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Abstract

A thorough state of the art on the soil-structure-interaction issues of integral bridges
and culverts is provided, focusing on the earth pressure behind integral-bridge abut-
ments. The procedure of the Swedish design code for estimating the earth pressure
response to integral bridge abutment movement is found to be conservative com-
pared to the one of the British code and to some recent experimental studies.

The influence of soil stiffness and different ways of acquiring this parameter are dis-
cussed. Upon comparison of several methods for the determination of the elasticity
modulus of soil, it can be concluded that the F, values of Duncan et al.’s SCI method
are much more conservative than the F; values by Duncan et al.’s hyperbolic equa-
tion and Pettersson et al.’s Method 2. Also, there are significant differences between
that Method 2 and Lehane et al.’s and Lade et al.’s methods.

The results of the bending moment calculations done on three culverts with different
height-to-span ratios suggest that live-load moments are very sensitive to the stiff-
ness of the backfill soil. The bending moments due to live loads are also sensitive to
cover depths. For low covers, the moments are much more sensitive to changes in
cover depth. This demonstrates how and when arching effects actually take place.
The moment calculations for a typical slab-frame bridge reveal that the moments
at the abutment front are reduced significantly as the soil stiffness changes from
very low to high. The effect of change of the parameter in the passive soil-response
formula of the Swedish bridge design code on moments is also significant.

Keywords: Soil-structure interaction, integral bridges, culverts, elasticity modulus
of soil, lateral earth pressure.
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Chapter 1

Introduction

1.1 Background

Soil-structure interaction has been of interest for many decades. It encompasses
the general phenomena involved in the behaviour of structures while interacting
with the soil medium in response to the loading imposed on the system. These
phenomena include the indeterminate effects of the interaction between a structure
and the soil. This indeterminacy is the result of the distribution and magnitude of
the earth pressure varying with the amount and type of deflection of the structure.
The pressure distribution on the structure depends on many combined factors that
make the phenomena quite complicated. The major difficulty is that soil has variable
properties; in other words, soil is neither homogeneous nor elastic.

With the aid of computers, it is nowadays possible to achieve very accurate results
by using mathematical methods, which are based on soil information obtained by so-
phisticated sampling and analytical techniques. But their accuracy is limited by the
initial assumptions and the mathematical representation of the material properties
used in the model.

With the increasing size and usage of buried structures, the soil-structure-interaction
topic gains more and more importance. Among the structures that are most sub-
jected to soil-structure-interaction problems are buried structures such as metal and
concrete culverts. Especially metal culvert bridges, due to their flexible nature, go
through interaction during construction and in service. As the popularity and de-
mand for such structures increase, the need for more accurate analysis and design
will naturally increase. Increasing span lengths make it even more challenging for
engineers.

Another type of structure that needs attention is the integral bridge.! Due to their
rapid construction, low costs, and high durability with minimal maintenance, inte-
gral bridges are more and more built instead of bridges with expansion joints. Their
popularity increases the need for larger spans and total lengths, which may increase

1For a definition, see Section 2.1.
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soil-structure-interaction problems such as the lateral movement of abutments to-
wards and away from the backfill soil. The amount of passive pressure generated
behind the abutment wall is the main concern, as well as the effects of the iterative
wall displacement due to thermal expansion and contraction of the bridge slab.

1.2 Aims and Scope

The first aim of this thesis is to provide a thorough literature review of the state of the
art on the soil-structure interaction of integral bridges and culverts. Secondly, the
influence of soil parameters on the design of such structures, as well as the historical
development and different ways of acquiring these parameters are demonstrated.
The last objective is to identify, stress, and compare soil-structure-interaction issues
so that necessary improvements can be done and topics in need of further research
can be identified.

The literature review aims to concentrate on the problems occurring at these kinds
of structures, on the different approaches to solutions of these problems, on the
different design methods, and on the gaps in these design methods. The literature
review will be done from a geotechnical point of view. More specifically, for integral
abutment bridges, the movement of the bridge abutment and the corresponding
soil response such as the likely soil behaviour and the amount and distribution of
lateral earth pressures behind abutments will be investigated. For culvert structures,
the focus will be on the pressure generated around long-span culverts, on choosing
correct soil parameters, and on historical development comparisons of the design
methods for these types of structures.

The influence of soil parameters on integral bridge design and the lateral response
of soil behind integral bridge abutments are aimed to be demonstrated by means of
widely accepted methods, such as the national highway codes of different countries.
The results are then compared with the current state of the art in Sweden.

The objective of the above-mentioned studies is to gain more experience and insight
about soil-structure-interaction issues of integral bridges and culverts, address the
unknowns, answer some questions, and find ways to improve the current design
methods.

1.3 Structure of the Thesis

Chapter 2 is the literature review and gives the state of the art on integral bridges
and culverts. The main focus is on soil-structure-interaction issues.

Section 2.1 gives a literature survey on integral bridges, giving first a brief informa-
tion about the types of integral bridge abutments (Section 2.1.1). Advantages and
problems and limitations are discussed in Sections 2.1.2 and 2.1.3. A brief summary
of integral bridge applications around the world is given in Sections 2.1.4 and 2.1.5.



1.3. STRUCTURE OF THE THESIS

After highlighting some geotechnical aspects of the soil-structure interaction of in-
tegral bridges in Section 2.1.6, an overview on the research done in general is given
in Section 2.1.7. In Sections 2.1.8 and 2.1.9, general design issues, and, more specif-
ically, the design of abutments are discussed and several design proposals for the
earth pressure distribution behind abutments are compared by means of a numerical
example.

Section 2.2 gives a literature survey on culverts. Section 2.2.1 gives general in-
formation and identifies the types of culverts. Section 2.2.2 gives an overview on
the research including geotechnical issues. Section 2.2.3 summarizes several design
methods for different types of culverts.

Section 2.3 is a summary of the current methods of analysis and design of soil-
structure interaction.

Section 2.4 very briefly discusses soil modeling in the analysis of soil-structure-
interaction problems.

Chapter 3 focuses on the stiffness characteristics of soil for interaction problems.
Especially the elasticity modulus of soil is described in this chapter. Basic descrip-
tions are given in Section 3.1. Section 3.2 gives a brief history of how to formulate
the elasticity modulus as well as a presentation of the current methods for calculat-
ing the elasticity modulus to be used in the design of culverts and integral bridges.
Finally, in Section 3.3, comparisons and a discussion of the methods are done by
demonstrating the results of some numerical examples.

Chapter 4 aims to demonstrate the effects of soil stiffness in the design of culverts
and integral bridges. Section 4.1 uses a widely accepted design method for culverts
and calculates the most sensitive design bending moment to soil parameters. The re-
sults are discussed and comparisons with different soil parameters are done. Section
4.2 takes a slab-frame bridge example and structurally analyzes it. The relationship
between soil stiffness (in terms of the level of compaction) and the bending moments
at the abutment front is shown.

Chapter 5 concludes this thesis. Section 5.1 gives conclusions from the literature
review, while Section 5.2 draws conclusions from the results of the comparisons of
the methods for calculating the elasticity modulus of soil. Conclusions about the
work done on the effects of soil stiffness on integral-bridge and culvert design are
given in Section 5.3. Finally, in Section 5.4, further research proposals are given.






Chapter 2

Literature Review

The goal of this chapter is to give a compilation of current accumulated knowledge
(state of the art) in different phases and applications of integral bridges and culverts.
It also aims at the assessment of uncertainties as well as the identification of the
problems in need of further research.

In the second section a literature survey is given on integral bridges that has been
diagnosed from a geotechnical point of view. the third section is about the soil-
structure-interaction of buried structures, especially culverts. Section four is a sum-
mary of current methods of analysis and design of soil-structure interaction. Section
five discusses soil modelling since it is considered the most essential part of dealing
with the soil-structure interaction problem.

2.1 Soil-Structure-Interaction for Integral Bridges

The term ‘integral bridge’ is generally used for single or multiple span, continuous,
jointless (without deck joints and slide bearings between spans and abutments)
bridge structures. The names ‘jointless bridges’, ‘continuous bridges’ and ‘rigid
frame bridges’ are also used in the literature. The term continuous usually implies
multi-span continuity and the term integral implies deck-abutment integrity.

The backfill soil behind the abutment of such bridges is of a carefully compacted,
usually industrially prepared, high quality cohesionless type of soil whose parameters
are easily obtained. So whenever backfill soil is mentioned in this thesis it will refer
to this kind of soil.

Handling the soil-structure-interaction problems in integral bridges seems to have
always been problematic. Integral bridges have complex and uncertain behavior.
Secondary forces due to temperature effects, creep and shrinkage are considered to
be the main factors that lead to some uncertainties. From the geotechnical point
of view, the unknowns lie in the behavior of the abutment and the soil under these
effects. The magnitude and distribution of soil pressure on abutment walls and
movements induced have to be better understood.
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In sections 2.1.1 to 2.1.5 general information such as types, advantages, problems
and applications is presented. In section 2.1.6 geotechnical aspects of lateral soil-
structure interaction of integral bridges are introduced. Section 2.1.7 gives a sum-
mary of research efforts on the topic. Finally section 2.1.8 gives the current state of
design in different countries and design proposals from researchers.

2.1.1 Types of Integral Bridge Abutments

The types of abutments according to Springman [79] are:

o full-height sheet pile walls,

full-height embedded walls,

full-height concrete walls with spread base,

full-height concrete walls on piled foundation,

shallow bank-seat (or perched) abutments on piles, and
e shallow bank-seat (or perched) abutments on spread footings.

The British Design Manual BA 42 [6] divides integral bridge abutments into the
following categories (also see Figure 2.1):

e frame abutments
e bank pad abutments
e embedded abutments

e end screen abutments

Taylor [87] suggests that full height frame and embedded wall abutments are suitable
for short single span bridges where piled abutments have wider applicability. Spread
footings are suitable on reinforced soil or for very stiff foundations.

Integral stub abutments with piles are more flexible and total stresses are less than
bridges resting on spread footings (see Thippeswamy et al. [88]).

In practice shallow bank seat piled abutments seem to be preferred to the full height
abutments for limiting the passive pressures and amount of backfill.

It should be noted that the terms ”bank-seat”, ”bank-pad”, and ”stub” are used for
the same category of integral bridge abutments throughout the thesis.

In general the integral bridge abutment types (a) frame abutments, (¢) embed-
ded/pile abutments and (e) end-screen abutments are more common compared to
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Figure 2.1: BA 42 classification of integral bridge abutments (redrawn from [6]):
(a)(b) frame abutments, (c) embedded abutment, (d) bank pad abut-
ment, (e)(f) end screen abutments. Backfill soil is shown as hatched in
the figures.
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the others. In the scope of this thesis these three types of abutments, mostly the
frame type integral bridge abutment, will be focused upon.

Approach slabs are commonly used in integral bridges in order to minimize settle-
ment at the vicinity of the abutments. "Run-on slabs” and ”approach panel” are
also frequently used terms in literature.

2.1.2 Advantages of Integral Bridges

Integral bridges are getting increasingly popular as a result of efforts to avoid prob-
lems occurring at bridges with movement joints and bearings. Since it was realized
that the expansion joints had a tendency to lock up (usually because of penetra-
tion of water into these joints and the damaging effects of de-icing chemicals, Xan-
thakos [104]) and could not operate well and the maintaining and repair costs were
very high.

The advantages of integral bridges can be summarized as follows:

e They are, most of the time, more economical to build. The initial cost of
construction is less than for bridges with joints. Future modifications (e.g.,
widening) are also more economical [17].

e They have increased durability since they do not have deck joints nor end-
bearings. In this way they perform more effectively and remain in service with
less maintenance and repair need. The problems and high maintenance costs
due to immobilization and corrosion of the movable joints are reduced by the
use of continuous structures [17,19,79].

e They are capable of sustaining high longitudinal compression without distress
[17].

e They can be constructed rapidly [17].

e The riding quality is improved and vehicle noise is reduced (as the joints are
eliminated and the road surface is smooth) [79].

e Impact loads are reduced and snowplow damage is less [17].

e They have structural continuity for live load resistance and adequate response
to earthquakes (depending on structure type and connection details) [17,79].

e Integral bridges with stub type piled abutments have a simpler design. Fur-
thermore, the abutment foundations are designed for vertical loads only, they
need not be designed to resist horizontal loads since the abutment is supported
by the bridge deck towards horizontal loads coming from the earth [17,19].

e They have a better overall structural performance especially under seismic
loads compared to bridges with joints [36].
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Hambly [40] concludes that damage can be acceptable to some level and dealing
with problems coming from integral bridges can be less expensive and preferred to
complex solutions of bridges of other types.

2.1.3 Problems and Limitations Concerning Integral Bridges

e The cyclic movement of the integral bridge abutment due to deck expansion
and contraction with seasonal and daily temperature changes can lead to the
compaction of the backfill soil, causing a further increase in the passive pres-
sures behind the abutment.

e Using an uncompacted backfill layer behind the abutment to reduce the pas-
sive pressures however has the undesirable effect of creating settlement at the
backfill [89].

e Settlement at the backfill can also occur under vertical loads and due to bridge
shortening, both of which eventually lead to a support loss for the approach
slab, and eventually cause cracking or failure of the approach slab [4,73].

e Separation of the approach slab from the abutment may occur due to the
reasons given above [4,73].

e Traditionally, good compaction is needed to avoid settlement problems in the
backfill, and therefore in the carriageway. In the construction of integral abut-
ment bridges, good compaction becomes a drawback since it increases the risk
of high passive pressure development behind the abutment [20]

e Drainage problems may occur close to the abutment [73].
e Water can undermine the abutments [4].

e Cracks may develop in wing walls due to rotation and contraction of the su-
perstructure [4,73].

e Cracking in the abutment around girders is also a problem.

e Transverse cracking of decks on the inside of the abutment diaphragm is an-
other problem which may be encountered [73].

e Sliding of the foundation may result in yielding in the soil, which then may
lead to excessive settlements or ground instability [19].

e Abutment piles can be subjected to high bending stresses due to expansion
and contraction of the bridge deck [17] and the thermal movements can cause
a reduction in the vertical load capacity of the piles [4,39,80].

e Skewed integral bridges may rotate with repeated increase and decrease of
earth pressures behind the walls [4].
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e Regarding passive pressure effects, the length of integral bridges is limited
[4,15,17].

¢ Integral abutments should also not be used for extreme skews (>30 degrees)
[17].

e Integral abutments are suitable if the lateral movement of each abutment is
expected to be less than 51 mm [52].

e Subsoil stability is essential to avoid vertical abutment settlements. They
cannot be applied on weak embankments and subsoil [4,17].

2.1.4 Integral Bridge Applications in Sweden

In Sweden, the integral reinforced concrete slab frame bridge (shown in Figure 2.1(a))
has been very frequent for over 70 years. It has been one of the most common
bridge types with 8000 out of 14000 of Swedish Road Administration owned bridges.
Bridges with integrated breast walls (shown in Figure 2.1(e and f)) are also com-
monly used for medium lengths up to 80 m for reinforced concrete and to 60 m for
composite bridges (see Sundquist et al. [82]).

A reinforced concrete frame bridge of 150 m length with the abutment walls hinged at
the top and bottom, and another one of 110 m hinged at the bottom of the abutment
were mentioned by Broms et al. ( [12,13]). Some examples of integral bridges in
Sweden are presented by Hambly [40] such as composite bridges in Borldnge with
vertical screen walls (breast walls) at the abutments, and a 70 m multi-span concrete
integral bridge in Leksand.

A typical integral abutment reinforcement detail can be seen in Figure 2.2.

In Sweden, approach slabs are seldom used. Link slabs are more common. Link
slabs are buried under the backfill soil to some level and linked to the end screen
(see Figure 2.3).

According to Vagverket [95], in Sweden, the recommended maximum bridge length
for steel bridges is 40 m to 60 m depending on average low temperatures. For
concrete bridges this limit is 60 m to 90 m.

According to a damage assessment made on 54-80 m long existing bridges with end
screens, 90 % of the bridges have been found to have cracks and other damages near
the end screen. 52 % of the bridges have cracks in the bridge deck (see Enquist [34]).

2.1.5 Integral Bridge Applications Around the World

The first applications of integral bridges date to Roman times [16]. From then
until the mid-20th century they were constructed as arch bridges. After the mid-
20th century, however, concrete rigid frame bridges became popular. In parallel to
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Figure 2.2: A typical integral abutment reinforcement detail
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Figure 2.3: A typical link slab application together with an end-screen
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rigid frame bridges, multiple span continuous slab, beam or girder bridges were also
constructed. Apart from the conventional integral bridge with wall abutments, stub
type abutments on a strip of flexible piles started being used.

Integral bridges have been widely used in North America and Europe. According
to Card and Carder [19] the first examples of integral bridges were built in North
America (For example, the ones built in Ontario, Canada) in the early 1930s and
have been widely used from then on. In the last 25 years, applications with longer
spans increased due to good performance of their predecessors. Bridges having
lengths up to 200 m and 100 m, in concrete and steel respectively, are currently
being built (see Card et al. [19] and Xanthakos [104]).

In the USA there are significant variations in the design criteria and limitations
among various state highway agencies. Various details of integral bridge abutments
in the US can be seen in Burke [15].

Russel and Gerken [73] report that 32 states in the USA use integral bridges with
pre-stressed girders.

