the peak summer month.

Bridge Deck
Bridge

Foundation Soil

Backfill Soil
Abutment
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Figure 7.2: Displacement pattern defining a typical integral bridge abutment

displacement when construction is completed in the peak winter month.

Figure 7.3: Abutment displacement pattern (developed from Table 7.1) defined

by construction completion in the peak summer and winter months showing

minimum and maximum displacement cycle within a month. Construction

completion displacement (neutral position) is 0mm.

Construction completed in the peak winter months will tend to have bridge deck expansion

and abutment displacement towards the backfill soil as time progresses and temperature

rises leading to the summer. The bridge deck contracts and the abutment displacement

occur away from the backfill and back to the relative neutral position (0mm - see Figure
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7.3) as the temperature cycle returns leading to the next winter months. The bridge deck

contraction will in theory not go below its length at the neutral position as the next peak

temperature value of the winter month, is approximately equal to the temperature value

recorded in the previous peak winter month in which the bridge was constructed.

7.3.2. Spring & Autumn Construction

Through the cycle of rising and falling temperatures that occur in a typical year, periods of

mid temperature values between the highest and lowest temperatures are experienced.

These mid-value temperatures are generally associated with the periods of spring and

autumn. While the spring and autumn months may have similar temperature values, the

temperature changes that are experienced within these two seasons are a reverse of each

other, leading to abutment displacements in opposite directions. The spring experiences a

general trend of rising temperatures hence abutment displacement into the backfill while

the autumn experiences falling temperatures and abutment displacement away from the

backfill.

When the bridge is constructed in the peak spring months, abutment displacement occurs

towards the backfill soil as the temperature rises and the bridge deck expands. As time

progresses beyond the summer months, the displacement of the abutment reverses direction

away from the backfill soil and back to the relative neutral position (0mm - see Figure 7.5)

leading to the winter months. However, unlike in the winter construction, because the

lowest temperature the bridge deck may be subjected to is not the temperature that was

experienced in the neutral position at the time of construction, the abutment displacement

away from the backfill continues beyond the relative neutral position up to the

displacement experienced in the peak winter month. The duration beyond the peak winter

month and up to the next spring will result in another temperature rise within this cycle,

bringing the abutment back to the relative neutral position as the temperature matches the

temperature of the previous spring construction period.
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Figure 7.4: Displacement pattern defined by a typical integral bridge abutment

when construction is completed in the peak spring or autumn month.

Figure 7.5: Abutment displacement pattern (developed from Table 7.1) defined

by construction completion in the peak spring and autumn months showing

minimum and maximum displacement cycle within a month. Construction

completion displacement (neutral position) is 0mm.

When the bridge construction is completed in the peak of the autumn months, abutment

displacement will tend to occur away from the backfill soil as the temperature drops leading

to the winter months. As time progresses beyond the winter months and towards the
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back to the relative neutral position (0mm - see Figure 7.5), as the bridge deck begins to

expand. The abutment displacement will exceed the relative neutral position as it proceeds

towards the backfill soil because the bridge will be subjected to higher temperatures than

was experienced at the neutral construction position in the previous autumn season. As the

temperature begins to drop beyond the peak of the summer month, subsequently matching

that of the previous autumn, the abutment displacement direction reverses again away from

the backfill soil and returns to the relative neutral position.

7.3.3. Modified Abutment Displacement

A graphical display of the model abutment displacement pattern in autumn and spring as

defined by the monthly temperature data obtained from the UK met office is shown in

Figure 7.5. This presents spring and autumn displacements not accurately aligned with a

spring displacement range of -6.8mm to +7.6mm and an autumn displacement range of -

7.3mm to +7.6mm (see April and October displacement range in Table 7.1).

This variation is as a result of the mid temperature of the monthly temperatures values

identified for use in Table 7.1 (see Appendix 2 and 3). While analysis involving the winter

and summer construction seasons evaluate the effect of the series of abutment displacement

pattern limited to either side of the abutment neutral position, analysis involving the

autumn and spring construction seasons evaluate the effect of the series of abutment

displacement pattern that cross the abutment neutral position depending on the construction

completion season. An appropriate comparison of the effect of the autumn and spring

construction season would therefore require that the variation in the relative abutment

neutral position be eliminated.

A review of the temperature range as published by the UK met office however shows that

the mid temperature of the annual temperature range does occur immediately after the peak

autumn month (October) temperature value and immediately before the peak spring month

(April) temperature value. The temperature table was therefore modified to show the mid

value temperature common to both seasons of autumn and spring in order to eliminate the

effect of the relative positioning of the series of displacement (Table 7.2). The graphical
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result of this modification, used as the model abutment displacement, can be seen in Figure

7.6. This figure show the cyclic relative displacement of the abutment with respect to the

neutral position similar in magnitude and direction for construction completed in the

autumn and spring seasons. The difference between these seasons now remains the pattern

of the initial series of displacement, either towards the backfill soil (passive side) or away

from the backfill soil (active side). Figure 7.7 show abutment displacement pattern

modelling construction completion in specific seasons.

Modified Mid Autumn/Spring Construction Temperature (Monthly Cycle)

(Integral Bridge Deck/Abutment Link Maximum Temperature and Displacement)

Months Mid
Temp.

Calculated
Model

Abutment
Disp. (mm)

Relative Mid
Disp. (mm)

Relative
Min. Disp.

(mm)

Relative Max.
Disp. (mm)

January 2.3 7.0 (±3.5) -3.6 -7.1 -0.1
February 3.3 7.0 (±3.5) -3.1 -6.6 0.4
March 6.5 7.0 (±3.5) -1.6 -5.1 1.9
April 10.1 7.9 (±4.0) 0 -4.0 4.0
May 11.8 7.0 (±3.5) 0.8 -2.7 4.3
June 15.4 7.3 (±3.7) 2.4 -1.3 6.1
July 17.9 7.5 (±3.8) 3.6 -0.2 7.4
August 17.4 7.6 (±3.8) 3.3 -0.5 7.1
September 14.7 7.3 (±3.7) 2.1 -1.6 5.8
October 10.1 7.4 (±3.7) 0 -3.7 3.7
November 6.5 6.1 (±3.1) -1.6 -4.7 1.5
December 3.9 6.0 (±3.0) -2.8 -5.8 0.2

Table 7.2: Mid temperature values and month of occurrence (modified from

Table 7.1) showing calculated model abutment displacement where the

displacement at construction completion in autumn and spring (neutral

position) is 0mm
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Figure 7.6: Abutment displacement pattern (developed from Table 7.1)

defined by construction completion in the peak spring and autumn months

showing minimum and maximum displacement cycle within a month.

Construction completion displacement (neutral position) is 0mm.

Figure 7.7: Model abutment displacement pattern of all construction seasons

with respect to abutment neutral position. Displacements illustrated show a

minimum and maximum displacement cycle within a month where

construction completion displacement (abutment neutral position) is 0mm.
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7.4. Construction season and Soil behavior

Abutment displacement effect within the backfill soil as a result of an increase in the bridge

deck length may be described as passive side displacement and as a result of a decrease in

deck length, active side displacement. There exist four clearly defined combinations of

these displacement patterns defined by the construction completion time of integral bridges

constructed within the four distinct seasons in the United Kingdom. These different patterns

of abutment displacements present unique and characteristic soil behaviour and

consequential earth pressures. This is largely attributed to the fact that the behaviour of a

soil mass, irrespective of the strains and stresses it may be currently subjected to, is

dependent on its history.

The relationship between the horizontal and vertical effective stress within a soil mass is

defined within the limits of the coefficient of earth pressure, K. However, during thermal

loading, the relationship between the horizontal and vertical effective stress in the backfill

soil at any given time may be defined within the limits of the coefficient of active earth

pressure, Ka; and within the limits of the coefficient of passive earth pressure, Kp. The

relationships that may apply depend on the relative displacement position of the abutment

to the backfill soil.

ܭ = ܽݐ ݊ଶ(45° −
1

2
øʹ )

……….. (7.1)

ܭ = ܽݐ ݊ଶ(45° +
1

2
øʹ )

……….. (7.2)

These coefficients have different values as calculated using Equations 7.1 and 7.2 and as

illustrated in Figure 7.6. Under an equal magnitude of displacement from the abutment

neutral position in the active side displacement and passive side displacement, a retained

soil mass, such as the backfill soil behind the integral bridge abutment, will generate
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different earth pressure values. On return to the abutment relative neutral position, the earth

pressures recorded within the backfill soil would be influenced by several factors including

the elastoplastic properties of the material thus resulting in slightly different earth pressure

values between the active side and the passive side abutment displacements. Where the

cyclic lateral loading is sustained on either side, different soil behaviour patterns may

therefore be expected as a result of the different stress paths that will be defined. The

relationship within the limits of the coefficient of earth pressures, the soil loading pattern

controlled by the season in which construction is completed, and the elastic properties of

the backfill material, are factors that influence the extent of the variation in the soil

behaviour.

Figure 7.8: Relationship between displacement and the coefficient of active

and passive earth pressure (Mitchell and Soga, 2005).

Stresses generated from strain controlled cyclic loading on granular material progressively

become more predictable with significantly less changes in successive cycles as the number

of cycles increase. In a study carried out by Carder and Hayes, the typical stress strain
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behaviour of granular material under strain controlled cyclic loading (Carder and Hayes,

2000) show progressively stabilizing behaviour between the second and tenth cycle and

relatively insignificant changes in cycles beyond that. Integral bridge backfill materials are

predominantly subjected to strain control loading type. This finding on the effect of strain

controlled cyclic loading is therefore considered to apply within this study as the backfill

soil being modelled is granular in nature. This informs the decision to carry out a full cyclic

loading simulation on the integral bridge backfill soil model up to the tenth cycle.

7.5. Modeling Construction Seasons

A primary challenge in modelling the impact of the construction completion season within

the United Kingdom is the adoption of a temperature model that simulates the realistic

effect an actual United Kingdom temperature pattern has on an integral bridge structure.

While the adoption of a model environmental temperature pattern appears direct and

simple, modelling the actual abutment displacement behaviour presents several challenges

including establishing an appropriate environmental temperature model, accommodating

the thermal properties of the bridge material components, accommodating the

environmental conditions, and establishing the abutment displacement characteristics. For

this study, environmental temperature data provided by the UK Met office is assumed to be

the model bridge EBT.

The process of cyclic loading within an integral bridge backfill is only achieved when the

EBT (estimated bridge temperature) of the bridge structure changes from a referenced

temperature value and returns to the same value after a period in a continuous manner. This

is because the EBT accounts for the actual bridge deck expansion that occurs. The integral

bridge structure is generally subjected to two cyclic temperature loading patterns, the daily

temperature cycle and the yearly temperature cycle. Smaller temperature variations with a

higher frequency of occurrence are experienced in the daily temperature cycle while larger

temperature variations with a lower frequency of occurrence are experienced in the yearly

temperature cycle.
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The daily temperature cycle could be attributed to the change in daily temperatures that

occur as a result of heat from the sun’s radiation by day and cooling by night. Within the

United Kingdom, the yearly temperature cycle could be attributed to the seasonal

temperature extremes of winter and summer. While the daily minimum and maximum

temperature cycle proceeds, there is a gradual change in temperature reflecting the

changing seasons. Temperature changes across the seasons within a year from a maximum

temperature season, summer, to a minimum temperature season, winter, thus defining a

yearly maximum and minimum temperature cycle. Consequently, these two temperature

cycles occur simultaneously. There are 365 typical daily temperature cycles that make up 1

typical yearly temperature cycle.

Figure 7.9: Temperature against time - 3650 days (10 years). Showing 365

maximum and minimum daily temperatures cycles (in green) in 1 maximum

and minimum yearly temperature cycle (in red).

Temperature data obtained from the UK met office, presented in monthly considerations

also consists of the mean daily maximum and minimum temperature recorded at specific
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stations, over time (Met.Office, 2012). This data provide an average daily temperature

range for each month of the year. The average daily maximum and minimum temperature

data across a given month may be used in developing a daily temperature cycle for

modelling the impact of daily temperature variation in an annual cycle. As the months

change, this would take into account the impact of the changing seasons as well. The

monthly maximum and minimum temperature data may also be used in developing a daily

temperature cycle. This would involve a daily cycle modelling the monthly limits and

changing as the months change to accommodate the seasons in an annual cycle.

7.5.1. Modeling Thermal Effect

Integral bridge structures and the backfill soils are ideally expected to experience 365 daily

cycles in one annual cycle. However, the evidence gathered from research does not support

this expectation and has shown that the actual cyclic behaviour of a constructed integral

bridge differs. Integral bridge abutment displacement and the corresponding environmental

temperature measured at consistent regular intervals on sites reveal a less consistent

immediate (short duration) temperature-displacement trend (Kerokoski and Laaksonen,

2005, Kerokoski, 2006, Darley et al., 1998, Darley et al., 1996).

The less consistent temperature-displacement trend characteristically does not follow any

defined pattern and is not certain to repeat any established pattern. This may be attributed to

the fact that the EBT pattern may rise consistently for days and/or fall consistently within

the same month even when the general temperature trend of the changing season suggest

otherwise. It may also be attributed to the fact that the EBT does not respond instantly to

immediate temperature changes. Erratic short-term temperature behaviour is also regularly

experienced within the seasons. This less consistent temperature-displacement trend is most

appreciated where consistent and regular interval temperature measurement with more than

one frequency per day is taken. This trend would also be lost in the event the temperature

data is averaged over time.

In theory, a complete cyclic temperature pattern, where the maximum and minimum

temperatures are repeated, would not occur in the daily temperature cycles because of the
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gradual change in temperature from one day to the next, attributed to the change in seasons.

Without the impact of climate change, a complete cyclic temperature pattern will occur in

two or more complete yearly cycles. Within the assumptions made in this research, the

yearly cycle would entail two calculation phases in simulating the effect of thermal loading

on the backfill soil – an abutment displacement in opposite directions, representing the

maximum and minimum annual temperature effect. However, a study of the impact of the

construction completion season using the yearly cycle (average yearly maximum and

minimum temperatures) will present an over simplified account of the activities and

developments that may be experienced within the backfill soil. The yearly cycle will also

eliminate a prime feature of the integral bridge backfill soil loading - the primary cyclic

loading effect that occurs as a result of the daily cyclic loading.