According to Hambly [40], integral bridges are commonly built on piles and have
approach slabs at the abutment/pavement interface. He states that bridges with
length up to 220 m and 130 m, in concrete and steel respectively, are built and the
maximum allowed movement was 50 mm.

The allowed maximum length of integral bridges is quite variable. According to
Russel and Gerken [73], in the USA, the maximum allowable length for composite
integral bridges varies between 60 and 150 m, for pre-stressed concrete superstruc-
tures the maximum length changes from 60 to 240 m, and for cast-in-place reinforced
concrete bridges it changes between 45 and 240 m. As of 1983 the length limita-
tions for non-skewed integral abutment bridges are 45-120 m for steel, 45-240 m
for concrete and 60-240 m for pre-stressed concrete bridges (see Wolde-Tinsae et
al. [101]).

For many of the states 90 m seems to be the upper limit for the bridge length (see
Kukreti et al. [52]).

The upper limit for the skew angle changes between 10 and 30 degrees in the USA
(see Russel et al. [73]).

According to Taylor [87], in the UK, bridges are designed for 120 years life time,
whereas in the USA this is shorter, namely 50 years. In the USA, full height wall
abutments are no longer preferred. Mostly stub abutments on piles are used. Steel
H-piles are the simplest and most successful among the types of piles. But rein-
forced concrete piles are used in the seismic design in California. Run-on slabs are
abandoned in the UK, whereas they are still very popular in the USA.

In the UK, integral bridge applications are reported to be limited to 50 m and they
perform adequately, Card et al. [19]. Hambly [40] states that integral bridges were
widely used in the UK, especially before the 1970s. He gives some examples of
single or multi-span, racked back and box type abutments dating from the 1950s to

12
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1960s and stated that the problems met their remedies and they overall performed
successfully.

Some major Danish bridge projects favor long, multi-span, continuous superstruc-
tures but introduce joints, at least, at the abutments, allowing free horizontal move-
ment of the deck (see Veje [93]). These structures do not fall into the category of
bridges that will be mentioned in this report but yet show the tendency in building
bridges with fewer joints.

2.1.6 Geotechnical Aspects

The movement of integral bridge abutments, especially due to thermal expansion
and contraction of the bridge deck, can create passive and active soil conditions in
the backfill. The soil reaction is nonlinear and varies with depth. The earth pres-
sures are dependent on the stiffness of the soil and the amount and nature of the wall
displacement, which can be a translation and/or a rotation. This interdependency
of the nature and amount of displacements both in the soil and the structure to the
stresses created at the process is the soil-structure-interaction problem that has to
be dealt with. (Deflections create reactions, and reactions create deflections.) Ac-
cording to Thomson [89], it requires complete knowledge of soil stress characteristics,
friction characteristics, and the mode of wall movement.

Solutions usually require iterative analysis where the soil reactions are adjusted ac-
cording to the amount and mode of deformations behind the abutment where the
deformations depend on the relative stiffness of the abutment wall, bridge super-
structure and the soil itself.

Passive pressure that develops behind the integral bridge abutment depends on the
soil density, soil to wall friction angle, mode of wall displacement, effect of backfill
confinement, and repeated loading (see Thomson [89]).

Maximum passive pressures can be calculated using several approaches. The most
common ones are the Coulomb and Rankine theories. These theories are preferred
because of their simplicity but could somehow be conservative for bridge abutment
applications according to Arsoy [4]. According to Duncan et al. [30] however a third
theory which is called the log spiral earth pressure theory seems to give more realistic
values when compared to passive pressure load test results.

The value of the lateral earth pressure coeflicient K increases in the long term. As
K increases towards the passive limit with progressive cycles, yielding of soil and
hence plastic deformations can occur. In the long run, the soil behind the abutment
will tend to reduce in volume and increase in strength.

On the other hand, a progressive increase in displacements will lead to an increase
in shear strains and stresses in soil which will eventually cause shear stiffness to
reduce leading shear failure (see Springman et al [79]). Unless stated otherwise, the
concerned backfilling soil will be of cohesionless type throughout this report.

13
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The backfill may have small cohesion values though. In conventional abutment
design, ignoring cohesion would be conservative whereas in an integral bridge situ-
ation cyclic movements could be sufficient to eliminate the existing cohesion effects
in granular backfill (see Barker et al. [9]). Considering that the passive pressures
are usually underestimated behind the integral bridge abutments, this rather con-
servative approach should compensate for that.

The stress behavior of cohesionless soils due to cyclic strain is highly complex and
cannot be properly modelled by elasticity. Several aspects of soils like particle
repacking, dilatancy, hysteresis, cyclic mobility and stress paths should also be con-
sidered (see Springman et al. [78]).

The increase in soil pressure is explained by the following mechanisms:

e The loose soil particles filling the crack between backfill and the abutment wall
(only applicable to cohesionless soils) may lead to increase in the backfill soil
pressure [19, 79].

e Compaction due to squeezing of the soil, reorientation and crushing of the
particles leading to an equilibrium density compatible with the strain it is
subjected to, also increases the pressure [56,79,89].

e Yielding in the soil causes plastic deformations and locking-in of the high
lateral stresses [19].

Soil behavior under cyclic movements depends on the type and characteristics of
soil, frequency and magnitude of loads, and soil displacement (see Card et al. [19]).

Most of the time drained conditions are considered because the loading is slow
enough to let the excess pore pressures to dissipate. The limiting case, according
to Springman et al. [79], is observed when the minimum void ratio is reached and
densification restricts pore pressure dissipation.

The higher the abutment, the more significant the passive resistance behind the
abutment. Hence some additional axial and bending moments are induced in integral
bridge decks as restraint and stiffness increases. However the stub abutment type
with piles can be flexible enough to accommodate these additional forces without
serious structural distress (see Xanthakos [104]).

Card and Carder [19] reviewed several case studies by Broms and Ingelson (1971 and
1972), Rogers (1987), Sinyavskaya and Pavlova (1971) and Smoltczyk et al. (1977)
and compared their findings by using the shear strain to soil behaviour relationship
provided by Ishihara [44] in 1982 (see Figure 2.4). They assumed an abutment
rotation about abutment toe and a triangular displacement (see Figure 2.5). They
defined the shear strain by the following equation:

a
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Figure 2.4: Soil behaviour to shear strain relationship (after Ishihara [44])

where:
v = shear strain in the backfill
6 = horizontal displacement at the top of the wall
H, = height of abutment

The observed abutment rotations and recorded earth pressures are summarized in
Table 2.1. Springman et al. [79] found this strain calculation feasible for integral
bridge abutments and useful in the sense that it offers a direct link of strain with
bridge displacement and abutment wall height. However, due to cyclic decrease of
strain, it was found to be problematic to relate this to the strain in the fill at the
levels defined by Ishihara [44].

The rate at which K, is mobilized is much higher for compacted soils. Rotation of
the wall results in the highest value of K, (see Thomson [89]).

There is certainly an increase in lateral earth pressures by the process of cyclic
loading on the abutments due to thermal movements of the bridge superstructure.
According to [19]’s comparisons, the long term increase in the earth pressure is
unrelated to the magnitude of the shear strain. The magnitude of shear strain
appears to influence the rate of increase in the passive earth pressure. Shear strains
cause increase in the earth pressure up to a limiting value of K,,. The movements can
be big enough to induce shear strains in which soil shows elasto-plastic behavior.
Table 2.2 shows recommendations of soil behavior and earth pressure coefficients
to be applied depending on the values of shear strains generated by the rotation
of the abutment (obtained using Equation 2.1). If the behavior of the soil is in
elastic limits the deformations are fully recoverable, therefore no increase in lateral
soil pressures should occur. When the soil behaves elasto-plastic, the passive earth
pressures will tend to increase and abutments will be subjected to bigger forces due
to cyclic movements of the deck. This is explained by the process of consolidation
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Figure 2.5: Shear strain due to abutment rotation (after Card et al. [19])

and strengthening of soil (cohesive or non cohesive) under drained conditions when
subjected to a sufficiently long interval cyclic loading. This increase in stiffness will
result in increased lateral pressures behind the bridge abutments.

Card et al. indicate that the thermal movements may also cause instability problems
such as sliding of the footing and excessive settlements. The stiffness and strength
of cohesive soils may decrease that leads to yielding.

For abutments on spread footings sliding resisting effects are more significant. Large
cyclic horizontal movements induce shear stresses beyond the elastic limit of the soil.
Due to yielding of the soil, the stiffness and the strength are reduced and residual
shear strength parameters are to be introduced.

According to Burke [16], the maximum passive earth pressure used for the design of
integral bridges with capped pile stub-type abutments can be idealized as:

P, = ~, tan’ (45 + %) D, + 2ctan® <45 + %) (2.2)
where:
P, = maximum passive pressure (N/m?)
v, = umit weight of soil (N/m?)
¢ = angle of internal friction (degrees)
D, = depth below approach slab (m)
¢ = soil cohesion (Pa)

Table 2.3, given by BA 42, indicates that the passive earth pressure mobilized during
thermal movements can be seriously affected by the inclination of the abutment walls
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Table 2.1: Summary of abutment rotations and recorded earth pressures (after Card

et al. [19])
Measured
earth pressures
behind
abutment
Reference Abutment | Induced | Likely | Initial| Long-term
rotation shear soil be- | value | value
strain haviour
Broms and | 1.5-107% |3-107° e-p K, 2 - Ky after 1
Ingleson year, trend still
(1971) increasing
Broms and |1.3-107% | 2.7-107% | ep K, 2 - K, after
Ingleson 3 years, trend
(1972) still increasing
Sinyavskaya |2—4-107% | 4—8.107* | e-p Ko 0.45 - K, after
and Pavlova 1 year, increas-
(1971) ing to K, after
10 years

Smoltczyk et | 4.5-107% [ 9-107* e-p Ky 1.5- Ky after 1
al. (1972) year
Smoltczyk et | 2.5-107% [ 5-107%  |ep Ky 2.25- K after 5
al. (1972) years

Table 2.2: Influence of shear strain on soil behavior and lateral earth pressure coef-
ficient values (after Card and Carder 1993)

Shear strain 2 - §/H,

Likely soil behavior

Earth pressures to be
applied for SLS check

< 107° elastic K,
107° to 1073 elasto-plastic Ky to K,
> 1073 elasto-plastic K,

and that the passive earth pressure coeflicient (K),) increases very rapidly with the
internal friction angle (¢').

According to Thomson [89], complete stress-strain characteristics of the soil should
be known in order to be able to predict K,. Coulomb’s equation shows the closest
agreement with the measured values.

Compaction plays an important role in the level of lateral pressures on the walls
as they have an effect on the initial lateral earth pressure coefficient and define
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Table 2.3: Passive earth pressure coefficients (K,) depending on abutment inclina-
tions and internal friction angles

Inclination of abutment back face
¢ | vertical | 20° forwards | 20° backwards
30° 5 3 7
35° 6 4 12
40° 9 5 20
45° 15 6 37

how much more densification is possible. It was found that lateral earth pressure
increased due to compaction especially close to the top of the wall (see Broms et
al. [12]).

The influence of the wall friction, §,, on the earth pressure coefficient should also
be considered since it is practically almost unavoidable and has an increasing effect
on K. According to Springman et al. [79] K, values can be increased 2 to 4 times
when &, is increased from 0 to the value of the internal angle of friction ¢ of the
soil. However the §,,/¢ ratio is not likely to exceed 0.7.

The force needed to displace the wall towards the soil is affected by the wall-to-soil
friction angle. As the wall moves the friction angle develops at a nonlinear rate. This
determines the lateral earth pressure coefficient (K') as well as the friction angle as
the wall displaces (see Thomson [89]).

The coefficient of earth pressure (K) values can be predicted using some charts (see
Figure 2.6).

Based on an extensive survey on the passive earth pressures behind integral abut-
ment walls, Ting et al. [90] concluded the following:

e The peak wall force on an abutment that rotates towards the backfill soil is
slightly larger than on the wall that laterally translates towards the backfill
soil.

e A passive wall force is achieved at a normalized displacement (displacement
divided by wall height) level of 5 % for dense sands and 20 % for loose sands.

e The lateral earth pressure on the abutment wall is triangular for wall trans-
lation but for wall rotation it is not triangular. Stresses are high close to the
ground surface and low near the wall base.

e Integral abutment bridges under thermal loading conditions show a combina-
tion of translation and rotation as if the rotation is about a point which is
located below the bottom of the wall.

18



2.1. SOIL-STRUCTURE-INTERACTION FOR INTEGRAL BRIDGES

§1:|||||||||||||||

g 8 ~ DENSE SAND

w4

8 4 TERZAGHI

(78]

w3

o

(a1

£ 2

o

<C

11]

3

= 1.0

g 0.8

T 0.6

O 05 Kp Ka

T —_—p-

T 04

o3t o

E LOOSE SAND — | _ _  _ _

H o2 - v

Q MEDIUM SAND

L

m

8 I A A f
0.06 0.04 0.02 0 0.002 0.004

WALL ROTATION y /H
Figure 2.6: Prediction of the coefficient of earth pressures (K) for different wall ro-

tations (redrawn from the US Department of Navy 1986 “Soil Mechanics
Foundations and Earth Structures” as reported by Thomson [89])

19



CHAPTER 2. LITERATURE REVIEW

2.1.7 Overview of the Research on Integral Bridges

Broms and Ingelson [12,13] measured the lateral earth pressure acting on the abut-
ments of several rigid frame bridges of 150 and 110 m length in Sweden. The
measurements were done during compaction and after the completion of the bridges.
They concluded that the earth pressure was approximately constant immediately af-
ter the placement of the fill. The pressure at the center of the abutment was found
to be larger than at the top and bottom. The modulus of horizontal subgrade reac-
tion increased with the distance below the ground surface. When the abutment was
displaced laterally, the pressure distribution was hydrostatic, and parabolic when it
rotated about its lower edge. It was concluded that the earth pressure increases due
to self compaction during the cycles of thermal expansion and contractions and the
maximum earth pressure can reach up to passive earth pressure level.

Jorgenson [47] took field measurements from a six-span concrete integral bridge.
Bridge movements were monitored for approximately one year and the abutment-
pile behavior was observed. Jorgenson reports that the movements in two ends of the
bridge due to the change in length were not equal to each other. No vertical move-
ments in abutments were recorded. The pile stress calculated from the maximum
movement measurement was big enough to initiate a yield stress but not enough to
generate plastic a hinge.

Greimann et al. [39] developed a nonlinear finite element procedure for evaluating
pile-soil interaction in integral bridge abutments. Piles were represented by beam-
column elements and soil was idealized as nonlinear springs. They concluded that
thermal expansion introduced some additional vertical loads leading to reduction in
the vertical load carrying capacity of the piles.

Girton et al. [38] worked on verification of design procedures for piles in integral
abutment bridges. They used experimental data collected for two years from two
skewed bridges in Iowa. Data consisted of air and bridge temperature, bridge dis-
placements and pile strains. They recommended coefficients of thermal expansion.
They concluded on some design aspects which will be mentioned in Section 2.1.8.

Sandford and Elgaaly [74] made field measurements on a 20 degree, 50.3 m span
skewed bridge in Maine to investigate the soil pressures behind the skewed bridge
abutments and the skew effects on these pressures. The results were found to be
similar to those by Broms and Ingelson [12]. Concerning skew effects, they recorded
more than two times greater soil pressures at the obtuse side of the abutment com-
pared to the acute side. The ratio was said to reach 4 at the extremes of the
abutment. They observed that the effect of skew diminishes with time giving no
sign of being affected by the cyclic stiffening of the soil behind. The average soil
pressure at the girder level was found to be 5 times higher than at rest level. Some
design recommendations were also made (see Section 2.1.8).

According to Russel [73], the US Federal Highway Administration started a research
program (in 1994) to establish a better understanding of the behavior of integral
bridges. Their research includes a literature survey, as well as analytical and exper-
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imental work on a very wide range of bridge structure types.

Springman and Norrish [78] carried out centrifuge model tests to examine the be-
havior of full height abutments with spread base and piles. A 10 m beam centrifuge
was used for a 1/60 scale model. Tt has the advantages of observing deformation
mechanisms in serviceability limits and failure modes in ultimate limits. They con-
cluded that large shear stain cycles can cause increase in the bending moments of
the wall, axial deck loads and severe slumping of the backfill. The failure mechanism
was observed to be a clear wedge behind the wall. The bending moments increased
by 32 percent after the 75 cycle of 30 mm horizontal displacement.

Fang et al. [35] carried out experiments to investigate the earth pressure against a
rigid wall that was moved towards a mass of dry sand with a free horizontal top
boundary. The experiments revealed that the passive earth pressure is linear when
the wall is horizontally translated (at each stage of the wall motion). For rotations
about a point above the top and below the base of the wall, the earth pressure is
found to be significantly affected by the mode of the displacement and the location
of the point of rotation. For rotation about right at the bottom of the wall, the
passive earth pressure was found to be nonlinear and the maximum stresses were
measured at about mid-height of the wall.

Thippeswamy et al. [88] analyzed five jointless bridges in service by means of 2-D
frame models using one dimensional beam theory. They conclude that the earth
pressure, even in the passive case, produces negligible stresses at all locations of
varying bridge systems (stub-type abutments with or without piles).