The daily model cycle replicates the average daily temperature pattern experienced within a

given month. This model would define a yearly cycle pattern by repeating the daily cycle

limits through a month with changes occurring at the beginning of the next month

accounting for the limits of the next month and sustained through it. This approach would

entail two calculation phases modelling abutment displacement in opposite directions,

representing the maximum and minimum temperature effect for every given day. In

modelling the effect of thermal induced abutment displacement for 10 years, this translates

into a minimum of 7,300 finite element calculation phases.

While the daily temperature model would appear to generate a more detailed abutment

displacement output from the large number of calculation required, it has been found that

the daily temperature variation does not reflect the actual behaviour of an integral bridge

structure subjected to daily temperature changes. Immediate and short term temperature

changes have been documented to have little or no effect on the EBT of the bridge deck

(Russell and Gerken, 1994). As a result of the constant changes to the temperature values

within the day, and the frequency of the cyclic temperature change in the daily cycles, the

effect on the integral bridge structure has been found to be largely introducing a thermal

gradient through the vertical depth of the structure (Russell and Gerken, 1994).
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However, the general temperature trend over a longer period of time (seasonal temperature

change) primarily affects the change in the length of the bridge deck (Russell and Gerken,

1994) which controls the actual abutment displacement. This suggests that the daily

temperature changes have little impact on the displacements that actually influence the

behaviour of the abutment displacement. This behaviour is directly influenced by the

seasonal changes in temperature that persist long enough to introduce sustainable thermal

change through the depth of the structure and an appreciable displacement. Consequently,

the EBT changes may appropriately be attributed to the seasonal temperature change rather

than the daily change in temperature.

The temperature range within the daily cycle presents some challenges as well. The

temperature data from the UK met office presents an average daily maximum and

minimum temperature for each month, which may be adopted in simulating a daily

temperature cycle. This would imply that in modelling, a consistent daily temperature

maximum and minimum value, representative of the month, is used throughout each month.

However, the recorded temperature variation over the months show temperatures that

routinely exceed the average daily maximum and minimum temperatures of the referenced

month, the previous month and the next month by substantial margins, and therefore cannot

be ignored.

This limited daily temperature range was also observed by Springman et al. (Springman et

al., 1996). Springman et al. (1996) established that for at least 96% of the days in a typical

year within the United Kingdom, the temperature variation is less than 4.5oC. The limited

daily temperature range highlights a significant shortcoming in the use of daily temperature

maximum and minimum averages values in defining a model temperature pattern, across

the months of a typical year in the United Kingdom.

A consideration was given to adopting a higher temperature range that would accommodate

the limits routinely attained each month for the daily temperature model. However, the

challenge this option presents is that the daily frequency of this higher limits would amount

to an extreme scenario most unlikely to occur as the frequency of attaining these limits
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within the month is significantly less than the frequency that would be modelled in this

scenario.

7.5.2. Thermal Model

While taking into consideration the resources required in achieving the daily temperature

model simulation, it will also be appreciated that given the available data, this model would

either lack the typical temperature range that may be experienced within a given month if

based on the daily temperature averages or would over emphasise the frequency of

occurrence of the monthly temperature limits if based on monthly temperature averages.

Besides, it is evident from research and field measurement carried out on instrumented

integral bridge structures that the behaviour of the backfill soil is to a large extent not

dependent on the environmental daily temperature variation depicted in the daily cycle

(Russell and Gerken, 1994).

Figure 7.10: Day 1 to 365: Temperature models and limits through a typical year

starting January day 1 to December day 365.

Consequently, simulating the thermal induced loading of an integral bridge model using the

daily cycle temperature model will generate results that would under estimate the earth
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pressures where the temperature is based on the daily temperature averages. Where the

temperature model is based on the monthly temperature averages the daily cycle will

generate over estimated earth pressure results. In all cases, the daily cycle model would

present misleading backfill soil behaviour pattern.

The temperature model data was modified to present a temperature data set that simulates a

more realistic backfill soil loading response from a thermal induced abutment displacement.

To introduce the required change, features considered less relevant such as daily

temperature variation were deemphasised. Features considered more relevant in modelling

the actual abutment displacement behaviour such as lower frequency monthly limits,

primary cyclic temperature variation within the secondary cyclic variation, and a more

appropriate monthly temperature range were emphasised. The governing principle adhered

to in this modification was to adopt a temperature model that reflects the characteristics of

an abutment season-displacement behaviour in modelling the characteristics of integral

bridge obtained through instrumentation and site measurements.

Figure 7.11: Day 1 to 31: Temperature models and limits through a typical month

highlighting January day 1 to day 31 as shown in Figure 7.10.
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Monthly temperature average data is adopted to accommodate the temperature limits

attained within the months. To model the impact of a general temperature trend over a

longer period, the monthly limits are assumed to be attained through the duration of a

month and within a single cycle. It is therefore assumed that the EBT of the bridge within a

month attains both maximum and minimum limit proceeding gradually from one limit at

the beginning of the month to the other limit by mid month and returning as the month

proceeds towards the end. This assumption was implemented in a monthly model

temperature cycle (see Figure 7.12).

While the monthly model temperature cycle does not incorporate the actual daily cycle

experienced, the impact of the primary cycle, albeit with lower frequency, is accounted for

through the 12 primary cycles in a single secondary cycle accounting for the monthly

temperature limits within the months of a year. This model would entail two calculation

phases a month in simulating abutment displacement in opposite direction through a model

10 year duration. It accommodates a more realistic temperature range within the months,

models backfill soil behaviour dependent on seasonal temperature change and can generate

more realistic and reliable results using the available data and resources.

Figure 7.12: Monthly temperature model adopted for use in the model bridge

abutment displacement simulation showing temperature variation in time.
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7.6. Model Abutment Displacement/Backfill Loading Overview

A combination of sequential lateral displacements within and across the passive and active

side in alternate directions was carried out to model the typical displacement pattern of the

abutment. Abutment displacement modelling construction completion in specific seasons is

shown in Figure 7.7 where passive side abutment displacement is positive and active side

abutment displacement is negative. Accordingly, the model, simulating an integral bridge

construction completed in the peak summer month, being the period with the maximum

temperature of the year, had the bridge deck length at its maximum length in the neutral

position. Bridge construction completed in the peak winter month, being the period with the

minimum temperature, had the bridge deck simulated at its minimum length in the neutral

position. Bridge construction completed in the spring and the autumn months, had the

bridge deck simulated at its mid length in the neutral position.

Figure 7.13: A typical year relative abutment displacement highlighting the

exclusive displacements relationships of construction completed in the

summer against construction completed in the winter as time progresses.

An evaluation of the displacement patterns of an integral bridge abutment with respect to
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to the general trend of displacement the backfill soil is subjected to - either passive or active

type displacement only. The effect of the passive or active ‘type displacement only’ may be

evaluated by comparing the earth pressure developed as a result of construction completed

in the peak summer months to construction completed in the peak winter month where

there would be no chance of any significant displacement into the opposite side of the

abutment neutral position (see summer and winter displacement curves in Figure 7.13

where construction completion displacement is 0mm).

Figure 7.14: Autumn and spring: A typical year relative abutment displacement

highlighting the reverse displacements relationships of construction

completed in the autumn against construction completed in the spring as

time progresses.
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change in performance of the backfill soil may be largely attributed to the different stress
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initially active. This effect may be evaluated by a direct comparison of the earth pressure

developed as a result of construction completed in the peak autumn month to construction

completed in the peak spring month. In each of these case, the initial set of displacements
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side across the abutment neutral position (see autumn and spring displacement curves in

Figure 7.14 where construction completion displacement is 0mm).