Centrifuge tests conducted by Springman et al. [79] show that horizontal stresses
created by cyclic expansions and contractions of the deck remain approximately
constant to depths of up to 6 m. The pressure distribution acting on abutment is
similar in form to the classical compaction stress distribution and typically have
magnitudes between 25 and 50 kPa. This observation suggests that the use of a
constant soil stiffness value with depth (for a given strain) is reasonably realistic and
that the upper bound mean effective stress (p') in operation during deck expansion
lies between about 50 and 100 kPa. According to test results K, increases from the
first cycle on but the change is not dramatically pronounced after the 20 cycle.

Carder and Card [20] inquired the methods of avoiding the development of high
lateral pressures on the abutments due to cyclic movements of the abutments. As
a result, the usage of low stiffness and a stress absorbing compressible elastic layer
between backfill and the abutment wall was said to be able to cope with this kind
of problem. It was also indicated that the usage of a compressible layer could be
more economical if a new integral bridge is going to be constructed. The materials
considered to be suitable for this purpose were

e polystyrene products,
e polyethylene foam,

e geocomposite materials, and
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e rubbers.

The function of these materials was explained as

e to expand without allowing a void into which water and debris can enter,

e o act as a stress absorbing layer and to prevent movements from the abutment
to the backfill, hence to prevent passive earth pressure development in the
backfill, and

e to reduce wall friction between the abutment and the backfill.

According to the result of this study, where two different compressible layer thick-
nesses were studied (0.3 and 1.0 m), the materials showed a nonlinear elastic behavior
up to some acceptable degree (strain range 0.8 % up to 5.3 %). The importance of
engineering the thickness and of the development of the performance specification
of these compressible layer candidates was emphasized.

Ting et al. [90] studied a 3D and 2D FE model of a 45.7 m long integral abutment
bridge system with piles. Nonlinear soil behavior is handled using nonlinear springs
having stiffness values varying with depth. A 44.4°C thermal loading level was
selected where the soil compaction levels were varied. Ting et al. [90] and later
Faraji et al. [36] concluded the following:

e The level of compaction behind the wall is vitally important. When it varies
from loose to dense the axial forces and moments can double.

e The soil pressure behind the abutment wall is slightly nonlinear for a dis-
placement of about 0.01 m and it is expected to be more pronounced as the
displacement gets bigger.

e Full passive soil resistance is almost achieved near the ground surface, and at
greater depths the pressure was about half of the passive value.

e The compaction level adjacent to the piles below the abutment does not affect
the wall displacements and moments to a significant degree.

Lehane et al. [56], considering the effects of deck thermal expansion on frame type
bridges, developed a simple elastic model where an equivalent abutment height with
a single translational spring is used to simulate the soil structure interaction. The
backfill was modelled as a linear elastic continuum with a stiffness F,. Calculations
using a frame analysis program and finite elements were compared and the results
were found to comply well. They state that additional stresses due to thermal
movements are not particularly sensitive to the value of soil stiffness, therefore using
a linear modulus F, will be sufficient for design. The formulation of F; was done
by best fit correlation of the data of shear stiffness from recent research. Assuming

v=20.25
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and
E;, =2G(1+v)

the following formula for Young’s Modulus was obtained:

B, = 150 F(e) - (p—'> " (E)M (2.3)

Pa g
where:
E, = secant modulus (MPa)
Fle) = (217-¢€)?/(1 + e) normalizing function for shear stiffness

e = void ratio

P = mean effective stress (MPa)

po = atmospheric pressure (MPa)

v = average shear strain level (%)

The average strain is likely to be in the range 6/2H, to 26/3H, where ¢§ is half the
thermal expansion of the deck and H, is the height of the retained fill (see Lehane
et al. [56]).

Thomson [89] carried out full-scale tests on integral bridge abutments on spread
footings and piles, while the abutment was passively displaced into the backfill.
Earth pressures and deflections were measured. It was found that the use of uncom-
pacted sand cushion behind the abutment helped to reduce lateral earth pressures
but have a tendency to compact after one cycle of abutment movement. Equations
were developed for predicting lateral earth pressures (while K, after compaction and
K, values are predicted at the beginning). Current design charts were modified.

As a conclusion of a literature survey and experimental study, Thomson [89] reports
the following:

e For wall rotation about the top, the distribution of lateral soil pressures on
the wall is parabolic with the maximum value at the bottom. The K, value is
the lowest.

e For wall translation, the distribution of lateral earth pressure is linear having
the maximum value at the bottom. The magnitude and the distribution in
this mode of movement are closest to the theory.

e For wall rotation about the bottom, the distribution of lateral earth pressure is
also parabolic with maximum values towards the upper half of the wall height
(from 25 % to 50 % of the abutment height).

e The exact location of the resultant force on the abutment depends on the
wing-wall geometry. As the angle between the wing-wall and the abutment
changes from parallel position to perpendicular, the resultant force moves up.
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Carder et al. [21] state that the secant and tangent moduli for well graded aggregate
tend to be fairly constant at about 100 MPa until the compressive strain exceeds
0.1 %. Then the modulus sharply increases to a value 2.25 and 10 times higher,
respectively, for the secant and tangent moduli.

England et al. [33] investigated integral bridges having lengths of 60 m, 120 m and
160 m with stiff abutment walls of 7 m with pinned bases. 1 in 12 scale model
tests were conducted as well as computer analyses. The following conclusions were
obtained:

e Stress changes in the backfill escalate quickly to reach the hydrostatic stress
state (K=1) and settle at peak ratios.

e On the other hand settlements continue to change for further cycles (110 mm
adjacent to the wall in 120 years for a 60 m bridge).

e The code BA 42 assumes conservative design loading for integral bridge abut-
ments. However for a suitable choice of K* the approach given by BA 42 (see
Section 2.1.9) is sufficient in the calculation of stress escalation.

e A new equation for K* however was proposed (see section 2.1.9).

As a result of controlled cyclic loading to granular soils and laboratory triaxial tests
Carder et al. [21] conclude that granular soils are likely to perform adequately under
the strain limits that are likely to be developed beneath the spread base foundations.
In clay soils however, it may result in yielding and reduction in bearing capacity.

Barker et al. [8] made field measurements on two full height integral bridge abut-
ments of about 40 m span. Wall and deck loads, moments, changes in the deck
length as well as movement of the abutments were measured. One year after the
construction, which was in the summer, the lateral stresses on the abutment of one
of the bridges were measured slightly above the Ky pressure distribution. Stress
escalation behind the abutment was reported to take place after many cycles.

Lawver et al. [55] investigated an integral bridge of 66 m and three spans during
construction and through several years of service. The bridge was monitored under
construction as well as seasonal, environmental and live-loads. All the bridge com-
ponents have been found to have performed within design limits. It was found that
the abutments were translating laterally as a reaction to expansion and contraction
of the deck. The effect of temperature changes on the bridge was calculated to be
as large as the live-load effects.

Barker et al. [9] evaluated the behavior of a 50 m integral bridge during construction
and over the first three years of service. Movements and stress measurements on
the abutment as well as strain and temperature measurements of the deck and the
abutments were taken. It was observed that the pressures behind the abutment,
after backfilling is completed, were following an “at rest earth pressure (Kg)” trend.
During expansion times pressures rose a bit above K level and higher earth pressures
developed towards the top of the abutment. At the end of this study it was concluded
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that in the long run, creep and shrinkage effects become negligible compared to those
of thermal expansion and contraction of the deck. This seasonal cyclic action may
lead to an increase in the lateral stresses behind the abutment but further monitoring
is needed to evaluate the extent and significance of these stresses.

Xu et al. [105] performed a numerical analysis of an embedded integral bridge abut-
ment that is 12 m high, in order to investigate the maximum earth pressure and
the distribution of earth pressure. The cyclic horizontal movement (10 mm at the
top) of the abutment was simulated and it was observed that the resulting bending
moments reached a limit value after 20 cycles. The lateral earth pressure (in the
middle part) behind the abutment increases by about 20% during these cycles. Al-
though the distribution of the earth pressure is similar to the ones proposed in the
design code BA 42, it is still far less in value.

2.1.8 General Design Considerations for Integral Bridges

The analysis method for the integral type of structures was first developed by Cross
in 1930 (see Xanthakos [104]). The design of bridge abutments will be focused on
in this section.

Usually, classical earth pressure theories (Rankine and Coulomb) are used to deal
with the pressure exerted on an abutment by the retaining soil. They are usually
designed according to at rest conditions (using Kp). However the worst case for
design seems to be the lateral earth pressure which is likely to reach the passive
limits.

In the design, the material properties should be realistic. The abutments should be
flexible enough to absorb the movement of the deck and stiff enough to resist the
other longitudinal forces (like braking forces) (see Card et al. [19]). The abutment
stiffness is recommended to be 10 times bigger than the bridge deck stiffness. For
bridges having a bridge span/abutment height ratio greater than 3.5 the passive
earth pressure value (K,) should be used in design. Some other design considerations
reported by Card et al. [19] are

e limiting the length of bridges to control the amount of passive pressures,

e using porous or granular fill material (with a typical angle of friction of 35
degrees),

e using approach slabs to prevent backfill compaction by traffic,

e using compressible material between the wall and the backfill (eg. expanded
polystyrene),

e using lightweight concrete which has 70 percent less weight than equivalent
gravel concrete,

e using moderate skews to reduce the length subjected to passive pressure,
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e reducing abutment penetration into embankments,
e shortening wing walls, and

e using turn-back wing walls.

In Sweden, the design methods used for integral slab frame bridges are based on
experience and simple elastic frame models (see Sundquist et al. [82]).

Burke [16] however recommends bridge design engineers to concentrate on construct-
ing durable bridges rather than making a detailed study of the secondary effects due
to shrinkage, creep, passive soil pressure, etc., on integral bridges. He indicates that
these effects are negligible if the design is simplified to certain limits. This can
be achieved by standardizing bridge details and limiting the bridge geometry and
settlements. He indicates that the secondary effects can be neglected if the bridge
length is less than 91 m, spans are less than 24 m, the skew angle is less than 30
degrees and the curvature is less than 5 degrees.

The recommended amount of movement of the bridge abutment from the position
at time of restraint during construction is + 20mm. The piers should be sufficiently
flexible to accommodate thermal movements (see BA 42) [6].

It is advised to construct the deck during the hot season (see Springman et al. [79]).

According to Girton et al. [38] bridge temperature changes should be assumed higher
than the measured values. A simplified longitudinal expansion or a longitudinal
frame model can be used to predict lateral displacements. They recommend the
designer to use full passive soil pressure in designing the abutment.

According to Dicleli [26]:

e The conventional design approaches in North America and Europe do not
consider the beneficial effects of continuity at the joints and earth pressure
forces applied at the abutments in reducing the maximum span moment.

e They also do not take into account the unbalanced longitudinal forces in pier
design.

e The effects of temperature change and the axial load applied to the bridge
deck are neglected.

e It is advised to use full passive earth pressure for the design of the deck-
abutment joints.
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2.1.9 Earth Pressure Distribution in the Design of Integral
Bridges

Design for Earth Pressure in Sweden

According to Swedish design standards, an additional horizontal earth pressure as a
reaction to horizontal movement of the bridge should be taken into account. There
are two cases that are given in Bro 2002 [1].

The first one is the reaction pressure AP on piles, pillars and frame walls. AP, which
can be calculated from Equation 2.4, should be used in addition to the existing at
rest soil pressure (see Figure 2.7):

H,
AP=Coy- g (2.4
where:

AP = horizontal soil reaction pressure (kN/m?)

C' = 300 or 600 depending on the forces being advantageous or not

67‘ = 6/Ha

6 = horizontal deflection of the abutment (m)

v, = soil unit weight (kN/m?3)

H, = height of the abutment (m)

Equation 2.4 is valid until the depth of H,/2. From that depth on the reaction
pressure approaches to 0 at the bottom of the wall. Restraint effects of temperature
change are accepted as disadvantageous where C' should be taken as 600. When the
movement is due to breaking forces, the existence of a mid-span leg will take part
in resisting the lateral force that will make the case advantageous. Then C can be
taken as 300.

The second case concerns integral bridge abutments with end-screens. The total
lateral force acting on the end-screen is calculated from the following equation:

P=PF ifo=0
P:P0+Cl-6~2%)~P1 if 0<0< H,/200 (2.5)
P=FR+C-P if § > H./200
where:
C; = 1or0.5 depending on the forces being advantageous or not
Py = at rest earth pressure
6 = horizontal deflection of the end-screen

P, = passive earth pressure

P = P -5H

H, = height of the end-screen
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Figure 2.7: Design earth pressures on slab frame bridges (according to the Swedish
Bridge Code Bro 2002)

Table 2.4: Lateral earth pressure coefficients of different material (from Bro 2002)
Material Ky | K, | K,
Crushed stone | 0.34 | 0.17 | 5.83
Subbase material | 0.36 | 0.22 | 4.60
Clinker 0.43 | 0.27 | 3.70
Plastic cell 0.40 | O -

The earth pressure coefficients according to the Swedish Bridge Code Bro 2002 [1]
are taken from Table 2.4.

Applications in the UK

According to The Highways Agency Design Manual for Roads and Bridges (BA
42) [6], the pressure distribution behind full height frames and embedded abutments
should be taken as in Figures 2.8 and 2.9.

K™ can be calculated from the following formula, which is derived from static tests
and can underestimate the stresses in a cyclic situation:

5 0.4
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N Earth pressure
\ based on K*

\ Earth pressure
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Figure 2.8: Design earth pressure distribution for frame abutment (according to BA
42/96)
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Figure 2.9: Design earth pressure distributions for full height embedded wall abut-
ments (from BA 42/96)
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where:
K* = uniform earth pressure coefficient
6 = top displacement of the abutment
H, = height of the abutment
K, = passive earth pressure coefficient

According to BA 42 the earth pressure coefficients should be calculated using ma-
terial factors of 1.0 and 0.5 for disadvantageous forces and advantageous forces
respectively.

Applications in the USA and Canada

Most bridges in the USA are designed according to the American Association of
State Highway and Transportation Officials (AASHTO).

Taly [86] reports that AASHTO calculates horizontal soil pressures on the bridge
abutments according to the Rankine active soil pressure. The pressure is limited to
4.8 kN/m? per meter height of the abutment. K, is assumed to be equal to 0.3.

It was reported by Kunin [53] that in the USA and Canada, uniform triangular
and Rankine load distributions are used for the design according to soil pressure on
integral bridge abutments. But some of the agencies do not consider soil pressure
at all.

According to Thomson [89] there are two popular design methods for calculating
earth pressures namely NAVFACDM 7.2 (The US Department of the Navy 1986)
and the Canadian Foundation Manual (Canadian Geotechnical Society 1992). The
curves of the latter show a better agreement with the measured K values.

Some Alternative Proposals

Sandford and Elgaaly [74] bring up some considerations special to skewed
bridges. They recommend the usage of the pressure envelope proposed by Broms et
al. [12] and the Maine Department of Transportation with a slight adjustment, as
shown in Figure 2.10.

England et al. [33] concluded that the code BA 42 provides conservative design
loading for integral bridge abutments. However for a suitable choice of K* the ap-
proach given by BA 42 is found to be sufficient in the calculation of stress escalation.
A new value for K*, however, was proposed:

5 0.6
KY =K T - K 2.
N O L (2.7)
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Figure

where:
Ko
(1)

)

H,
(Kp)

Dicleli [26]

Rankine Passive
Ha 3 Pressure
Recommended Rankine Ha
Design Envelope Active
Pressure
Broms & Ingleson .
Design Envelope 2
=
At-rest
Pressure

2.10: Design earth pressure distributions behind abutments (from Sandford

[74])

uniform earth pressure coefficient
earth pressure coefficient at rest
top displacement of the abutment
height of the abutment

passive earth pressure coefficient

, however, reports a different approach to estimating the lateral earth

pressure coeflicient K that could be used in design.

K=K, +v¢-0<K, (2.8)

uniform earth pressure coefficient

earth pressure coefficient at rest

slope of the earth pressure variation

top displacement of the abutment towards backfill
passive earth pressure coefficient

The value of ¢ depends on the backfill soil type. According to Dicleli [26], typical
values can be obtained from elsewhere.!

1Barker, R. M., Duncan, J. M., Rojiani, K. B., Ooi, P. S. K. and Kim, S. G., Manuals for
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Table 2.5: Lateral earth pressure coeflicients to be used in the design of integral
bridges (recommendations by Springman et al. [79])

Stiff walls
Design criterion | Rotation 4] Flexible Walls | Spread base | Embedded
Serviceability state | 6 < 0.23° | 0.024 K<1 K<2 K <2
Ultimate state 8> 0.5° | 0.052 1<K <2 K~4 K~4
After 100 cycles #~1° 0.1 2< K <4 K ~4 K~8

A triangular earth pressure distribution was assumed. the final displacement of the
deck § is calculated from the difference of the deck elongation due to temperature
increase and the deck contraction due to backfill pressure.

Springman et al. [79] recommend some values for the lateral earth pressure
coefficients (K) to be used in the design as a result of centrifuge tests and finite
element analyses of two different types of integral bridge abutments under cyclic
movement. Their recommended K values are given by Table 2.5.

A linear value of K is proposed over the top half of the retained height of the wall.
The lateral earth pressure is assumed to remain constant over the bottom half of
the spread base abutment.