The backfill and foundation soil parameters are shown in Table 6.1. Two models, the initial

model and the fully drained models were simulated as described in Section 5.5.3.1 to

evaluate the impact of the assumptions within the foundation soil on the earth pressure.

Changes to the backfill soil stiffness within the parallel models were also simulated. The

typical United Kingdom yearly temperature modelled assumed no influence of climate

change.

7.7. Results & Discussion

Results obtained from simulating thermal induced displacement on a model integral bridge

abutment constructed in the peak season of summer, winter, autumn and spring within the

United Kingdom is presented in this section. The yearly average maximum and minimum

earth pressures are calculated by finding the average of the maximum and minimum earth

pressures of the months within a typical year. The axis indicating the time (months) in the

graphs Figures 7.15 – 7.20 commences at month 12 and terminates at month 108 in a 120

months modelling duration. This is to eliminate the effect of a partial year average that may

be caused by the different construction completion seasons within a year in order to secure

a full 12 month average for every construction completion season.

When subjected to similar temperature variations, the summer and winter displacement

patterns present cases of extremes displacement from the abutment neutral position while

the autumn and spring presents cases with concurrent minimum displacements on either

sides of the abutment neutral position.

7.7.1. Results

Simulation results presenting the impact of the season of construction on the magnitude of

earth pressure are presented in Section 7.7.1.1. Simulation results presenting the impact of
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the assumptions of fully drained and undrained fine grained soils in the foundation

materials on the results generated by modelling the seasons of construction are presented in

Section 7.7.1.2. The results presented indicate the stiffness parameter values evaluated at

50MPa, 92.1MPa (model soil with no stiffness change), 150MPa and 250MPa. Initial and

fully drained model parameters are as identified in Table 6.1.

As a result of the volume of data generated in this parametric study, and to better appreciate

the impact of construction seasons, the results of the summer construction are compared

with winter construction and spring construction compared with autumn construction using

similar backfill stiffness values and modelled under the same assumptions (initial or fully

drained models).

7.7.1.1. Impact of Construction Seasons

Figures 7.15 - 7.18 present the results of evaluating the impact of the season of construction

on the magnitude of earth pressure with a backfill stiffness value of 50MPa. Results

generated using backfill stiffness values of 92.1MPa, 150MPa and 250MPa are presented in

Appendix 6.

Figure 7.15: Initial model autumn construction against spring construction

earth pressures at 50MPa backfill stiffness.
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Figure 7.16: Initial model summer construction against winter construction

earth pressures at 50MPa backfill stiffness.

Figure 7.17: Fully drained model autumn construction against spring construction

earth pressures at 50MPa backfill stiffness.
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Figure 7.18: Fully drained model summer construction against winter construction

earth pressures at 50MPa backfill stiffness

7.7.1.2. Impact of Foundation Soil State

Figures 7.19 and 7.20 present the impact of assuming fully drained or undrained conditions

under loading within the fine grained soils in the foundation materials in modelling the

seasons of construction using a backfill soil stiffness value of 50MPa. Results generated

using backfill soil stiffness values of 92.1MPa, 150MPa and 250MPa are presented in

Appendix 7. Within the graphs presented in this section, Full Dr represents fully drained

model, Initial represents initial model. Autumn, spring, summer and winter are represented

by Aut, Spr, Sum, and Win respectively.
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Figure 7.19: Autumn & spring construction fully drained against initial model at

50MPa backfill stiffness - earth pressure values.

Figure 7.20: Summer and winter construction fully drained against initial model at

50MPa backfill stiffness - earth pressure values.
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7.7.2. Discussion

A total of 32 simulations reflecting four stiffness values across four seasons in the initial

and fully drained models were carried out. Patterns of behaviour emerged through the

comparison of earth pressures developed from construction completed in different seasons

and across varying backfill stiffness parameter values.

Lower Earth Pressures Generated in Initial Model Simulations

Figure &
Backfill

Stiffness Value

Beginning of 2nd

Cycle
Beginning of 10th

Cycle
Cumulative

A Sp Su W A Sp Su W A Sp Su W

7.15 50

MPa

- √ √ - - √

7.16 √ - - √ √ -

7.19 92.1

MPa

√ - - √ - √

7.20 √ - - √ √ -

7.23 150

MPa

√ - - √ √ -

7.24 √ - √ - √ -

7.27 250

MPa

√ - √ - √ -

7.28 √ - √ - √ -

Table 7.3: Summary of simulation results from the initial model generating

lower earth pressures.

The results presented in Figures 7.15 – 7.18 and Appendix 6 show that relatively lower

cumulative and peak earth pressures are often developed where construction is completed

in the summer against the winter and where construction is completed in the autumn against

the spring. However, the results do not suggest any consistent or appreciable difference in

the earth pressures developed within the backfill soil as a result of construction completed

between the summer and autumn seasons and between the winter and spring seasons. This

may be appreciated in the results comparing all seasons in Appendix 9.
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Lower Earth Pressures Generated in Fully Drained Model Simulations

Figure &
Backfill

Stiffness Value

Beginning of 2nd

Cycle
Beginning of 10th

Cycle
Cumulative

A Sp Su W A Sp Su W A Sp Su W

7.17 50

MPa

√ - √ - √ -

7.18 √ - √ - √ -

7.21 92.1

MPa

√ - √ - √ -

7.22 √ - √ - √ -

7.25 150

MPa

√ - √ - √ -

7.26 √ - √ - √ -

7.29 250

MPa

√ - √ - √ -

7.30 √ - √ - √ -

Table 7.4: Summary of simulation results from the fully drained model generating

lower earth pressures.

A summary of the simulation results generating lower earth pressures from modelling the

season of construction and backfill soil stiffness values in the initial and fully drained

models are presented in Tables 7.3 and 7.4 respectively. Two seasons are compared along

the rows in adjacent columns. A tick represents the season with lower earth pressure. At the

beginning of the second cycle, the result summary indicate that autumn and summer

constructions predominantly develop relatively lower earth pressures when compared with

winter and spring constructions due to the cyclic displacement of the model abutment.

More consistency was however observed in the fully drained model result summary (Table

7.4). At the beginning of the tenth cycle, the result summary also indicate (largely due to

the fully drained model) that autumn and summer construction predominantly developed

relatively lower earth pressures compared with winter and spring. Through the 10 year

duration modelled, the results show that cumulatively lower earth pressures were developed

in the autumn and summer construction when compared with winter and spring.
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These results define a pattern that suggest relatively lower earth pressures may be

developed in constructions completed with the initial cumulative abutment displacement

proceeding away from the backfill soil, such as may be experienced in the summer to

autumn construction seasons, against constructions completed with the initial cumulative

abutment displacements proceeding towards the backfill soil, such as may be experienced

in the winter to spring construction seasons.

The results also show a high degree of consistency in the fully drained model with lower

earth pressures in all cases simulated, developed in the autumn and summer construction

against the spring and winter construction respectively. This highlights a variation in the

behaviour of the backfill soil when compared with the initial model in which in 7 out of 24

cases, lower earth pressure where found to develop in the spring and winter construction

against the autumn and summer construction respectively (see Table 7.3).