Thomson [89] proposes that for a deflection mode of simultaneous rotation and
translation, the earth pressure distribution increases from the top to a depth of ap-
proximately 38% of the abutment height and from that point on it remains constant.

Fang et al.’s [35] model test results for wall rotation show a similar earth pressure
distribution nonlinearity with the point of application of a passive thrust of 0.55- H,.
Xu et al.’s [105] results also confirm nonlinearity.

Comparisons

Comparison of Earth Pressure Distributions In this section earth pressure
distributions on abutment walls due to a cyclic movement of the abutments are going
to be compared. the Swedish Bridge Design Code Bro 2002 recommendation for
earth pressure will be compared with the British Highways Agency Design Manual
and also with some other design proposals from researchers. A numerical example
will be carried out to achieve this. The design procedures are discussed in previous
sections and described by the help of Figures 2.7 to 2.10.

the Design of Bridge Foundations, NCHRP Report 343, Transportation Research Board, National
Research Council, Washington, D.C., 1991.
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Table 2.6: Parameters used in the numerical example

Material properties | values
¢ (° C) 38.3
vs (kN /m?) 19.0
K, 0.38
K, 0.3
K, 4.2
Wall height, H, (m) | 6.0

The soil parameters and the wall geometry used in the numerical example are given
in Table 2.6. The C value in Equation 2.4 is taken considering the disadvantageous
conditions (i.e., C is taken as 600).

The calculations were carried out for several wall displacement values. These dis-
placements were chosen such that they represent every shear strain level that corre-
sponds to each of the soil behaviors in Table 2.2. The shear strain level is calculated
according to Equation 2.1, here repeated for the reader’s convenience:

-9
Y H,
The displacement amounts of 2 mm, 10 mm and 40 mm fall into the < 107°%, 10~°

to 107% and > 1072 shear strain ranges respectively. They can then be classified as
elastic, elasto-plastic and elasto-plastic behavior in Table 2.2.

Comparison of Earth Pressure Coefficients The lateral earth pressure coef-
ficients were calculated for wall displacements of 6 mm, 12 mm, 30 mm, 60 mm
which correspond to more or less 30 m, 59 m, 147 m and 294 m bridge lengths (if
the coefficient of thermal expansion is taken as 12 E-6 1/°C and change in temper-
ature is taken as 34°C). Table 2.7 displays several K values either recommended or
measured by tests from different sources.

Conclusions of Comparisons

The earth pressure distributions according to different design codes and different
displacement levels are plotted in Figure B.l. For small displacements the Bro
2002 and BA 42 values agree with each other. But for larger displacements such as
bigger than 10 mm the difference is much more pronounced. It can be concluded
also looking at Table 2.7 that the Swedish design code Bro 2002 becomes more
conservative in estimating lateral wall pressures as the amount of wall deflection
increases.

The wall pressure estimation from AASHTO depends on active pressures which is
quite unrealistic considering the fact that the wall movements towards the soil create
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Figure 2.11: Comparison of design earth pressure distributions behind abutments

from different sources
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Deflection of the top of the abutment wall

References 6 mm 12 mm 30 mm 60 mm
1stcycle |100th cycle | 1st cycle [100th cycle [ 1st cycle |100th cycle |1stcycle |100th cycle
BRO 2002 0.98 1.58 3.37 6.37
BA 42 0.88 1.16 1.67 2.21
. dense sand [ 0.6-0.7 | 0.6-1.0 | 0.7-1.1] 0.9-1.2 | 1.0-1.6( 1.6-2.4 | 1.8-3.0| 3.1-3.75
Springman et
al. 1996 loose sand | 0.4-05| 0.8-1.0 [ 0.9-1.2| 1.0-1.7 | 1.2-21| 1.6-25 [ 1.8-3.0| 2.5-4.2
Hambly & d d 1.2 2.0 3.1 4.0
Burland 1979 |%°"*® %" ’ ) ) )
(presented by I d 0.7 1.1 1.6 1.8
. 00se san E . . .
Springman'96)
Terzaghi 1954 |dense sand - 2.1 3.0 4.0
(presented by
Springman'96) |lcose sand - 1.2 1.5 1.8
scaled 14 175 2.95 -
England et al. |model test ’ ) ’
2000 |
numerical 1.1 12 1.65 -
prediction

Table 2.7: Experimental K values obtained for different wall deflections (rotation
about the base)
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Figure 2.12: A presentation of the wall rotation about its base and the soil pressure
distribution behind the integral bridge abutments

a pressure increase on the wall. It can be concluded that the AASHTO design for
bridge abutments highly underestimates the pressures.

The K values from the English code BA 42 are lower then the values of two experi-
mental studies (Springman and England). Although the values without considering
a cyclic movement are close to each other with the increase in pressure after itera-
tions BA 42 is said to be underestimating the K values in the long term.

The numerical analysis results by England et al. [33] give quite lower values for K
than the test results.

The recommended values by Terzaghi, Hambly and Burland agree with each other.

A Proposal for the Passive Earth Pressure Response

Having briefly compared different methods for estimating the potential lateral earth
pressure distribution behind integral bridge abutment walls, due to wall movements,
a simple elastic approach to estimating the deformation, combined with the hyper-
bolic elastic modulus distribution in the soil, is used. The main objective of this
approach is to form a starting point for developing a numerical model for future
stress investigations. The second objective is to find a very simple way of verifying
the nature and quantity of the passive earth response behind the abutments.

The soil is thus assumed to be simply elastic, having different layers with different
stiffness values. The estimation of the elasticity modulus of the soil is done by means
of an approach where many soil parameters are involved, namely the proposed E;
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formula in the TRITA-BKN report [72]. The formula is given in Section 3.2.5.

The author is aware that no general conclusions can be drawn from this naive
approach without supporting them with numerical analysis and field measurements.
The details of the calculations are given in Appendix B.

2.2 Soil-Structure-Interaction for Culverts

In general, bridges with span length 6 m (20 ft) and under are classified as culverts
(see Taly [86]). According to Swedish norms all spans that are greater than 2 m
can be classified as bridges. Culverts are generally used over small and intermittent
waterways under fills. Today larger spans are used as the knowledge about culverts
increased. The simplicity of installations and economical advantages increased the
popularity of flexible metal buried structures. This section will mainly focus on the
state of the art and design of such structures.

Some of the basic theories and design methods concerning soil-structure interaction
of buried structures were initiated starting from the beginning of twentieth century.
The subject started to gain more importance with the increasing need to build bigger
underground structures subjected to loading that are greater than the previous. It
is impossible to keep track of all the technical advances but some of the earliest work
of significance will be mentioned in this report.

In the design of rigid buried structures, it is assumed that the structure is mainly
affected by the vertical pressures caused by the soil cover and traffic. Since the
horizontal deformations are negligibly small the horizontal soil reaction pressure is
very small or non-existent. On the other hand, flexible buried structures are sub-
jected to horizontal supporting pressures that result from horizontal displacement
into the soil. Hence in the case of flexible structures, it is the interaction between
the structure and the surrounding soil that constitutes the structural system.

Flexibility is an advantage for buried structures (see Janson [46]). The strain and
stress in the pipe wall reduce with the thickness of the wall. A thin wall is not
necessarily a disadvantage as long as the deflections are kept in reasonable limits
and the surrounding soil is carefully placed and the soil properties are correctly
identified.

2.2.1 Types of Culverts

White et al. [100] classify culverts according to the materials in the following way:

e Corrugated steel culverts:

— factory made pipes

— structural plate pipes (span range 1.5 to 8 m)
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— box culverts (span range 8 to 11 m, [62], in use since 1975)

— long span structures (span range 6 to 12 m)

e Precast concrete pipes: can be circular arch and elliptical in shape and the
span is up to 4.5 m for circular and up to 12 m for arch shaped ones.

e Cast-in-place concrete culverts: can be rectangular and arch shaped. The
most popular one is the concrete box culvert.

Occasionally aluminum, masonry, timber, cast iron, stainless steel and plastic is also
used in making culverts.

There is a variety in culvert shapes (see Figure 2.13). The shape usually depends
on structural and hydraulic requirements. A circular shape (see Figure 2.13A) is
hydraulically and structurally efficient. Arch (B), pipe arch (E) and elliptical (C)
shapes are frequently used in case of limited distance from a channel invert to
the pavement. These are not as structurally efficient as the circular ones. Arch
culverts allow a less restricted waterway. Box shape culverts are easy to adopt to
site conditions but they are less efficient than the other types.

2.2.2 Overview on the Research on Buried Structures

The first achievements of the classical design concept special to buried structures
started in the early twentieth century by recognition of the dependency of the loading
on the structure on the interaction with the surrounding medium. This new theory
was only applicable to buried rigid structures. However the flexible conduit design
based on empirical equations and some design charts followed this achievement. But
the first well established soil-structure interaction concept came from Spangler? when
he introduced his Iowa Formula in which soil properties were also included. With
this approach, the importance of soil parameters was realized. Spangler calculated
the horizontal deflection of the buried flexible pipe by the following formula:

KB - Wc . 713
E,-1,+0.061- B

2Spangler, M. G., 1941, The structural design of flexible pipe culverts, lowa Eng. Exp. Station
Bulletin 153, Iowa State Collage, Ames, Iowa

A.’L’ZDl'

(2.9)
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Figure 2.13: Some types of culvert profiles (after Pettersson et al. [72]). H = rise,
h. = cover height, R = radius of the crown and S = span
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where:
Ar = horizontal deflection of the pipe
D, = deflection lag factor
Kp = bedding constant
W. = wvertical load of soil per unit length of the pipe

r = mean radius of the pipe

E, = modulus of elasticity of the pipe material
I, = moment of inertia per unit length of cross section of the pipe
E' =e,-r = modulus of soil reaction

e, = modulus of passive resistance, that is the ratio of
horizontal pressure to corresponding deflection

The soil pressure distribution according to Spangler (as reported in [46]) is such
that there is a horizontal soil reaction pressure of parabolic shape with a maximum
value of (Az/2)-(E,/s). Molin [64] later suggested that a uniformly distributed soil
pressure of K- W, should be added to the lateral pressure defined by Spangler. the
Swedish calculation method for buried pipes adopts the soil distribution suggested
by Molin [64].

According to Janson [46], most of the studies of flexible pipes buried in the ground
are based on the classical Spangler expression.

This was followed by the model studies of Watkins [96], Watkins and Nielson [97],
Howard [42], Howard and Salender [43], as well as Burns and Richard [18].

In 1960 came the introduction of the ring compression theory for the design which
states that the ring deflection of the structure is negligible and the failure comes
with crushing of the pipe walls. White and Layer [99] in 1960 suggested that once
flexible pipes are buried at a sufficient depth, the problem can be analyzed as a thin
ring in compression. They assumed a uniform pressure P as:

P=r,-he+q (2.10)
where:
P = uniform ring compression pressure (kN/m?)
h. = depth of cover
v, = unit weight of soil
g = equivalent live load

The ring compression load or circumferential thrust per meter length of the pipe
(T) is given by:

T=pr- % (2.11)

where T is in kN/m and D, is the diameter of the pipe.
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Figure 2.14: Value names used for buried pipe culverts. H is the rise, . is the cover
height, Rpis the radius of the crown, and S is the span of the culvert

Table 2.8: Equations for the maximum thrust (T") according to different sources
(after Vaslestad [92])

Maximum thrust 7 (kN/m)

Ring compression theory '60 Vs he - S/2

AIST ’84, AASHTO 83 Ys - he - Rr

Ontario Highway Bridge Design | p1:7s-he - Br
Code OHBC 83

SCI Duncan '83 Ky 7S+ Kp-7s-S-he

Leonard’s Method vs - S(0.2H + 0.5h,)

S = diameter of the culvert / span | h. = depth of overburden
H =rise / distance between top and | ¥, = unit weight of soil
level of the largest span
Ry = radius of the crown w1 = arching factor
K, =02H/S K =(09-05)H/S

The maximum thrust on buried pipe culverts according to different sources is sum-
marized in Table 2.8. Figure 2.14 shows the value names for buried pipe culverts
that will be used throughout this thesis.
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If the design is made by ring compression theory, no deflection criterion is included.
Burns and Richard [18] developed a linear elastic solution for the deflection and
pressure of pipes. They assumed the soil to be homogeneous, elastic and isotropic.

Some later model tests (by Meyerhof et al. [63]), however, introduced buckling of
the culvert wall as another failure mechanism. They developed theoretical buckling
criteria and used these for the design of larger flexible culverts. Luscher [59] in 1966
developed an equation for the critical pressure P, causing buckling. Both Meyerhof
and Baikie as well as Luscher agree that the buckling strength of a buried circular
conduit is proportional to the square root of the deformation modulus of the soil, and
is inversely proportional to the square root of the radius. Chelapati and Allgood [2]
also used the energy method and proposed a formula for the critical buckling stress
by making modifications such that the influence of the surface boundary and soil
parameters were included. They also pointed out the importance of the arching
effect. Baikie et al. [7] in 1982 reviewed the different methods used to estimate the
buckling loads and found that similar expressions have been developed by a number
of investigators. The present differences are due to the manner in which the modulus
of the deformation of soil is evaluated. After comparing several theoretical models for
buckling prediction, Moore [65] concluded that linear “multiwave” buckling solutions
based on the elastic continuum representation is the most suitable for the structural
analysis and design of buried flexible tubes.

E', which is the basic influential soil factor in the Iowa deflection formula, is not a
true soil modulus. It is a parameter which depends on the deflection and the actual
pressure developed around the pipe. This makes it an empirical modulus that can
only be obtained by field measurements.

According to Hartley and Duncan [41], Krizek et al. (1971) found out that E'
substantially controls the pipe deflection, because the stiffness of the pipe has little
effect. they also stated that E’ varies with the soil type and degree of compaction.

Many researchers (by 1972 at least) had solved buried structure problems by exper-
imental studies. Nielson [68] categorized these studies into model studies and field
or full-scale tests.

Field Tests Nielson [68] samples some of the field and full-scale tests such as

e determining the pressure on the culvert and the corresponding displacement,
e determining the maximum load that a culvert can carry,
e determining how large a culvert can be installed without failure,

e employment of different backfill designs including the imperfect ditch method
and variations,

e reconstruction of a full size culvert and instrumentation of the culvert such
that pressure and deformation measurements could be taken (the results were
compared with the Marston-Spangler theory),
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full-scale tests for determination of failure,

large span culvert tests,

plastic pipe tests, and

tests for obtaining possible design procedures.

Model Tests Model tests are usually used for determining the key parameters
and demonstrating their influence. They are good for representing complex prob-
lems which cannot be evaluated by analytical solutions but have limitations in the
quantitative prediction of the full-scale performance in the field because of the dif-
ficulties in modelling field conditions.

A model system is formed by establishing similitude requirements which are de-
rived from all the variables that influence the system. This procedure consists of
introducing dimensionless pi-terms which are derived by using primary independent
variables, and comparing the results with the full-scale case which is supposed to
have the same pi-terms. The model must be designed so that the individual pi-terms
for the model are the same as for the prototype structure. In this way, the results,
regardless of the size, will also be the same. Examples which demonstrate this can
be obtained from Nielson [68].

According to Nielson [68], model studies have been carried out under many different
subjects such as

o deflections under high fills,

e wall buckling,

¢ dynamic loading,

o effect of soil density and moisture on culvert deflection,
e cffects of backfill density on stresses in the pipe,

e imperfect ditch method of construction,

e multiple pipe installations,

e pressure distribution on pipe,

e determination of soil properties, and

e many more special problems.

Nielson [67] concluded that the modulus of soil reaction can be approximated by

E =k M,
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where M, is the constrained modulus and & is a factor depending on pipe-soil stiffness
and Poisson’s ratio. k varies between 0.7 and 1.5.

Allgood and Takahashi [2] studied culverts in embankments proposing a design
method which deals with arching and maximum induced moments as well as many
possible failure mechanisms. They stated that it is more desirable to use the con-
strained modulus, My, instead of £ in the determination of arching.

The historical background of buried structures until 1968 was briefly covered by
Linger [57]. Taking culvert design as the main point of interest, Linger implemented
the topic in classical concepts and phenomenological concepts.

In 1974, Parmelee et al. [70] made some efforts in the analytical and experimental
evaluation of the modulus of soil reaction E'.

Hartley and Duncan [41] stated that E' is a function of the depth and tends to
increase with the depth. It was also established that for the loading conditions
adjacent to a buried flexible pipeline, £’ = M,.

Duncan [27,28] carried out a finite element analysis where nonlinear relationships
for the backfill soil were used. The result of this study is used to obtain design
coeflicients for ring compression and bending moments. Finally the soil-culvert-
interaction method (SCI) was introduced. This design method will be detailed later
in Section 2.2.3.

Duncan [28] states that ring compression and flexure are the two major modes in the
metal culvert soil interaction. Under shallow cover, during backfilling or under live
loads, the flexural stiffness and moment carrying capacity are required to prevent
the culvert from collapsing. Under deep cover, however, culverts are able to resist
imposed backfilling and highway traffic loads entirely through ring compression,
provided that the backfill quality is good. The structure is said to be under deep
cover if the cover depth, A, is bigger than one fourth of the culvert span, S. In
other words, when h, > 0.25- .S only ring compression needs to be considered, and
when h, < 0.25- S the moments in the structure should also be evaluated to check
that the structure has sufficient moment capacity to endure the imposed loads.