Results presented in Figures 7.19 – 7.20 and Appendix 7a -7b (simulations modelling

50MPa backfill soil stiffness) show a more significant effect of the fully drained model and

the initial model on the earth pressures developed behind the abutment. Results presented in

Appendix 7c – 7f (simulations modelling backfill soil stiffness of 92.1MPa and greater)

show little effect arising from the initial or fully drained model. These results suggest that

the effect of an assumption of fully drained or fully undrained fine grain soils behaviour

within the foundation material may be more significant at lower stiffness values.

England et al. (2000) carried out studies evaluating the impact of construction in the winter,

spring and summer seasons. While the studies by England et al. (2000) did not take into

consideration the effect of the assumptions of the behaviour of fine grain soils within the

foundation material, or consider the performance of construction in the autumn season, the

results published showed that summer construction generated cumulatively lower

maximum wall reaction ratio or Kelvin stress ratio (England et al., 2000) than winter

construction.
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7.8. Conclusion

Results of the study carried out to determine the impact of change in the season in which an

integral bridge construction is completed, with the assumptions of fully drained or

undrained fine grain soils within the foundation material, on the magnitude of earth

pressure behind the abutment of an integral bridge model, was presented in this chapter.

The impact of the change in the stiffness values on the performance in these circumstances

was also evaluated. The average earth pressures generated from the models simulating

construction within the different seasons modelling a typical United Kingdom temperature

pattern, through a model time duration of 10 years, were compared.

It was found that modelling the season in which an integral bridge construction is

completed affects the magnitude of earth pressure experienced within the backfill soil

behind the abutment in a characteristic manner. The results suggest that integral bridges

constructed in the autumn and summer seasons predominantly developed lower earth

pressures than integral bridges constructed in the spring and winter seasons from the

thermal induced abutment displacement. These results suggest a relationship between the

earth pressure developed behind the abutment, and the initial cumulative series of abutment

displacement direction. Lower earth pressures were found to develop in an initially active

side abutment displacement relative to the backfill soil.

The results also show an appreciable effect on the earth pressure as a result of the

assumptions of fully drained or undrained fine grain soils within the foundation material. In

all simulations carried out, lower earth pressures were consistently found to develop in

autumn and summer constructions against spring and winter constructions. The consistency

of this event was appreciably lower where the fine grain soils within the foundation

material was assumed undrained under loading. This suggests an appreciable effect on the

behaviour of the backfill soil because of the assumptions. The effect of this assumption was

found to be more significant at lower stiffness values.

These results indicate that the state of the integral bridge foundation soil under thermal

induced loading may have an appreciable effect on the behaviour of the backfill soil

performance. The stiffness of the backfill soil may influence this effect. The findings also
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indicate that there are relative gains to be made where the season of construction is taken

into consideration. This indicate that greater efficiency may be obtained in the performance

of the integral bridge where these findings are taken into consideration within a detailed

model of a proposed integral bridge, before the final design details are established and

recommended for construction.
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Chapter 8 : CONCLUSION

8.1. Summary

Integral bridges are generally considered to have lower construction and maintenance costs

than conventional bridges for short and medium span bridges. However, the integral bridge

presents challenges caused by the increased level of soil-structure interaction activity in

construction and use. This arises from the limited understanding of the soil-structure

interaction behaviour in response to the thermal induced lateral displacement of the

abutment.

The soil-structure interaction problems primarily occur within the soil. Although the

application of this concept presents challenges to engineers and academics alike, generally

acceptable design or construction guidelines have not been developed. This thesis reports

the findings of a parametric study carried out using the finite element method to better

understand the impact of thermal load on the earth pressures behind the integral bridge

abutment. The parametric study was carried out with a view to establish design guidelines

based on its findings, towards a more efficient integral bridge design, construction and use.

Detailed explanation of the concept of the integral bridge was presented in this thesis. A

comprehensive literature review was carried out. The literature review highlighted the

increasing use of the integral bridge concept. The advantages of constructing an integral

bridge and the challenges encountered through its use were discussed. Previous and

ongoing research efforts to solve integral bridge problems as well as proposed solutions

were presented. Literature review was carried out to gain an insight into soil behaviour

applicable to the characteristic loading of the soil arising from the soil-structure interaction

of the integral bridge. The literature review was also carried out to appreciate the principles

and application of the finite element numerical modelling method and how they could be

applied to an integral bridge.
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A comprehensive integral bridge model was developed through the application of the

principles of the finite element method using Plaxis 2D version 9.0. This model was

developed with data obtained from an instrumented integral bridge site. The process of

developing this model overcame challenges typically encountered in developing a realistic

finite element integral bridge model. These challenges were solved generating results that

realistically depicted the soil-structure interaction activities. This is evident in the results

obtained from the model that closely matched the results obtained from the instrumented

bridge site.

Parametric studies were carried out to determine the impact that changes in specific backfill

soil parameters, with the assumption of a fully undrained behaviour and a fully drained

behaviour within the fine grained soils in the foundation materials, have on the earth

pressure developed behind the abutment of an integral bridge. The backfill soil parameters

identified for evaluation included the stiffness, cohesion, friction angle, dilatancy and unit

weight. The impact of change in the Poisson’s ratio was also evaluated. Loading

simulations defining the pattern of abutment displacement recorded on an instrumented

bridge site were carried out. Secondary loading simulations defining an established cyclic

loading pattern due to temperature changes were also carried out. These loading

simulations were carried out varying the values of the soil parameters within the model

backfill soil and varying the state of the fine grained foundation soil materials (fully

undrained and fully drained) under loading. The results showed a similar pattern of

behaviour in both cases (measured and cyclic abutment displacements).

Parametric studies to determine the impact of change in the season in which an integral

bridge is constructed, with the assumption of a fully undrained behaviour and a fully

drained behaviour, within the fine grained soils in the foundation materials, on the

magnitude of earth pressure behind the abutment of the integral bridge was also carried out.

The impact of the change in the stiffness values on the performance in these circumstances

was evaluated. The average earth pressures generated from the models simulating

construction within the different seasons using a typical United Kingdom temperature

pattern were compared.
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Knowledge obtained from finding solutions to the challenges of developing a realistic

model of the instrumented integral bridge identified for this study, led to a greater

understanding of the processes involved in developing a model integral bridge. Data

generated from the parametric studies carried out on the integral bridge model developed

were analysed for a greater insight into the functioning of a typical integral bridge in

practical conditions. The findings of these studies were presented.

8.2. Contribution & Relevance.

Due to the cost and time implications required for the implementation and feedback of

research findings in constructing and monitoring an integral bridge, the more practical

solutions to the problems of developing and using integral bridges may be predominantly

sought through numerical modelling approach such as used in this study. In general, this

study highlights challenges of using the finite element method in modelling an integral

bridge to enhance knowledge on modelling, and provides recommendations aimed at

improving the integral bridge performance.

The problem of the integral bridge is complex. The concept involves relatively small

displacements (when compared to the length of the bridge span) that accounts for

significant changes in earth pressures. There are currently varying restrictions on bridge

length from different authorities arising from these displacements. These length limits,

considered safe in the opinion of the various administering authorities are determined on

the basis of the perceived sensitivity of the soil-structure interaction activity to the thermal

induced displacements. The length restrictions also limit the use of the bridge. However,

because these small displacements determine the effect of relatively large lengths,

improvements in the management of these small displacements may translate into a

significant increase in the span of the bridge. The development of more efficient integral

bridges will therefore benefit from the development of cumulative knowledge such as is

provided in this thesis. The contributions and relevance of this study is evaluated in terms

of the objectives set out.
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1. Carry out a comprehensive literature review on integral bridges and integral bridge

soil-structure interaction problems as it relates to the backfill and foundation soil.

Objectives Objectives Accomplished

a. Review the concept of the integral bridge. Concept of the integral bridge is reviewed across

Chapters 1 and 2.

b. Establish the benefit of using integral

bridges.

Integral bridge advantages are established and

presented in Chapters 1 and 2. Further details in

Section 2.4.

c. Identify the issues surrounding the

integral bridge.

Issues surrounding the integral bridge are

identified and presented in Chapter 2.

d. Establish current practice in integral

bridge design and construction.

Design and construction of the bridge structure

are standardised. However, managing the soil-

structure interaction is largely left to the

discretion of the design engineer. Some highway

authorities have recommendations but no

standardised design guidelines.

e. Establish research undertaken and the

knowledge gaps.

Research areas explored are identified and

presented in Section 2.8. However, the impact of

the foundation soil on the backfill soil-structure

interaction is not documented. Impact of excess

pore pressures on the behaviour of the backfill

soil, developed in the fine grained soil within the

foundation material as a result of the thermal

induced loading, is unknown.

Contribution & Relevance:

 This presented a greater insight into the challenges that remain as a result of the

knowledge gap in the integral bridge problem.
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2. Develop a comprehensive finite element model of an integral bridge using an

appropriate constitutive soil model capable of generating realistic results within the

backfill and foundation soil, closely modelling established backfill soil behaviour

from an existing bridge.

Objectives Objectives Accomplished

a. Review relevant soil mechanics concepts

applicable in developing an integral

bridge model.

Relevant soil mechanics concepts are reviewed

and presented in Chapter 3.

b. Review relevant finite element numerical

modelling concepts applicable in

developing the model.

Relevant finite element numerical modelling

concepts are reviewed and presented in Chapter

4.

c. Identify an appropriate constitutive soil

model.

An elastoplastic soil model as constituted in

Plaxis software is considered appropriate. Details

are presented in Section 4.4.2.1.

d. Identify an instrumented integral bridge

with sufficient data to model the concept

of the integral bridge.

An instrumented integral bridge presenting data

on bridge temperature, abutment displacement,

bridge dimensions, earth pressure recordings, as

well as backfill and foundation soil geometry,

composition and parameters are identified.

Details are presented in Chapter 5.

e. Build a finite element model of an integral

bridge soil-structure interaction problem.

A comprehensive model of an instrumented

integral bridge was developed in Plaxis. Details

of the soil-structure interaction modelling are

presented in Chapter 5.

f. Compare the finite element model output

with measured site data to validate the

model’s output and establish realism.

The finite element model output is compared to

measured site data with closely matching results.

Details are presented in Chapter 5.

Contribution & Relevance:

 It is appreciated from this study that developing a highly accurate model of an

integral bridge problem involves modelling the soil-structure interaction activity
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through detailed modelling of several components within the model. This requires

an in-depth understanding of the relevance of the units to each other.

 Modelling an integral bridge remains a complex undertaking even with advanced

finite element numerical method software. Where taking into consideration the

foundation soil, the compound effect of modelling the soil-structure interaction

were found to be highly sensitive, and may provide misleading results where

general assumptions that tend to ignore finer details are used. With the aid of

improvements in computing technology, fine details hitherto considered less

significant should be incorporated in the models to improve the result’s accuracy

leading to more efficient structures.

 This research demonstrates that there is a measurable effect as a result of the

assumptions on the state of the fine grained foundation soil materials during thermal

induced loading (fully undrained or fully drained). This results in an appreciable

change in the behaviour of the backfill soil. Consequently, the state of the

foundation soil should be taken into consideration in the analysis during integral

bridge design for greater efficiency in performance through the service life of the

bridge.

 It is also appreciated that the relationship between an actual abutment displacement

and the design abutment displacement exist in a ratio that may be assumed constant

with a specific value for each abutment with reasonable accuracy. This may be used

for long-term projection or predicting actual abutment displacements.

3. Investigate the effect of changes in the backfill soil parameters on the earth pressure

developed behind the abutment, and the effect of the assumption of a fully

undrained behaviour and a fully drained behaviour within the fine grained soils in

the foundation materials on these changes.

Objectives Objectives Accomplished

a. Identify relevant backfill soil parameters. Relevant backfill soil parameters were identified

in Chapter 5.
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b. Determine the backfill soil parameter

range for variation.

Backfill soil parameter ranges were identified in

Section 6.3.

c. Establish simulation plan. The simulation plan was established and

presented in Section 6.4.

d. Carryout parametric studies simulations,

investigating the effect of changes in the

backfill soil parameters on the earth

pressure developed behind the abutment.

Parametric studies involving the integral bridge

loading simulations were carried out. The results

are presented in Chapter 6.

e. Analyse results and draw conclusions. Results of the parametric studies were analysed.

The conclusions drawn from this study are

presented in Sections 6.6 & 6.7.

Contribution & Relevance:

 The research demonstrates that changes in the value of any of the backfill soil

parameters evaluated, affect to some extent the magnitude of earth pressure

experienced within the backfill soil.

 The results indicate that the magnitude of earth pressure developed behind the

abutment of an integral bridge as a result of thermal induced loading is primarily

controlled by the stiffness of the backfill soil. Changes in other backfill soil

parameters have a negligible impact on the earth pressure. This finding agrees with

other published studies.

 The foundation soils have an appreciable effect on the earth pressure values. There

is an appreciable difference in the earth pressure developed behind the abutment

where the results generated from the assumption of a fully undrained behaviour in

the fine grained soils within the foundation materials was compared with that of

fully drained behaviour.

4. Investigate the effect of changes in the seasons of construction, with the assumption

of a fully undrained behaviour and a fully drained behaviour in the fine grained soils

within the foundation materials on the earth pressure developed behind the
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abutment. Investigate the effect of change in the backfill soil parameters on the

season changes and foundation soil assumptions.

Objectives Objectives Accomplished

a. Establish a typical United Kingdom

annual temperature pattern

A typical United Kingdom annual temperature

pattern is established and presented in Section

7.2.

b. Establish characteristics of abutment

displacements in construction seasons

Characteristics of abutment displacements in

construction seasons are established and

presented in Chapter 7.

c. Carryout parametric studies simulations

investigating the effect of changes in the

seasons of construction, with the

assumption of a fully undrained behaviour

and a fully drained behaviour in the fine

grained soils within the foundation

materials.

Parametric study simulations investigating the

effect of changes in the seasons of construction

with the assumption of a fully undrained

behaviour and a fully drained behaviour in the

fine grained soils was carried out. Details of

these studies are presented in Chapter 7.

d. Carryout parametric studies simulations

investigating the effect of changes in

backfill soil parameters on 4c above -

changes in the seasons of construction,

with the assumption of a fully undrained

behaviour and a fully drained behaviour

in the fine grained soils within the

foundation materials.

Changes in the backfill soil stiffness parameter

were found to predominantly control the

magnitude of earth pressure developed behind

the abutment. Effects of changes in other backfill

soil parameters were found to be negligible.