Duncan et al. [32] extended the work on culverts by working on corrugated metal
box culvert structures. They obtained design bending moments for different spans,
cover depths and loads by means of the finite element method. Results were then
compared by field loading tests. According to the finite element analysis the bending
moments in box culverts with spans up to 8 m under a variety of cover depths and
live loads were formulated (see section 2.2.3). It was concluded that only the bending
moments need to be considered at the design and that the culvert rise does not have
a considerable effect on moments due to live load.

Seed et al. [75] made field measurements on long span flexible metal culverts during
backfill operations and compared them with the results of conventional finite ele-
ment analysis and finite element analysis with compaction effects (both using the
hyperbolic analysis proposed by Duncan). They conclude that the compaction in-
duced soil pressures have an undeniable effect on the deformations and final state
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of stress of the culvert structure.

Sharma et al. [76] performed a finite element analysis of a rib-reinforced, long span
steel arch culvert. Simulations of the construction phases were also done. Three
types of soil (good, average and poor) were used at the analysis. The comparison
of displacements, thrust, and bending moments at element nodes, revealed that
the calculated factors of safety were larger than the design values. The computed
deformation was found to be less than the observed deformation. They concluded
that slight deformations do not significantly affect the stability of the culvert.

According to the report by Payne [71] of the ICE panel discussions on aspects of
soil structure interaction, the following conclusions were obtained:

e Undertaking a simple analysis as reliance upon a sophisticated analysis in
isolation is fraught with difficulties.

Any analysis is only as good as its input data.

e Site investigation data can be erroneous and should be thoroughly studied.

Sophisticated analysis is excellent at showing trends rather than an absolute
value.

A structure cannot be analyzed before it has been designed.

The problems and limitations in applying ground structure interaction according to
the same report are

e nonlinear stress strain behavior of soil,

e time dependent drainage and creep behavior,

e natural variability,

¢ inadequate ground investigation,

e 2D idealization of 3D problems,

e controlling construction sequence, and

e idealization of structure.
McCavour et al. [62] performed measurements on two 12-m span corrugated steel box
culverts with a minimum cover of 300 mm. The measurements were then compared
with the results from a finite element model analysis. The tangent Young’s modulus,
which was proposed by Duncan, was used. They concluded that the response of the

culvert to the applied static load is strongly influenced by the compactness of the
soil. Displacements were reduced by a factor of 3 as the densification increased.
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Moore and Taleb [66] analysed the live-load response of a 9.5 m span and 3.7 m rise
metal arch culvert. As a result of the comparisons of 2D analysis with the measured
data, it was concluded that 3D-modelling, hence analysis avoiding equivalent line
load is important. The linear elastic finite element approach was found to underes-
timate live-load thrusts. The reason for this was predicted to be overestimating the
stiffness of the soil lying over the culvert (by means of neglecting the shear failure
in the soil).

Taleb and Moore [85], with the belief that the behaviour of shallow buried struc-
tures can be significantly influenced by the process of backfilling, also investigated
the response of the same culvert to earth loading and compared their results with
field measurements that were reported by Webb et al. [98]. Their FEM model aimed
at compensating for the limitations (such as the effect of soil compaction on cul-
vert response) of the previous FEM models of the same kind of structures. This
was achieved by loading and unloading each layer of the backfill with an artificial
surcharge. The elastic-plastic soil model with a linear variation of the elastic mod-
ulus with depth was adopted for improving the predictions. Pre-test calculations
were compared with the field measurements in order to improve the analysis model.
A new procedure was developed in the light of these comparisons. The analysis
revealed the following results:

The bending moments and deformations during backfilling were successfully
predicted.

The shear strength of the soil is fully mobilized.

The compaction model has little effect on stress predictions.

The type of the backfill had an effect on deformations and bending moments
but not on the final soil stresses and thrust.

Webb et al. [98] report that most of the crown rise during backfilling resulted from
the placement and the spreading rather than the compaction of the backfill. The
live load effects were found different from the current design. The actual pressure
distributions generate large moments that could be the controlling factor for shallow
cover culverts.

Manko et al. [60] carried out static load tests done on two box culvert road bridges
that are made of corrugated steel plates. The bridges, which have span lengths
of approximately 12.3 and rises of 3.85 m and 4.75 m, were constructed over the
Bystrzyca Dusznicka River in Poland. Their findings showed that the measured
displacements were up to 30 % less than calculated. The permanent deflection
during construction was not more than 25 % of elastic deflection. Static tests also
witnessed permanent deflection which was believed to be partly the deformation of
load carrying structures and partly the sagging of the continuous footings and some
readout errors. According to them, the calculated values were conservative because
the calculation methods assumed smaller steel stiffness and less interaction between
soil and the steel structure. It was also noted that the road pavement had an effect
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of distributing loads on to larger surfaces than in calculations. Normal stresses were
also found significantly less than theoretical values.

Similar work with the addition of dynamic tests has been carried out again by Manko
et al. [61] on a steel box culvert over Giman in Sweden. Dynamic coefficients from
these tests were found to be smaller than standards.

Bayoglu Flener [10] analysed the performance of a long span corrugated steel culvert
railway bridge under construction and in service. Dynamic tests were carried out
measuring strains and deformations. Temperature readings were taken along with
the measurements during the process of compaction of the backfill material. Com-
parisons of moments during compaction showed that there was a good agreement
between the test results and theoretical values. There was however a considerable
discrepancy in axial forces during compaction. This was believed to be due to the
vast temperature differences between readings that could not be compensated. The
theoretical calculation of the rise of the crown during compaction was found to be
conservative when it comes to arch structures. The theoretical calculation of the
crown moment due to live load seemed to be conservative too, while the theoretical
axial force reasonably agreed with the measured axial force.

2.2.3 Design of Culverts

In this section only the design elements regarding soil-structure interaction will be
presented. In other words soil pressure will be our main concern.

Design of reinforced concrete box culverts

Tadros et al. [83] made a survey of the United States highway departments and
presented a current state of the art of reinforced concrete box culvert design in
the USA. At the time of the survey the AASHTO specifications recommended the
usage of a vertical pressure of 19.2 kN/m? and a horizontal soil pressure of 4.8
kN/m? equivalent hydrostatic pressure for the design of RC box culverts. The used
design values for horizontal soil pressure showed quite a variety among the States.
Starting from 4.8 it increases up to 6.4, 9.6 and 14.4 kN/m? in some of the States.
According to Tadros et al. [83] four groups of researchers conducted projects which
have included field tests. Considering field observations and the survey done, the
following results were obtained:

e A big amount of soil friction, which applies a downward drag that causes an
increase in the bottom pressures, was observed.

e For most of the pipe and arch structures, the vertical pressures changed neg-
ligibly as horizontal pressures increased with time.

e Horizontal and vertical loads were not symmetrical about the culvert vertical
centerline.
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e Both horizontal and vertical loads were higher than the AASHTO design loads.
This implies that AASHTO underestimates the soil pressure on RC box cul-
verts.

e Improvements that would result in safer and more economical culvert struc-
tures can be done.

Tadros et al. [84] verified the tendency of pressures being higher than the AASIHTO
values by means of an extensive computer analysis using the CANDE software. They
also proposed formulas for estimating soil pressures on the culvert. For silty sand
for example the horizontal pressure would be calculated using an earth pressure
coeflicient of 0.567, which resulted in a considerably larger soil pressure distribution
compared to AASHTO.

Design of steel culverts

Duncan has proposed a design method for metal culverts, called the “soil culvert
interaction method” (SCI) as mentioned in Section 2.2.2 (see also Duncan et al.
[27,28]).

According to this method, the maximum ring compression force, T, is calculated
from:

T=FKp 7S+ Kp7he-S+ Ky LL (2.12)
where:

T = ring compression force (kN/m)
K,1 = ring compression coeficient from backfill = 0.2 H/S
K,» = ring compression coeficient for cover = 0.9-0.5 H/S
K,3 = ring compression coefficient for live load (dimensionless)

v, = unit weight of the backfill soil (kN/m?)

S = span (m)

he = cover depth (m)

S = span (m)
LL = liveload (kN/m)

This method also takes moments into account. The maximum bending moment
value that was used in this design method was related to the relative stiffness of
the backfill and the culvert by means of a dimensionless flexibility number. The
flexibility number (Ny) which is given by Equation 2.13 provides the value of the
moment coefficient that is used to calculate the maximum moment at the quarter
point. In this way, the interaction between the culvert and the surrounding soil was
included in the design by using stiffness values of both materials.

N;=E,-

2.1
Est ) Ist ( 3)
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where:
Ny = flexibility number of the culvert (dimensionless)
E, = secant modulus of the soil at quarter point level (MPa)
E, = elasticity modulus of the culvert (MPa)
I; = moment of inertia of the culvert (m*/m)
S = span of the culvert (m)

The values for the elasticity modulus of the culvert (E,;), the moment of inertia
of the culvert (I4), and the span of the culvert (S) are readily available while the
modulus of soil (F;) is much more complicated to obtain since the stress strain
behavior of soils is non-linear and stress dependent. The E, values were evaluated
by studying a large number of soils and approximate relationships between E; and
backfill depth were proposed. Curves for the soil types GW, GP, SW, and SP were
plotted.

The maximum bending moment for cover-depth = 0 is:

M1 - K—Ml . RB * Vst Sg (214)
where:
M, = maximum bending moment at h. = 0 (kNm/m)
Ky1 = moment coeflicient (dimensionless)
Rp = moment reduction factor (dimensionless)
S = span of the culvert (m)
v, = unit weight of the soil (kN/m?)

The total bending moment (at the quarter point) due to backfill and live load is:

M=M —Rg-Kus-7 S he+ Ry Kuz-S-LL (2.15)
where:
M = total bending moment due to backfill and live load (kNm/m)
Kj2 = moment coefficient (dimensionless)
R; = moment reduction factor (dimensionless)
Ky = moment coeflicient (dimensionless)
s = unit weight of the soil (kN/m?)

Safety checks are done against wall compression failure and development of plastic
hinge.

The SCI design also helps in the determination of the minimum depths of cover and
the maximum fill heights.
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Design of corrugated steel box culverts

These structures differ from conventional metal culverts by their large crown radius,
straight sides and big span/rise ratio. The traditional design methods can be applied
to structures that carry most of the load by arching action but not to metal box
culverts. Duncan et al. [32] concentrated their efforts on defining a special design
method for these box structures.

According to their method, the total moment due to backfill and cover loads is
calculated as:

Mpr =K 7, S*+ Ko7+ (he = Pemin) - S* (2.16)
where:
Mr = sum of the haunch and crown moments (kNm/m)
K, = constant
Ky = constant
v, = unit weight of backfill
S = span (m)
h, = cover depth (m)
hemin = minimum cover depth (m)

The bending moment due to live load is:

AM=FK;-LL-§ (2.17)
where:
AM = moment due to live load (kNm/m)
K3 = coeficient depending on the h./S ratio (dimensionless)
S = span (m)
LL = live load (kN/m)

2.3 Analysis of Soil-Structure Interaction

The analysis of soil structure interaction can be carried out using hand calculations,
published results, simple modelling, model tests and numerical models. Examples
are: earth pressure theory, limit analysis, characteristics, limit equilibrium, theory
of elasticity, finite elements, finite differences or boundary elements.

Soil structure interaction problems are usually handled by iterative methods. These
iterations usually involve an assumption of the stiffness (soil stiffness) of the system.
Then an initial value for the deflection can be chosen and forces can be calculated
accordingly. The system can then be analyzed by using these forces, which give
new deflections. New deflections can lead to adjusting the forces to be used in the
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analysis again to get new deflection values. The iterations can then be continued to
converge to one deflection value.

Numerical methods made it possible to apply the rules of mechanics to even very
complicated problems of soil-structure interaction. It needs a very detailed subsoil
investigation and reliable input data, especially if all the stresses and strains of the
subsoil are needed for the final engineering decisions as in the case of dams and
tunnels etc. The finite element method is believed to be the numerical method
which is capable of making the most realistic predictions of deformations and failure
mechanisms.

2.3.1 Earth Pressure Theory

Earth pressure calculations aim at demonstrating the geometry and loading where
equilibrium of a soil structure is held where the pattern of stresses through the soil
would nowhere cause failure in the soil.

2.3.2 Limited Analysis

Limited analysis solutions are derived from bounds theorems of plasticity. (This can
be followed from Chen [22].)

2.3.3 Characteristics

Characteristics are lines throughout a region of plastic soil along which the governing
partial differential equation may be converted into total differentials and solved more
readily. See Sokolovski [77].

2.3.4 Limit Equilibrium
Potential failure mechanisms are examined and it is shown that the forces tending

to cause failure are held in equilibrium by the available shear strength in the soil.
Several trial mechanisms should be examined.

2.3.5 Elasticity Theory

The theory of elasticity solutions assume that the soil is a linear elastic continuum
(not necessarily homogeneous or isotropic). Various solutions for stresses and defor-
mations caused by applied loads can then be derived from the theories of elasticity.
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2.3.6 The Finite Element Method (FEM)

Finite element analysis involves the division of the soil into discrete elements in which
simplified material properties and deformation behavior are specified. Individual
element stiffnesses are derived and assembled to yield a global system of equations
which together with the boundary conditions can be solved to yield displacements,
strains and hence stresses throughout the region.

FEM is well suited for problems in which the constitution of the material is complex,
FEM is very flexible and can be applied to more generalized soil models than those
acceptable when using the other methods (BEM, isotropic elastic half-space or the
Winkler model). However when the material is linear elastic, it is unnecessary to
put finite elements in the interior, since, when the boundary conditions are known,
the stress and displacement fields in the interior can be found through fundamental
solutions.

The two major approaches in finite elements are the discrete and composite repre-
sentations. In the discrete representation all the elements of the system are modelled
distinctly. In the composite representation different material properties are assigned
to different regions.

2.3.7 The Boundary Element Method (BEM)

Boundary element analysis transforms the governing differential equations into in-
tegral ones which are then solved numerically on the boundary region. The number
of physical dimensions to be considered is reduced by one, resulting in a smaller
system of fuller equations and a more efficient solution.

It is a numerical technique which is closely related with FEM. Only boundary func-
tions need to be approximated and solved. In BEM, both the stress end displacement
vectors on the boundary are both primary unknowns and, consequently, of equal ac-
curacy. The stress end displacement in interior points are calculated exactly from
the given boundary values. BEM gives the possibility of analyzing with infinite
or semi-infinite domains, such as the soil in soil-structure interaction. Only the
boundary must be considered by the user.

BEM is best suited to cases with homogeneous bodies. Anisotropy, nonlinear elastic-
ity, visco-elasticity, plasticity can be included by use of internal cells but the method
loses its advantage over FEM.

2.3.8 Combined FEM and BEM

The coupling of finite elements and boundary elements is a fruitful technique when
considering large or infinite domains with a linear behaviour in the main part and
a non-linear behavior in a small part. Advantages are: less time for preparing the
data, reduced computer costs and more accurate results.
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2.4 Soil Modelling

One of the key points in soil structure interaction is to evaluate the behaviour of soil
under external loads. For this, complete stress strain characteristics of the soil should
be known. But it is extremely difficult to take into account all the material properties
of the soil medium considering that there are many different factors affecting these
characteristics, like the size and shape and properties of every single soil particle,
as well as moisture content and stress history. So an idealisation of the soil for the
response of the soil medium but not for the response of the individual soil elements
is necessary. Soil modelling should be as realistic as possible. Field testing and
sampling play a very important role in obtaining accurate soil properties.

Since designers are more interested in the stresses and strains in the soil around the
structures to be designed, but not in the whole medium, the tendency was to model
the soil by surface deflection due to external forces (namely forces coming from the
structure).

The simplest one of the linear elastic models is the Winkler soil model where soil
is idealized with springs with spring constant k& which is known as the modulus of
subgrade reaction. The pressure p at the soil surface is

p=k-d

where d is the deformation at the foundation surface. The deflection at one level of
wall is not presumed to affect the value of the reaction force at another level.

The other extreme of the elastic soil approach takes into account the influence of
the loading on the displacement at any point in the medium. The solution of the
elastic half space soil for point loads on the surface is done thorough formation of
stiffness and flexibility matrices for the soil.

Non-linear elastic soil models are considered to be more realistic. The method is to
modify the material parameters from the theory of linear elasticity in an incremental
manner to follow anon-linear material behavior. The material parameters are often
taken to be functions of the current stress state.

According to Springman et al. [78] the most suitable soil model would be a hyper-
bolic, hysteretic, and constitutive model.

The hyperbolic model, which is briefly mentioned in sections 3.2.1 and 3.2.2, has
been used by may researchers and reported to have provided reasonable results at
low stress conditions (relative to the failure stresses). This model does not take
plasticity into account despite making use of ¢ and ¢ parameters of the soil (see
Bull [14]).

Another popular model is the elastic-perfectly-plastic model. Either the Drucker-
Prager or the Mohr-Coulomb yield criterion can be used (see Bull [14]).

With plasticity models, the stress history and stress paths in a body can be con-
sidered. This model makes use of yield surfaces for describing the state at different
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regions within the body. The material is said to be plastic in regions where the state
of stress corresponds to points on the predefined yield surface, and elastic in other
regions.

The enlarged understanding of the nonlinear stress-strain behaviour of the ground
reveals that it is improper to represent the soil response with a single stiffness value.
A proper analysis should take into account the whole soil-structure system.

A three-dimensional analysis of the whole system brings up a huge amount of com-
putations. This difficulty made researchers reduce the problem into simpler yet
precise for the case problems by using soil models. Kolar and Nemec [48] worked
on an efficient subsoil model which would put a bridge between the simple (Wink-
lerian) and full-scale approach. They aimed at a model which is simple enough for
straightforward cases and also suitable for more complex analysis. Their 2D model
was described by a set of constants namely the foundation compression modulus,
the foundation shear moduli and the foundation friction moduli. A more sophisti-
cated model included some further unknown factors like the settlements under the
soil surface.

54



Chapter 3

Stifflness Characteristics for
Soil-Structure Interaction

The modulus of elasticity (E) of soil is a very important parameter that affects the
response of the soil structure system. The correct determination of the stress strain
behavior of the soil surrounding buried structures is essential. This chapter will
discuss various ways of obtaining the elasticity modulus. Some recently proposed
methods for evaluating £ will also be demonstrated. Some numerical comparisons
will be conducted to demonstrate the relevance of these different methods.

Section 3.1 gives some basic definitions for soil properties that will be used through-
out this chapter. In section 3.2 some methods for determination of the elasticity
modulus are briefly described. Some recommended FE values are also provided in this
section. In section 3.3 some of the methods, which would particularly apply to the
design of culverts, and some more general methods are studied in more detail. With
the help of numerical examples, Duncan’s proposal, two proposals from Pettersson
et al. [72], the Lehane et al. [56] formulation, which was proposed for the usage of
numerical analysis of integral bridge abutments, and another general formulation
proposed by Lade et al. [54] are compared.

The reader should note that the term E will be used for general comments and will
most of the time refer to E; for which most of the equations are given.

3.1 Definitions

Modulus of elasticity or stiffness or Young’s modulus (F): For any material,
I is the ratio of stress to strain. It is expressed in units of stress and is constant for
elastic materials and variable for soils.

Secant modulus (E,): Elasticity modulus that is determined for inelastic materials
from the stress-strain curve. It is the slope of the line that connects the origin to a
stress point on the curve (usually half of the maximum stress level).
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Table 3.1: Particle size classification of soils

Particle size ranges according to Craig (1987), Das (1985), Geoteknik (1984)

Clay Silt Sand Gravel Cobbles| Boulders

Fine Medium | Coarse | Fine | Medium | Coarse | Fine Medium | Coarse

0,001 0,006 0,02 0,06 0,2 0,6 2 6 20 60 200

Particle size (mm)

Tangent modulus (E;): Instantaneous slope of the stress-strain curve.
Initial tangent modulus (E;): Initial slope of the stress-strain curve.

Bulk modulus (B): Ratio between the hydrostatic pressure and the corresponding
volume change (in case of isotropic compression).

Constrained modulus (M;): is obtained from consolidation tests where lateral
strains are not permitted. A, is suitable for determining the settlement of a uni-
formly loaded large area but not appropriate for use in a two or three-dimensional
problem.

Shear modulus (G): is equal to the shear stress divided by the shear strain. Also
called “modulus of rigidity”.

Poisson’s ratio (v): is the ratio of strain in perpendicular directions to the strain
in the direction of the load.

Soil compaction: is a way of increasing the stability and the load bearing capacity
of soils. Soils can be compacted to a specified standard by means of rollers, vibra-
tors and rammers. The compaction characteristics of a soil can be obtained from
standard compaction tests. For a particular compactive effort there is a particular
value of water content where the maximum dry density level is reached. The degree
of compaction (RP) of a soil is measured in terms of dry density. The required
standard of compaction in the field can be specified in terms of a percentage of the
maximum dry density obtained in one of the standard laboratory tests (for instance,
the Standard Proctor Test).

Particle size classification of soils: The most generally used particle size ranges
in classification of soils are shown in Table 3.1.

Soils can also be classified according to their particle size distributions. These distri-
butions are curves plotted on a semi-logarithmic scale and are given after conducting
a sieve analysis where the percentage by weight is calculated within different particle
size ranges. The particle size corresponding to any specified value on the “percent-
age smaller” scale can be read from these curves. dyg is the particle size where 10 %,
by weight, of the particles are smaller. It is called the effective size. dgy is the size
where 60 %, by weight, of the particles are smaller. The uniformity coefficient (C),)
is dgo/d1p. The coefficient of curvature (C,) is d2,/(deo -+ dig). They can be used to
classify soils in the Unified Soil Classification System (see Bowles [11]). Table 3.2
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Table 3.2: Classification according to the Unified Soil Classification System

Gravel Sand
Cu<4 C,>4 C,<6 C,>6
1<C.<3 otherwise 1<C. <3 otherwise
Well graded Uniform Well graded Uniform
Poorly Graded Poorly Graded
GW GP SW SP

demonstrates the classification for gravel (G) and sand (S), where W stands for “well
graded” and P for “poorly graded”.

3.2 Methods for the Determination of the Elas-
ticity Modulus

3.2.1 History
It is difficult to obtain the correct value of E since it increases with the depth of
soil, i.e., the effective overburden pressure.

The elasticity modulus determined from triaxial tests in relation to the confining
pressure was given by Das [24] as:

E x g™ (3.1)

where:

o9 = confining pressure

Since the stresses in soil in the field are not isotropic before loading, F' is proportional
to the square root of the mean principle stress:

142K,
Ex /o, (g) (3.2)
3
where:
o, = effective overburden pressure before loading
Ky = in-situ lateral earth pressure coefficient

Konder et al. [49], [50] suggested that the stress-strain curves could be approximated
by a hyperbole (see Figure 3.1). The hyperbole is expressed by:
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(o1 —o3)u

Ei

Deviatoric stress (51 — 63)

Axial strain €

Figure 3.1: Hyperbolic representation of stress-strain relationship (from [103])

€
(Jl — 0'3) == T - (33)
E; + (01=03)u
where:
o1 = normal pressure
o3 = confining pressure
¢ = mnormal strain
(01 — 03),, = ultimate deviatoric stress
E; = initial tangent modulus

For most soils E; and (o7 — 03), depend on the level of confining pressure 03. They
tend to increase with the confining pressure.

One empirical expression for the initial tangent modulus, which has been found very
convenient by researchers and was reported by Janbu [45], is:

n
o
Bi=m-p- (2) (34
Pa
where:
m = experimentally obtained modulus number
n = experimentally obtained stress exponent
P, = atmospheric pressure
o3 = confining stress in triaxial test

58



3.2, METHODS FOR THE DETERMINATION OF THE ELASTICITY MODULUS

Table 3.3: Some typical values for modulus of elasticity from different sources

Soil Properties and Conditions Recommended I values (MPa)
Das '85 & '99| Bowles '88 | Hartley et al.'87 | Duncan '78|Lehane et al. '99
Sand coarse 32.4-45.2 {modulus of
fine 23.5 - 36.6 soil reaction)
loose 10.35-24.15 10-25
dense 34.5-55.2 50 - 81
Sandy silt 10.0-13.8 5-20
Sapd and Gravel loose 69- 172 50 - 150
[25] dense 100 - 200
GW GP SW SP 0-15 5-17 25-125
depth of cover (m) 5-10 7-23
10-15 7.25-25
15-20 7.5-26
Sand and Gravel 7Y=0.01% p'=100 200 - 500
Shear strain () and 7y=0.01% p'=50 150 - 450
Mean effective stress (p') |7 =0.1% p'=100 80 - 200
Y=0.1% p'=50 50 - 150

The parameters m and n are dimensionless and their values are the same for any
system of units. For sands and silty sands the value of n varies between 0.35 and
0.55. The modulus number m was found to vary from 50 to 550 for the same type
of material (see Janbu [45]).

This simple equation is widely used since it represents the elastic behavior observed
in the triaxial isotropic compression and the material constants can be easily deter-
mined from conventional triaxial tests. However, Lade et al. [54] reports that this
model violates the principle of conservation of energy.

Krizek et al. [51] suggested that the E of a compacted soil might be a unique function
of overburden pressure and dry density.

Due to the difficulty in obtaining undisturbed samples from cohesionless soils many
researchers attempted to correlate F with results from field explorations such as
the cone penetration test (CPT) and the standard penetration test (SPT') results.
The E formulations from such field tests by various researchers are summarized by
Das [24] (pp. 359-361) and Tomlinson et al. [91] (pp. 67-69).

Some typical values for F of frictionless materials are summarized in Table 3.3.

3.2.2 Hyperbolic Stress-Strain Model by Duncan et al.

An hyperbolic stress-strain relationship was developed by Duncan et al. [29]. They
expressed the non-linear stress-strain relationship by means of an incremental anal-
ysis where each increment is considered linear and is governed by Hook’s law.
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The hyperbolic stress-strain equation (Equation 3.3) was taken as the basis to this
approach.

The failure deviator stress (o) — 03); is related to the confining pressure o3 by the
use of the stress difference at failure and the Mohr-Coulomb strength equation:

_ 2ccos @ + 2038in ¢
(o1 —03)5 = [ —sing (3.5)

The failure deviator stress (o1 — 03)s observed from triaxial tests can be compared
with the ultimate deviator stress (o1 — o3),. The relation between the two is called
the failure ratio:

(o1 —03)s
Ry=——= 3.6
f (0'1 — O'3)u ( )
where:
R; = failure ratio
(01 —o3); = failure deviator stress
(01 — 03)y = ultimate deviator stress

The tangent modulus (E;), which is the instantaneous slope of the stress-strain
curve, is then obtained by differentiating Equation 3.3 with respect to the strain
(see also Wong et al. [102]):

- 6(0'1 — 0'3)

which results in the following once Equation 3.6 is inserted:

L
Ev
B=
Rt el
E; (o1-03) ¢

(3.8)

In order to achieve a more general and useful expression for E; Equation 3.8 is
made independent of the strain by rewriting Equation 3.3 in terms of strain £ and
substituting this back into the Equation 3.8:

B = [1_Rf.%r.gi (39)

Once the previously determined Equations 3.4 and 3.5 are also substituted, the
formula for E; takes its final shape:

me el (2) 0w
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Figure 3.2: Approximate secant modulus for various types of backfill soil (to be used
in the SCI method), redrawn from Duncan [27]

where n and m are Duncan’s version of the modulus number and stress exponent.
The value of Ry varies from 0.5 to 0.9.

3.2.3 Secant Modulus for the SCI Method by Duncan et al.

Duncan has proposed curves for the secant modulus E; of the backfill soil. They
are used for the design of metal culverts. This design method is the soil-culvert
interaction method (SCI), which was previously explained in Section 2.2.3.

The E; values were evaluated by studying tests done on over 100 different soils. The
LI values that represent the behavior of soil under the stress conditions that exist
around flexible metal culverts were picked. The results of a large number of finite
element analyses also showed that E; at the depth of the quarter point of the culvert
(H/2 + h,) is approximately the average value for the backfill soil. So the curves
were formed giving F; values at the depth of the quarter point. From these curves
E, can be obtained for different compaction levels and soil grading (see Figure 3.2).

Note that the E, values that can be obtained from these curves are case specific and
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can only be used for calculating the Ny value in the SCI method.

3.2.4 Secant Modulus by Pettersson et al. (Method 1)

Pettersson et al. [72] evaluated a formula from Duncan's E; curves (see section 3.2.3).
The formula below is a mathematical approximation that aims to represent the
Duncan’s curves and to make calculations of F, easier and more precise. Note that
the elastic modulus is calculated at a depth of h, + H/2.

H
E, = 1.17FP=%) [0.82 In (he + 3> + 3.65] (3.11)
where:
E, = secant modulus (MPa)
RP = degree of compaction (%) (standard proctor)
h, = depth of cover over the crown (m)
H = rise (the vertical distance from springline to crown) (m)

The comparison of Equation 3.11 with the Duncan curves is given in Section 3.3.1.

3.2.5 Tangent Modulus by Pettersson et al. (Method 2)

Pettersson et al.’s Method 2 makes use of Duncan et al.’s formula (Equation 3.10) to
calculate E; in a more sophisticated way. In this case more soil parameters (such as
&, Cy, dso, €, 7vs) are involved in calculating the elastic modulus of soil as compared
to the E; in Method 1. The difference between the tangent modulus and secant
modulus should also be taken into account while comparing the two methods.

The following steps calculate E;:

1. Void ratio:

e Gobu_y (3.12)
Pd
where:
G5 = specific gravity of soil (G;=2.6)
pa = dry density of soil (t/m?)
e = void ratio
pw = density of water (1 t/m3)

2. Modulus number from Andreasson [3]:

m=282.C 0. 28 (3.13)
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where:
m = modulus number
C, = uniformity coefficient
e = void ratio

3. Stress exponent from Andreasson [3]:

B=0.29-log (06%) —0.065 - log(C.,) (3.14)

where:

dsg = particle size such that 50 % by weight of the particles
are smaller (in mm)

4. Friction angle according to the Geotechnical Handbook [5]:

P
6=26°+10- TE=T) L 4., 116 log(dso) (3.15)
5. Relative density:
 (RP—T5)
Ip = (3.16)
6. Poisson’s ratio from Andreasson [3]:
1 —sin(¢)
=—-F 1
YT 5 " sin(9) (3.17)

7. Relation between the constrained modulus and the elastic modulus (see Chen
[23], page 155):

E=K, - M, (3.18)
where:
M, = constrained modulus of elasticity
K, = (1-v-2-v)/(1-v)

8. Tangent modulus of elasticity:

Considering the above relationship, the tangent modulus of elasticity is derived
from Equation 3.10. After several simplifications (see Pettersson et al. [72])
the formula can be expressed as:

(1= 5ing) - Y - Sar - (e + H/2) )™
100kPa ) (319)

E,=042-m- K, - 100kPa - (
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Table 3.4: Recommended hyperbolic parameters by Duncan et al. [31]

RP | v kN/m? | ¢ (deg) | m | (1—0)orn | Ry

105 23.5 42 600 0.4 0.7

GW, GP, SW and SP | 100 22.8 39 450 0.4 0.7
Soils 95 22.0 36 300 0.4 0.7

90 21.2 33 200 0.4 0.7

Note that the elastic modulus is calculated at a depth of h. + H/2. Despite that
the depth of the quarter point seems to determine the depth that the modulus is
calculated at, this formula is much more general. Unlike Duncan’s E, curves, it is
not alming at some specific elasticity modulus value.

Table 3.4 gives the standard hyperbolic parameters for coarse aggregate soil groups
(after Duncan et al. [31]).

3.2.6 Secant Modulus According to Lehane et al. (Method 3)

Lehane et al. [56] verify the tendency of E being proportional to the square root
of stress at shear strain levels (7y) smaller than 0.1 %. They use the symbol p' for
the mean effective stress. They report that E is directly proportional to p' at shear
strains that are larger than 0.1 %. They also report that at a given density and
stress level the stiffness reduces by a factor of 2 — 4 for each log cycle increase in
shear strain above the linear elastic limit (0.001 % — 0.01 %).

Lehane et al. focus on the variation of the shear stiffness (modulus) G measured at
shear strain levels of 0.001 % and 0.01 %.! E is then expressed in terms of (¢ using
the following relation (see Gere [37]):

E=2-G-(1+v) (3.20)

and Poisson’s ratio is assumed to be equal to 0.3. Under the above conditions the
following formula, which initially appears as Equation 2.3 in Chapter 2 of this thesis,
but repeated here for convenience, for the secant modulus was proposed:

B, = 150 F(e) - (p—'> " (E)M (3.21)

Pa Y
1The shear strain distribution imposed in the backfill is not constant. It varies from a maximum
value at the abutment (of about the abutment displacement divided by the height above the point
of rotation) to zero well away from the abutment. So there is no unique value of shear strain.
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where:
E, = secant modulus (MPa)
F(e) = (2.17—e€)?/(1 + e) normalizing function for shear stiffness
p’ = mean effective stress (MPa)
v = average shear strain level (%)
p. = atmospheric pressure (0.1 MPa)

The mean effective stress (p') is the mean value of effective stresses acting in the
three principal stress directions.

p = M (3.22)
3

The upper bound of p’ lies between 50 and 100 kPa. By means of inserting Equa-
tion 3.12 into Equation 3.21, the secant modulus expression can then be transformed
into a new one such that it depends on the dry density rather than the void ratio.
The plot in Figure 3.3 can be obtained with this new relation, using upper bound p'
values of 50 and 100 kPa. The dashed curves for lower stress values (approximately
for 1.5 m cover depth) were also found necessary and added by the author of this
thesis.

3.2.7 Elasticity Modulus According to Lade et al. (Method 4)

Some researchers, including Panos et al. [69] and Liu et al. [38], agree that the
elastic behavior of soils at any general state of stress can be adequately expressed
by Young modulus suggested by Lade et al. [54]. The modulus, which is based on the
principles of energy conservation,? is given as a function of the first stress invariant

I, the second deviatoric stress J, and two dimensionless material constants IV and
Al

s [(2) vr ] o
R=6- 11—+2V1/ (3.24)

Ty — % (01 = 02) + (03— 03) + (03 — 31)7] (3.25)
L=014+0+03 (3.26)

2The principle of conservation of energy states that mechanical energy is neither generated nor
dissipated in a closed loop stress or strain path.
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Figure 3.3: Secant modulus versus dry density of backfill soil, after Lehane et al. [56]
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Table 3.5: Value range of the parameters used in Equation 3.23 (after Lade et al.
54))
N A m (Equation 3.27) | n (Equation 3.28)

440 — 1270 | 0.22 -0.33 710 — 2310 0.44 — 0.66

Table 3.6: Soil parameters chosen for comparison of the methods for calculating
elasticity modulus

RP 90/95,100 ® | 35.6/37.6/39.6
C. 5.0 Yoot | 19.5 kKN/m?
dso 1.0 B8 0.53
Yo = RP - 7op/100 | 17.5/18.5/19.5 kN/m? | m | 646/1065/1829
e 0.48/0.40/033 H 2m

In these formulations o1, 03 and o3 are the major principal stresses.