Details of these findings are presented in Chapter

6. Consequently, parametric study simulations

investigating the effect of changes in the backfill

soil stiffness parameter, and changes in the

seasons of construction with the assumption of a

fully undrained behaviour and a fully drained

behaviour in the fine grained soils was carried

out. Details of these studies are presented in

Chapter 7.

e. Analyse results and draw conclusions Results of these parametric studies were

analysed. The conclusions are presented in

Sections 7.7 & 7.8.
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Contribution & Relevance:

 It was found that modelling the season in which an integral bridge construction is

completed, affects the magnitude of earth pressure experienced within the backfill

soil behind the abutment. The results show that modelling integral bridges

constructed in the autumn and summer seasons predominantly developed lower

earth pressures behind the abutment than modelling integral bridges constructed in

the spring and winter seasons.

 The results also show that modelling the behaviour of fine grained soils within the

foundation materials as either fully undrained or fully drained have an appreciable

effect on the behaviour of the backfill material and the earth pressure developed

behind the abutment.

 The effect of the assumption of a fully undrained behaviour and a fully drained

behaviour in the fine grained soils was found to be more significant during the

seasons of construction at lower stiffness values. This indicates that the lower the

stiffness of the backfill the greater impact there is on the earth pressures regardless

of the pore pressure development in the foundation soils.

5. Design recommendations for integral bridge designs.

Recommendations:

 Fine details generally considered insignificant, have an appreciable effect on the

behaviour of the integral bridge model as a result of the complex soil-structure

interaction. This research demonstrated that the continuum properties of the finite

element method on the load distribution within the backfill soil had an appreciable

effect on the earth pressure results generated. It is now possible to consider these

details and not use general assumptions. These assumptions can be misleading and

may not lead to gains in efficiency in integral bridge design and construction.

 Optimum efficiency in the service of the bridge may not be achieved with separate

analysis for the backfill soil and the structures. The inter relationship between the

structure and the foundation soil has a significant effect on the earth pressure

developed in the backfill soil. Consequently, simultaneous analysis of the effects of
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the structure, backfill soil and foundation soil on each other should be carried out

for better clarity on the soil-structure interaction performance and improved

efficiency.

 An assumption of a fully undrained behaviour and a fully drained behaviour in the

fine grained soils within the foundation materials has an appreciable effect on the

earth pressure developed behind the backfill soil. The state of the backfill soil with

respect to these assumptions should be taken into account in the analysis involving

the foundation soil to enhance the efficiency of the design.

 The stiffness property of the backfill soil is predominantly responsible for the

magnitude of earth pressure developed behind the abutment. Consequently, this

property should be prominent in considerations towards enhancing the efficiency of

the integral bridge design as it may be manipulated in construction.

 Analyses involving the season of construction have shown that cumulatively,

relatively lower earth pressure may be achieved by construction in certain seasons

against others. This study shows that modelling construction in autumn and summer

seasons develop relatively lower earth pressures than modelling construction in

spring and winter. This analysis should be taken into consideration for enhanced

efficiency in integral bridge design.

8.3. Future Research Suggestions

This research originated from the problems caused by the soil-structure interaction activity

of the integral bridge, and addressed only a fraction of it. There was a limitation on

available resources to facilitate a more elaborate approach to this study. However, while

this research appears conclusive in its findings within its limitations, several other

possibilities are observed with unanswered questions and may be further explored in future

research efforts.

Primarily, there is limited information available on integral bridge performance. This limits

the ability to conduct research on integral bridges. There is also limited available

information on integral bridge construction materials. A better appreciation of the practical
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soil-structure interaction behaviour currently requires long-term instrumentation of bridges

for more reliable field data. The development of accurate models for research is based on

information obtained from the field data. New knowledge is obtained from the models, and

the application of the new knowledge is implemented on newly constructed bridges with

the performance monitored through bridge instrumentation. It is therefore suggested that

more bridges are instrumented for data collection. This instrumentation affords better

research values where the backfill and foundation soil parameters are concurrently

documented. Results obtained may also be analysed with a view to establishing a possible

correlation of performance between the backfill and foundation soil.

The findings of this research establish new considerations in the design and construction of

integral bridges. While the integral bridge model developed using Plaxis software generated

realistic earth pressure results from abutment displacements, this study was dependent on

one integral bridge model developed from an instrumented bridge. As a result of the

resources and data limitations, these findings were not explored in other models. This

implies that the findings may be case specific. Consequently, further research on these

findings may be carried out with the following variations.

 Using other numerical model integral bridge with different material and geometric

parameters for the bridge structure, foundation soils and backfill soil.

 Through a dynamic analysis of the thermal effect on the bridge structure over an

extended time period.

 Developing a comprehensive laboratory model for the analysis.

 Using new numerical modelling concepts that involves coupling numerical methods

such as the finite element method (FEM) and the discrete element method (DEM) to

more accurately model the detailed behaviour of the granular backfill soil, currently

evaluated under the general assumption of a continuum in the finite element

approach used in this study (Villard et al., 2009b, Yan et al., 2010).
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APPENDIX 1

Appendix 1a: Change in backfill stiffness (cyclic displacement in initial Model).

Appendix 1b: Change in backfill stiffness (cyclic displacement in fully Drained Model).

Appendix 1c: Change in backfill cohesion (cyclic displacement in initial Model).
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Appendix 1d: Change in backfill cohesion (cyclic displacement in fully Drained Model).

Appendix 1e: Change in backfill friction angle (cyclic displacement in initial Model).

Appendix 1f: Change in backfill friction angle (cyclic displacement in fully Drained
Model).
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Appendix 1g: Change in backfill dilatancy (cyclic displacement in initial Model).

Appendix 1h: Change in backfill dilatancy (cyclic displacement in fully Drained Model).

Appendix 1i: Change in backfill unit weight (cyclic displacement in initial Model).

0

10

20

30

40

50

60

70

80

90

10 11 12 13 14 15 16

Ea
rt

h
P

re
ss

u
re

(k
P

a)

Time (Date in February 2004) Days

Earth Pressure against Time: Variation of Backfill Dilatancy
in Initial Model (Cyclic Displacement)

0 Degrees Dilatancy
6 Degrees Dilatancy
10 Degrees Dilatancy

0

10

20

30

40

50

60

70

80

10 11 12 13 14 15 16

Ea
rt

h
P

re
ss

u
re

(k
P

a)

Time (Date in February 2004) Days

Earth Pressure against Time: Variation of Backfill Dilatancy
in Fully Drained Model (Cyclic Displacement)

0 Degrees Dilatancy
6 Degrees Dilatancy
10 Degrees Dilatancy

0

10

20

30

40

50

60

70

80

10 11 12 13 14 15 16

Ea
rt

h
P

re
ss

u
re

(k
P

a)

Time (Date in February 2004) Days

Earth Pressure against Time: Variation of Backfill Unit

Weight in Initial Model (Cyclic Displacement)
18 kN/m^3 UnitWeight
20 kN/m^3 UnitWeight
22 kN/m^3 UnitWeight



253

Appendix 1j: Change in backfill unit weight (cyclic displacement in fully Drained Model).

Appendix 1k: Change in backfill Poisson’s Ratio (cyclic displacement in Initial Model).