The parameters N and A were determined using the stress paths from triaxial com-
pression and three-dimensional cubic triaxial tests. The calculation of the elastic
modulus was performed using stress paths lengths. Tests on different types of sands
were performed to determine the parameter values. Table 3.5 summarizes the range
of parameter values for different sands.

Equating Young's modulus from Equations 3.4 and 3.23 Lade et al. derived the
following expressions for the modulus number m and the exponent n:

m =3V N (3.27)

n =2\ (3.28)

3.3 Comparisons and Discussion of Methods

The above mentioned methods will be compared in the following sections. The
effect of soil properties on the determination of the elasticity modulus is going to
be emphasized. It is also important to agree on realistic soil parameters to be able
to estimate stiffness in a realistic way. The soil parameters listed in Table 3.6 are
used in the calculations. If additional parameters are going to be used, they will be
announced in the relevant section.
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Figure 3.4: Comparison of Duncan’s F; curves with the formulation in Pettersson
et al.’s Method 1. Only the curves for GW, GP, SW, and SP type of
soils were compared

3.3.1 Comparison of Duncan’s F, Curves with Pettersson et
al.’s Method 1

The E; values were measured from Duncan’s curves (see Figure 3.2) by means of fine-
meshing and compared with the values obtained from Equation 3.10. In Figure 3.4
the agreement can clearly be seen. So the curves from Equation 3.10 can be said to
be a good representation of Duncan’s secant modulus curves.

3.3.2 Comparison of Methods 1 and 2 of Pettersson et al.

As explained before, the formula in Method 1 is a specific formula to predict the
secant modulus of elasticity at the quarter point in a soil-culvert structure. Method
2 calculates the tangent modulus of elasticity in general. According to the author
of this thesis it is possible to compare the two methods as long as the relationship
between the secant modulus and the tangent modulus is considered.

E, = 0.65- I, (3.29)

This relationship was derived using the theoretical equations in Section 3.2.2. The
details of the calculations can be seen in Appendix A.
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Figure 3.5: Elasticity modulus versus depth of soil cover. Comparison of Methods 1
and 2 of Pettersson et al. (Note that Method 1 calculates the secant
modulus and Method 2 calculates the tangent modulus.)

Figure 3.5 shows the E;, and E, values that were calculated according to Equa-
tion 3.11 (Method 1) and Equation 3.19 (Method 2) using the same soil properties
and different degrees of compaction values (see Table 3.6).

As can be observed from Figure 3.5, Method 1 reveals considerably smaller E; values
compared to Method 2's E; values. Considering that the secant modulus is larger
than the tangent modulus, the difference is even more pronounced. The difference
between the moduli calculated by these two methods is more enhanced as the cover
depth increases. It can be concluded that Duncan’s E; values (that are to be used in
the SCI method) are much more conservative compared to the E; values calculated
by hyperbolic equations.

The first method is more conservative compared to the second one since it assumes
soil to be less stiff. This can lead to over-design of the structure.
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Figure 3.6: Elasticity modulus versus depth of soil. Comparison of Method 2 of
Pettersson et al., Lehane et al.’'s Method (Method 3) and Lade et al.’s
Method (Method 4)

3.3.3 Comparison of Pettersson et al.’s Method 2, Lehane
et al.’s Method, and Lade et al.’s Method

The values of the elasticity modulus from the second, third and fourth methods are
compared. The soil parameters in the calculations were taken as in Table 3.6. It
should again be noted that in these comparisons, the general term for the elastic-
ity modulus is used. The difference between the tangent modulus and the secant
modulus should be taken into account while comparing.

Figure 3.6 shows that there is a significant difference between the values of the mod-
ulus calculated by the different methods. Lehane et al.’s method, namely Method 3,
gives secant modulus values varying largely with change in shear strain levels. The
lowest shear strain level in the calculations is 0.01 %. It represents a medium level
strain according to the classification given by Ishihara [44] and it is also the upper
bound of the elastic limit, which is between 0.001 % and 0.01 %. Above this shear
strain level, the soil material starts to behave as elasto-plastic. The highest strain
level that is used in the calculations is 1 %, which represents a very large shear
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strain level and is the upper limit strain that Lehane’s E, formula is valid for.

Figure 3.6 also shows that a 10 fold (one log cycle) increase in shear strains leads to
more than a 2 fold decrease in the secant modulus values.

Method 2 of Pettersson et al. and Lehane et al.’s method (Method 3) tend to agree
if E; in Method 3 is calculated at very high shear strain levels. As Lehane et al.’s
method forces us to know the shear strain levels at the point where F is to be
calculated, the comparison between the two methods becomes difficult. (It should
be taken into account that Method 2 assumes that the lateral soil pressures are
at-rest soil pressures, in other words, that there is no movement or strain yet). In
general however we can conclude that Method 2 is more conservative compared to
Method 3.

A more common strain level would be 0.1 % (for a 50 m long, 6 m high bridge that
is exposed to a 40° C temperature change).

Lade et al.’s method (Method 4) seems to be more sensitive to soil depth. For low
soil depths (as low as 2 m), the E values from Method 4 are close to Method 3 with
high shear strains (1 %). By increasing the soil depth, they seem to get closer to
the F values calculated by Method 3 at 0.1 % strains.
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Chapter 4

The Effect of Soil Stiffness on the
Design of Culverts and Integral
Bridges

In this chapter, the author intends to demonstrate the extent of significance of
knowledge of soil stiffness in design of structures like culverts and integral bridges.
Maximum bending moments are usually the most critical design criteria for struc-
tures. The sensitivity of these design criteria to soil stiffness is going to be investi-
gated. In other words the change in the bending moments with the change in soil
stiffness will be calculated. For culverts, a well established design method (Duncan’s
SCI Method) has been selected. For integral bridges, a slab-frame bridge is taken
as an example and is analysed by the Swedish method (see [81]).

Section 4.1 uses the SCI design method for culverts and calculates the most sensitive
design bending moment to soil parameters. Results are discussed and comparisons
with different soil parameters are done. Section 4.2 takes a slab-frame bridge as an
example and analyzes it. The relationship between soil stiffness (in terms of degree
of compaction) and bending moments at the abutment front are shown.

4.1 Maximum Bending Moment for Culverts

It has been indicated in Section 3.2.1 that the stiffness of the backfill is an important
factor that is used in the design of culverts. According to the soil-culvert-interaction
(SCI) method (see [27,28]) Fj is included in the process of calculating the maximum
bending moment by means of a dimensionless flexibility number Ny (previously
mentioned in Section 2.2.3).

73



CHAPTER 4. THE EFFECT OF SOIL STIFFNESS ON THE DESIGN OF CULVERTS AND
INTEGRAL BRIDGES

4.1.1 The SCI Method

This method is valid for arches and closed shape culvert structures with shallow
cover depth (h. < 0.255). Moment equations may be used to calculate the bending
moments due to backfill soil and live loads.

The SCI method calculates the moments that occur at the quarter point, which
corresponds to the half height of the rise of the culvert. The E, values for backfill
soil are also calculated for the quarter point according to Figure 3.2. Duncan [27,28]
reports that the elasticity modulus value in the vicinity of the quarter point of the
culvert is approximately equal to the average value for the backfill.

The equations that are used in this method were given in Section 2.2.3 and the
values for all the coefficients for moment calculations can be taken from the figures
provided by Duncan [27].

4.1.2 Geometry and Material Parameters

The soil unit weight varies with the relative compaction (RP). The range of RP
is taken as 85 % to 100 %. The corresponding unit weights (v,) of the soil are
calculated by the following relation (see [72]):

RP

= Port a0 (4.1)

P
where the optimum density g, (according to Standard Proctor) is taken as 2.1 t/m?.
The resulting -y, values highly agree with the literature (see McCavour et al. [62]).

The corrugated steel parameters, though, were kept constant throughout the cal-
culations. An intermediate value for I; was used (for approximately 6 mm thick
steel).

A few variations of culvert geometry were tried to emphasize the rise/span ratios.
All parameters are summarized in Table 4.1.

4.1.3 Calculations

The steps of calculating moments according to the SCI method are summarised
below:

1. The secant modulus of elasticity of the soil is obtained from the curves for
E,, which depends on the depth of cover at the quarter point and the relative
compaction RP (see Figure 3.2).

2. The flexibility number of the culvert is calculated according to Equation 2.13.
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Table 4.1: Geometry and material parameters used for moment calculations of steel
culverts (using the SCI method)

Parameter | Unit | Culvert 1 | Culvert 2 | Culvert 3
E, kPa 2x10° 2x10% 2x10°8
Iy m*/m | 2.75x107% | 2.75x107% | 2.75%x107°
H m 3 3 6
S m 8 12 12

H/S - 0.38 0.25 0.5
Popt t/m3 2.1 2.1 2.1
RP % 85-100 85-100 85-100
s kN/m? 18-21 18-21 18-21
LL kN/m 104 104 104
he m 0.3-2.0 0.3-2.0 0.3-2.0

3. The maximum bending moment for a cover-depth of 0, My, is calculated ac-
cording to Equation 2.14.

4. For calculating the coefficients, Ny should be calculated using the E, value
corresponding to the zero depth of cover.

5. If the final depth of cover is greater than or equal to one quarter of the span
(he > 0.255), the bending need not be investigated.

6. If the final depth of cover is less than one quarter of the span (h, < 0.255),
the bending moment due to backfill is calculated as follows:

Mois = My — Rp - Kppa -y - 8% - he (4.2)
7. The bending moment due to live load is calculated from the following:
MLL:RL' KM35LL (43)

8. The total moment (which was previously expressed in Equation 2.15) would
then be:

M = Mq + My, (4.4)

9. For calculating the coefficients, Ny should be calculated using the F; value,
which corresponds to the final depth of cover.

4.1.4 Results and Comparisons

A summary of the results of the calculations of moments by the SCI method can be
observed from Figures 4.1 to 4.4.
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100

—B—total (culvert 3)
—A—total (culvert 2)
—o—total (culvert 1)
—m—traffic (culvert 2)

—e—traffic (culvert 3)

Moments (kN-m)

—ir—traffic (culvert 1)
—¥— soil (culvert 3)

—4—soil (culvert 2)

—>¢soil (culvert 1)

82,5 85 87,5 920 92,5 95 97,5 100 102,5

Relative compaction RP

Figure 4.1: SCI design bending moments versus relative compaction for a depth of
cover of 0.5 m for 3 different culverts. (Unit weights are calculated by
Equation 4.1 with an optimum unit weight of 21 kN/m?.)
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Table 4.2: Comparison of the results of the moment calculations according to the
SCI method

% Decrease in Moments

Culvert M it M tive 1oad M iotal Notes
Asy, changes 1 38,2 62,7 58,6
from 18 to 21 2 11,7* 76,3 59,8 hc=0,5m

3
KN/m 3 7,1% 77,71 54,9
Ash, 1 85,6 77,2 78,5 .
independent
changes from 2 54,7 77,8 70,7 of ¥
0,3t02,0m )
3 55,1 77,0 68,5

* Moments do not constantly decrease as the unit weight increases

Table 4.2 displays the change of bending moment with changing unit weight and
depth of cover.

According to Figure 4.1, culverts 1, 2 and 3 show more or less the same behaviour.
Live load (traffic) moments are much more sensitive to backfill properties. They
decrease by an average of 72 % as degree of compaction increases from 85 % to
100 %. The total moments decrease by an average of 58 %. Soil moments decrease
by 38 % for culvert 1. In the case of culverts 2 and 3 the moments due to soil load
slightly decrease and increase. It is not possible to give a percentage comparison
since they do not follow a consistent trend. Since the change in moments due to soil
load with changing soil compactness is small compared to live load moments, it can
also be argued that the bending moments generated by soil loads are independent of
soil stiffness. As the soil gets stiffer, the unit weight of soil increases as well as the
friction angle. The coefficient of lateral pressure, K, will then probably decrease to
the level where the same lateral stresses will be achieved. It can be concluded that in
this design method the traffic moments can be seriously affected by the compactness
level of the soil. The effect is more pronounced as the soil gets looser. This shows
the necessity of obtaining realistic soil parameters.

In all culvert types the decrease in live load (traffic) moments is much more pro-
nounced when the cover depth is small. The moments due to soil backfill and cover,
though, decrease in a linear fashion as the cover depth increases (see Figures 4.2 to
4.4).

The moments calculated according to the SCI method with different cover depths
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Culvert 1

H=3m S=8m H/S5=0.38
70

—a— total RP=90 -

50 —— traffic RP=90

—&— soil RP=90
40 !

30

Moments (kN-m)

20 | AN —

10

0 i

i i
0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6

1,8 2,0
Cover depth h ¢ (m)

Figure 4.2: SCI design bending moments versus depth of cover for culvert 1
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Figure 4.3: SCI design bending moments versus depth of cover for culvert 2
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Figure 4.4: SCI design bending moments versus depth of cover for culvert 3
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Figure 4.5: A typical slab-frame bridge

on 3 different culvert geometries reveal that the total moment decrease is between
68 % and 78 % with increasing depth of cover (see Table 4.2). The live load moment
decreases by about the same amount. This can be explained as the positive effect of
soil confinement. The amount of change in moments with cover depth is independent
of the soil unit weight, i.e., the same percentage difference is observed for all soil
unit weight levels (for example from 18 kN/m? to 19 kN/m? then to 20 kN/m? etc.).

4.2 Maximum Bending Moment for Slab-Frame
Bridges

The slab-frame bridge is quite a common type of integral bridge in Sweden (see
Figure 4.5).

In this section the bending moments on a slab-frame bridge will be calculated. Sev-
eral load types and combinations will be considered. But the main focus will be
on the moments due to soil loads in reaction to a lateral movement of the bridge
deck. The relation between the soil stiffness and maximum moments will be inves-
tigated. The significance of the changes in the maximum moments with changing
soil parameters will be highlighted.

4.2.1 Geometry and Parameters

The dimensions and parameters used in this problem are summarized in Table 4.3.

Different soil parameters were used to be able to observe the changes in the design
moment values, which will eventually affect the final design dimensions of the integral
bridge. The ones that appear in Table 4.3 are the most typical values with which the
first calculations were carried out. Two important soil parameters that are involved
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Table 4.3: Material parameters, geometry and loading conditions used for the slab-

frame bridge problem

type description symbol unit quantity
soil unit weight ¥, KN/m® 19
lateral earth pressure coefficient K 0,38
settlement modulus E, kPa 40000
foundations bending stiffness/length Y. =1/ (ke /Ly) | rad/(kNm/m) 5,08E-05
concrete  |unit weight Y. KN/m’ 24
elasticity modulus c kPa 22200000
elasticity modulus for soil calculation E. kPa 32000000
coefficient of thermal expansion T, 1/ deg 0,000012
geometry |slab thickness t m 0,5
wall height H, m 4,85
bridge length L m 6,5
thickness of soil cover above the bridge he m 0,35
footing width w m 2
footing length Lf m 8
loads  [own weight Qo KN/m® 12
and pavement qp IN/m” 2,1
other  |trapezoidal soil load Gomin KN/m’ 2.5
conditions Qmax KN/m® 37,5
uniformly distributed traffic load Dt IN/m” 4
temperature change rise deg 15
drop deg 28
unequal temperature rise deg 10
drop deg 5
horizontal displacement 8 m 0,01
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Table 4.4: Settlement modulus values used in calculations for slab-frame bridges
Relative stiffness | High | Medium | Low | Very low
E; (kPa) 40000 | 25000 | 15000 4000

in the calculations are the unit weight of backfill soil () and the deformation
property of the underlying foundation soil (Ey).

The deformation property of the soil comes in the form of a factor called the “settle-
ment modulus”, as described and tabulated in [94]. Once this modulus is decided,
it is possible to evaluate the rotational stiffness of the foundation according to the
following equation (see Vigverket [94]).

E,-W2. L
ko = ——— 1 (4.5)
B
where:

ks, = characteristic bending deformation modulus (kNm/rad)
E, = settlement modulus (kPa)
W = width of the foundation (m)
L; = length of the foundation (m)
By = factor depending on W/L; ratio

Eventually, the value ,, which designates the rotational deformation property of the
foundation per unit length, is used in the static calculations. It is in rad/(kNm/m):

_ 1
kt‘)k/Lf

Ve (4.6)

The unit weight of the soil has to be carefully chosen, taking into account the typical
soil properties of the cohesionless soil backfill used for this kind of structures. The
range for 7, is taken from 17 kN/m? to 21 kN/m?. The range of kp, is determined
by different Ej, values that are chosen from [94]. See Table 4.4 for the representative
E,, values for each range of stiffness.