Appendix 1l: Change in backfill Poisson’s Ratio (cyclic displacement in fully Drained
Model).
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APPENDIX 2
Autumn Construction Abutment Displacement Model (Monthly Cycle)

(Integral Bridge Deck/Abutment Link Temperature and Displacement)

Months Mid

Temp.

Calc. Model

Abutment Disp.

(mm)

Relative Mid

Disp. (mm)

Relative Min.

Disp. (mm)

Relative Max.

Disp. (mm)

January 2.3 7.0 (±3.5) -3.8 -7.3 -0.3

February 3.3 7.0 (±3.5) -3.3 -6.8 0.2

March 6.5 7.0 (±3.5) -1.9 -5.4 1.6

April 9.6 7.9 (±4.0) -0.5 -4.5 3.5

May 11.8 7.0 (±3.5) 0.5 -3 4.0

June 15.4 7.3 (±3.7) 2.2 -1.5 5.9

July 17.9 7.5 (±3.8) 3.3 -0.5 7.1

August 17.4 7.6 (±3.8) 3.1 -0.7 6.9

September 14.7 7.3 (±3.7) 1.9 -1.8 5.6

October 10.6 7.4 (±3.7) 0 -3.7 3.7

November 6.5 6.1 (±3.1) -1.9 -5.0 1.2

December 3.9 6.0 (±3.0) -3.1 -6.1 -0.1

APPENDIX 3
Spring Construction Abutment Displacement Model (Monthly Cycle)

(Integral Bridge Deck/Abutment Link Temperature and Displacement)

Months Mid

Temp.

Calc. Model

Abutment Disp.

(mm)

Relative Mid

Disp. (mm)

Relative Min.

Disp. (mm)

Relative Max.

Disp. (mm)

January 2.3 7.0 (±3.5) -3.3 -6.8 0.2

February 3.3 7.0 (±3.5) -2.9 -6.4 0.6

March 6.5 7.0 (±3.5) -1.4 -4.9 2.1

April 9.6 7.9 (±4.0) 0 -4.0 4.0

May 11.8 7.0 (±3.5) 1.0 -2.5 4.5

June 15.4 7.3 (±3.7) 2.7 -1.0 6.4

July 17.9 7.5 (±3.8) 3.8 0.0 7.6

August 17.4 7.6 (±3.8) 3.6 -0.2 7.4

September 14.7 7.3 (±3.7) 2.3 -1.4 6.0

October 10.6 7.4 (±3.7) 0.5 -3.2 4.2

November 6.5 6.1 (±3.1) -1.4 -4.5 1.7

December 3.9 6.0 (±3.0) -2.6 -5.6 0.4
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APPENDIX 4

Summer Construction Abutment Displacement Model (Monthly Cycle)

(Integral Bridge Deck/Abutment Link Temperature and Displacement - Warmest Period)

Months Max.

Temp.

Calc. Model

Abutment Disp.

(mm)

Relative Max.

Disp. (mm)

Relative Min. Disp.

(mm)

January 9.9 7.0 -7.4 -14.4

February 10.9 7.0 -7.0 -14.0

March 14.1 7.0 -5.5 -12.5

April 18.2 7.9 -3.6 -11.5

May 19.4 7.0 -3.1 -10.1

June 23.4 7.3 -1.2 -8.5

July 26.1 7.5 0 -7.5

August 25.7 7.6 -0.2 -7.8

September 22.7 7.3 -1.6 -8.9

October 18.6 7.4 -3.4 -10.8

November 13.2 6.1 -5.9 -12.0

December 10.4 6.0 -7.2 -13.2

APPENDIX 5

Winter Construction Abutment Displacement Model (Monthly Cycle)

(Integral Bridge Deck/Abutment Link Temperature and Displacement - Coldest Period)

Months Min.

Temp.

Calc. Model

Abutment Disp.

(mm)

Relative Min.

Disp. (mm)

Relative Max. Disp.

(mm)

January -5.4 7.0 0 7.0

February -4.3 7.0 0.5 7.5

March -1.2 7.0 1.9 8.9

April 0.9 7.9 2.9 10.8

May 4.2 7.0 4.4 11.4

June 7.4 7.3 5.9 13.2

July 9.7 7.5 6.9 14.4

August 9.1 7.6 6.6 14.2

September 6.7 7.3 5.5 12.8

October 2.5 7.4 3.6 11.0

November -0.2 6.1 2.4 8.5

December -2.7 6.0 1.2 7.2
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APPENDIX 6

Appendix 6a: Initial model autumn against spring earth pressures at 92.1MPa backfill
stiffness.

Appendix 6b: Initial model summer against winter earth pressures at 92.1MPa backfill
stiffness.
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Appendix 6c: Fully drained model autumn against spring earth pressures at 92.1MPa
backfill stiffness.

Appendix 6d: Fully drained model summer against winter earth pressures at 92.1MPa
backfill stiffness

Appendix 6e: Initial model autumn against spring earth pressures at 150MPa backfill
stiffness.
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Appendix 6f: Initial model summer against winter earth pressures at 150MPa backfill
stiffness.

Appendix 6g: Fully drained model autumn against spring earth pressures at 150MPa
backfill stiffness.

Appendix 6h: Fully drained model summer against winter earth pressures at 150MPa
backfill stiffness
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Appendix 6i: Initial model autumn against spring earth pressures at 250MPa backfill
stiffness.

Appendix 6j: Initial model summer against winter earth pressures at 250MPa
backfill stiffness.

Appendix 6k: Fully drained model autumn against spring earth pressures at 250MPa
backfill stiffness.
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Appendix 6l: Fully drained model summer against winter earth pressures at 250MPa
backfill stiffness

APPENDIX 7

Appendix 7a: Autumn and spring fully drained against initial model at 92.1MPa

backfill stiffness - earth pressure values.
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Appendix 7b: Summer and winter fully drained against initial model at 92.1MPa
backfill stiffness - earth pressure values.

Appendix 7c: Autumn and spring fully drained against initial model at 150MPa
backfill stiffness - earth pressure values.

Appendix 7d: Summer and winter fully drained against initial model at 150MPa
backfill stiffness - earth pressure values.
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Appendix 7e: Autumn and spring fully drained against initial model at 250MPa
backfill stiffness - earth pressure values.

Appendix 7f: Summer and winter fully drained against initial model at 250MPa
backfill stiffness - earth pressure values.
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APPENDIX 8

Appendix 8a: 50MPa backfill stiffness (Initial Model).

Appendix 8b: 50MPa backfill stiffness (Fully Drained Model).
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Appendix 8c: 92.1MPa backfill stiffness (Initial Model).

Appendix 8d: 92.1MPa backfill stiffness (Fully Drained Model).

Appendix 8e: 150MPa backfill stiffness (Initial Model).
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Appendix 8f: 150MPa backfill stiffness (Fully Drained Model).

Appendix 8g: 250MPa backfill stiffness (Initial Model).

Appendix 8h: 250MPa backfill stiffness (Fully Drained Model).
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APPENDIX 9

Appendix 9a: Earth pressures in construction seasons (50MPa backfill stiffness).

Appendix 9b: Earth pressures in construction seasons (92.1MPa backfill stiffness).
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Appendix 9c: Earth pressures in construction seasons (150MPa backfill stiffness).

Appendix 9d: Earth pressures in construction seasons (250MPa backfill stiffness).
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