4.2.2 Calculations
Static System

Loads are taken according to Bro 2002 norms. A static analysis is done according
to the method in Sundquist [81]. The system is divided into two systems. One of
them is a loaded system with a lateral support at one end of the slab that hinders
the lateral movement of the slab part of the bridge (see Figure 4.6(ii)). The second
system consists of an unloaded frame that is under deformation effects of the lateral
movement 6 of the top of the abutment wall (see Figure 4.6(iii)).
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Figure 4.6: Angle changes and value names for the moments and forces in the frame
for the analysis of a slab-frame bridge: (i) representation of the loads,
(ii) deformations under loading with no lateral freedom of the joints, (iii)

deformations due to the lateral movement and foundation rotations, and
(iv) section moments

84



4.2, MAXIMUM BENDING MOMENT FOR SLAB-FRAME BRIDGES

Stability equations are obtained by means of combining these two systems with re-
spect to the angle continuation at the joints. The equation system is determined
after addition of the horizontal equilibrium. The equilibrium equations can be simul-
taneously solved for moments at each joint and the lateral displacement by forming
a matrix system that consists of a coefficient matrix and a column vector. Details
can be obtained from [81].

Loads
The considered loads are

e uniformly distributed traffic loads,
e trapezoidal earth pressure,

e constrained loads (such as shrinkage, support movement, temperature change
and unequal temperature),

e point traffic loads,
e fatigue loads,
e triangularly distributed backfill soil reaction, and

e horizontal brake force, H,.

Moments due to the braking load and triangularly distributed backfill
soil reaction

Figure 4.7 shows the schematic load distribution for this calculation.

Steps for the calculation:

1. Deformation due to the brake force {4y, ):

This deformation is not the final deformation of the frame since there exists
a reaction from the backfill soil that is created by this deformation. That
reaction pressure is assumed to be triangularly distributed with a maximum
value of AP (see Figure 2.7).

2. Final deformation of the frame (§¢,qme):

The problem is that AP is not known. An approximate equation (see Equa-
tion 2.4) for AP as given in the Swedish bridge norms is going to be used. If
this equation is reorganized for the deformation the following is obtained:

2-AP
5f’ram5 = W (47)
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Figure 4.7: Braking load and corresponding soil reaction forces for the analysis of a
slab-frame bridge according to braking
3. Deformation due to triangular soil reaction pressure AP = 100 and the support
reaction force Rigg (d100):
Since AP is unknown, an arbitrary value (such as 100) is given to it. The
deformation (d1y,) from the set of stability equations, which were obtained

previously, is calculated. The corresponding support reaction Rigg due to this
triangular soil load would then be Rjgo = 100 - H,/2/2. The deformation due

t0 Rioo (ORye) can be calculated the same way as dy,.
0100 will then be the sum of the deformation calculated with the triangular

load and the deformation generated by the support reaction Rigo:
(4.8)

O100 = 5100 + ORi0
4. Deformation due to triangular soil reaction pressure (dap):
By simply proportioning with §1gg the following equation can be written:

AP
dap = 100 100

(4.9)

5. Setting up the equation for calculating AP:
O frame can be equated with the difference of the deformation due to the brake

force and the deformation due to the triangular reaction pressure:
6frame - 6Hb - 6AP (410)

AP can now be calculated by equating Equation 4.7 to Equation 4.10 and

inserting Equation 4.9.

6. Equation for the bending moments:
(4.11)

Mgrp = My, — Mp,, — Map
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Table 4.5: Summary of the calculations and moments at the abutment front for
medium and high stiffness levels

Ek=40 000 (high stiffness) [Ek=25 000 (medium stiffness)
V=17 | Y=19 | v=21 | Y=17 | v=190 | e
8 4 (m) 0,0019 00019 00019 | 0,0021 00021  0,0021
8 100 rom table 0,0015 00015 00015 | 0,0017 0,001702 0,001702
R, (kN/m?) 1213 1213 1213 | 1213 1213 1213
8 ks 0,01 0009 001 | 0010 0010 0,010
8 0o 0,01 0,011 001 | 0012 0012 0,012
c 300 300 300 300 300 300
¥, 17 19 21 19 19 21
Ap s reut (N/m?) | 3,82 4,16 449 | 4,04 4,39 4,73
Real Ry 4,63 5.04 544 | 4,89 5,33 5,73
MOMENTS
M 51,3 513 51,3 54,2 54,2 54,2
Maa 51,3 513 513 | 542 542 542
My 06 0,7 0,7 08 0,9 1,0
M 16 1,8 1,9 16 17 1,8
Miga 9,5 104 11,2 10,6 11,5 12,4
Mags 95 Q04 112 | 106 115 124
M, 42,5 41,7 40,9 | 444 43,6 427
M, 402 392 383 | -420  -409 -390

4.2.3 Results and Comparisons

All moments are calculated at the abutment front. Of all the results of the calcula-
tions, only the moments due to the triangular soil reaction resulting from the brake
forces will be displayed in detail in this section (see Tables 4.5 and 4.6).

The extent to which moments are affected by the change in soil parameters can
be observed from Figure 4.8. It should be considered that the settlement modu-
lus and the unit weight of soil are not independent. As the soil gets denser the
stiffness increases. Hence, calculations for data pairs such as F,=4000 kPa and
7=21 kN/m? do not make sense. To overcome this problem £ and v, were taken
into the calculation in realistic pairs only once in the moment calculations.

As expected, moments are reduced as the backfill soil gets stiffer. There is an
approximately 18.6 % decrease in the moments as the soil stiffness (expressed as the
settlement modulus) changes from very low stiflness { E;=4000 kPa) to high stiflness
(Ex=40000 kPa).
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Table 4.6: Summary of the calculations and moments at the abutment front for low
and very low stiffness levels

Ex=15 000 (low stiffness) Ex=4 000 (very low stiffness)
Y=17 | V=19 | Y=21 =16 Y=17 | =19 | T=21
) 0,0022  0,0022 0,0022 | 0,0023 | 0,0023  0,0023  0,0023
3 100 trom table 0,0019  0,0019 00019 | 0,0021 | 0,0021  0,0021  0,0021
R, (kN/m®) 121,3 121,3 1213 | 121,3 121,3 121,3 121,3
3 0,011 0,011 0,011 0,011 0,011 0,011 0,011
L 0,012 0,012 0012 | 0,013 | 0013 0,013 0,013
c 300 300 300 300 300 300 300
Y, 17 19 21 16 17 19 21
AP reat (RN/MD | 4,20 4,57 4,92 4,20 442 4,79 5,15
Real R, 5,10 5,54 5,96 5,11 5,35 5,81 6.24
MOMENTS
Mg 56,5 56,5 56,5 59,41 59,4 59,4 59,4
Mg -56,5 -56,5 56,5 | -59,41 -59,4 -59,4 -59,4
MiApmas -1,0 -1,1 1,2 -1,21 1,3 -1,4 -1,5
M pmma -1,5 -1,6 -1,8 -1,35 1,4 -1,5 1,7
Miga 115 12,5 13,5 12,15 12,7 13,8 14,8
Miza -11,5 -12,5 135 | -12,15 | -12,7 -13,8 -14,8
M; 46,0 45,1 44,2 48,5 48,0 47,0 46,1
M, -43,4 -42,3 41,2 45,9 -45,3 -44,1 -42,9
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Figure 4.8: Change in moments with change in soil stiffness, which is expressed as
the settlement modulus E}
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Figure 4.9: Change in moments with change in the parameter C' in the AP formula

In these example calculations, the effect of change of the parameter C in the AP for-
mula on moments was also investigated. Moments were calculated for £;,=25000 kPa
and 7,=19 kN/m?. C was changed between 200 and 800. The resulting M; values
are plotted in Figure 4.9. The amount of decrease is approximately 25 %. C is
believed to somehow represent the soil stiffness and is certainly an influential factor
in the moment calculations. There are only two values (300 and 600) that can be
used for C in the design of integral bridges. Here for exercise the range is extended
to minimum 200 and maximum 800.
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Chapter 5

Conclusions

5.1 Conclusions from the Literature Review

As a result of our survey, the following conclusions were obtained:

e The earth pressure coeflicient of the backfill soil for integral bridges and cul-
verts, and hence the intensity of earth pressure, is a function of the displace-
ment or rotation of the abutment wall.

e There is a lack of knowledge on soil-structure interaction due to cyclic loading
of bridge abutments:

The experimental and analytical work was limited to bridge sizes up to
160 m. The research could be extended towards longer bridges.

It is largely accepted that the lateral pressure coeflicient K increases
with the cyclic movement of the bridge abutment towards the soil, but
its extent has still not been established.

There seems to be no way of properly choosing the lateral earth pres-
sure coefficient K for different types of granular material. Most of the
researchers have worked on a type of soil that makes the resulting K
experiment-specific.  The research could be extended towards different
soil types, where K can be correlated to the soil properties.

The behaviour under large wall displacements is not studied enough.

e Due to unknowns in the soil behaviour, the design procedures were kept simple
and conservative.

e There is still a need to develop models of varying range sophistication. This
can help the engineer to choose the most suitable model at the analysis or
design phase.

e There are problems in

obtaining a non-linear stress-strain behaviour of soil,

91



CHAPTER 5. CONCLUSIONS

— evaluating the time-dependent drainage and creep behaviour,
— obtaining adequate soil parameters, and
— idealizing the structure.
e The current design methods for integral bridge abutments and culverts can
be improved. As an outcome of the comparison of some of the current design

codes and the latest research results, the following conclusions can be made
for passive resistance (passive earth-pressure ratio):

— The Swedish design code Bro 2002 becomes more conservative as the
deflection increases.

— The value from the English code BA 42 is lower than the values of the
two experimental studies by Springman and England [33,79].

BA 42 is said to be underestimating the K values in the long term.

— The numerical analysis results give lower values for K than the test values.

5.2 Conclusions about the Stiflness Characteris-
tics of Soil

This thesis defined and gave a history of the methods of determination of the elastic
modulus of soil. Then the focus went to the comparison of several different state-of-
the-art methods, such as the one used in Duncan et al.’s [27] SCI method, Pettersson
et al’s [72] reformulations, as well as Lehane et al.’s [56] and Lade et al.’s [34]
comparable methods for determining the elasticity modulus of soil.

As a result of these comparisons, it can be concluded that Duncan et al.’s E, values
(that are to be used in the SCI method) and Method 1 of Pettersson et al. are much
more conservative compared to the E; value calculated by hyperbolic equations and
the E; value of Method 2 of Pettersson et al. This can lead to over-design of the
culvert structure, since it assumes soil to be less stiff.

A comparison of Method 2 of Pettersson et al., which is a more sophisticated version
of Duncan et al.’s hyperbolic equation for E;, with Lehane et al.’s and Lade et al.’s
reveals that there are significant differences between these different methods.

5.3 Conclusions about the Effect of Soil Stiffness
on the Design of Culverts and Integral Bridges

5.3.1 Soil Stiffness in the Design of Culverts

The results of the calculations done on three different culverts with height-to-span
ratios changing between 0.25 and 0.5 suggest that all culverts show approximately
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the same behaviour. A change of 15 % in the relative compaction of the backfill
causes a 72 % change in live-load moments. This shows that live-load moments are
very sensitive to the stiffness of the backfill soil.

Changes in bending moments due to the soil load do not show consistent tendencies.
The amount of changes is not considerably big. This could be explained with the
observation that an increase in soil stiffness decreases the lateral earth pressure
coefficient, and hence leaves lateral pressures on the structures unaffected. This
makes considerations of moments due to soil loads uninteresting for soil-structure-
interaction purposes.

The soil-structure interaction of culverts shows its importance when it comes to the
design of culverts due to live loads.

Calculations with different cover depths showed the sensitivity of again the bending
moments due to live loads. The bending moment due to soil load is directly pro-
portional to the cover depth. From 2 m to 0.3 m cover, the total bending moments
can increase as much as 3 to 5 times (the figures for the amount of change can be
followed from Table 4.2), depending on the culvert geometry. For low covers, the
moments are much more sensitive to changes in cover depth. This demonstrates
how and when arching effects actually kick in.

The comparisons made in Section 4.1 demonstrate the positive effects of the soil
confinement and the importance of obtaining realistic soil parameters in the design
of culverts.

5.3.2 Soil Stiffness in the Design of Integral Bridges

The results of the moment calculations made for a typical slab frame bridge reveal
that the moments at the abutment front are reduced by 18.6 % as the backfill
soil stiffness (expressed as a settlement modulus) changes from very low stiffness
(Ex=4000 kPa) to high stiffness ( E,=40000 kPa).

The effect of change of the parameter C' in the AP formula on the moments is also
significant. The amount of decrease is approximately 25 % as C increases from 200
to 800. It is definitely an influential factor in the moment calculations. If we assume
that C strictly represents the soil stiffness, then a proper definition as well as a
formula to represent it should be made.

5.4 Further Research

As a result of the above conclusions, the author suggests the following further re-
search:

e The remedies, which aim at eliminating or reducing the excess lateral pressures
(passive pressures) behind the abutment wall, can be studied.
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e The relationship between the soil deformation characteristics and the structure
stiffness can be explored to assess the variation of earth pressure with the
amount and type of deflection of the structure. This can preliminarily be
studied by computer models and analysed with several wall stiffnesses. The
results can then be supported by in-situ or laboratory model tests.

e The influence of the soil deformation characteristics (such as E) on the load
distribution on the structure can be deeply studied.

e The increase in passive pressures can be formulated such that it permits us to
choose a realistic K value as the bridge length, abutment wall height, amount
of wall rotation, and soil properties are specified.

e The performance of long-span flexible culverts should be studied and current
design methods should be improved such that they allow the engineer to use
more realistic soil parameters.

e The design of integral bridges needs also an improvement in the calculation
of the lateral earth pressure distribution behind the abutment walls. The C
values should be more clearly specified and adjusted, taking the soil stiffness
into account.
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Appendix A

Evaluation of the Secant Modulus
- Tangent Modulus Relationship

A.1 Definitions

The definitions of tangent modulus (E;) and secant modulus (E;) are given in Sec-
tion 3.1. They can be formulated from hyperbolic stress strain curves as follows:

(o1 — 03)

Ey) = Al
g1 — 03
(Es) = . (A.2)
The hyperbolic equation is:
€
(Jl — 0'3) = T . = (Ag)
B + (e1-03)u

A.2 Derivation of the Relation E;/FE;

If the strain ¢ is drawn from Equation A.3 and the equation for the failure ratio
(Equation 3.6) is inserted, the following equation for the strain is obtained:

01— 03
E; - [1 — Blorzos)

(c1—03)f

(A.4)

The strain ¢ can be eliminated from the secant modulus equation (Equation A.2)
by simply inserting the & expression given by Equation A.4:
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APPENDIX A. EVALUATION OF THE SECANT MODULUS - TANGENT MODULUS
RELATIONSHIP

E,=FE;-[1- M} (A.5)
(01— 03)y
E;/E; can now be calculated using Equation A.5 and Equation 3.9:
R,- _
Et/Eszl—M (A.6)
(o1 —03);

A.3 Further Simplifications

Further simplifications can be done by inserting Equation 3.5 for the term (o1 —o3)
and assuming that Ky = 1 — sin ¢ and the soil is cohesionless (¢ = 0):

R
E/E,=1- 7f (A7)
If the failure ratio Ry is assumed to be 0.7, we get:
E,/E, = 0.65 (A.8)
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Appendix B

Passive Earth Pressure Response
Proposal — Simple Elastic
Approach

B.1 Assumptions

e It is assumed that the abutment wall is rigid and does not deform but only
rotates and/or laterally translates.

e It is assumed that the F formula and its distribution also represent the lateral
deformation characteristics for that soil.

e Knowing the lateral deflection of the wall at every depth interval, the strain
level can be estimated.

e For estimating the lateral strains, one needs to know the width of the backfill
soil. At this point, an assumption should be made for the width. It is as-
sumed that the backfill material can go through elastic deformation between
the abutment wall and the original ground.

e The original ground is assumed to be much stiffer than the backfill material.
In this particular problem, it forms a rigid boundary.

e The shear between the layers is not taken into account.

B.2 Equations Used

The calculations are done using the following elastic relations:

On

Ep = —
Ty
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APPENDIX B. PASSIVE EARTH PRESSURE RESPONSE PROPOSAL - SIMPLE ELASTIC
APPROACH

O‘h:Et'Eh (B?)
where:
E; = the tangent modulus of elasticity
¢, = the horizontal strain
on, = the horizontal stress
0, = the horizontal displacement of the abutment wall
T, = the width of the soil layer

The equation for the tangent modulus of elasticity is given next. This depth-
dependent modulus formula is also given in Section 3.2.5 as Equation 3.19:

. 1-8
E,=042-m- K, - 100kPa - <(1 sing) - I’OOSPa (he + H/2)) (B.3)
where:
E; = the tangent modulus (MPa)
¢ = the internal friction angle
h, = the depth of cover over the crown (m)
S, = the arching coefficient
p = the unit weight of soil
8 = the stress exponent
K, = (1-v-2-v2)/(1-v)
m = the modulus number

In equation B.3, the value H, which corresponds to the rise of the culvert, is taken
as 0, while S, is taken as 1.

B.3 Calculation Steps

1. Once the wall height H, and the top deflection 6,,,, of the wall are decided,
the horizontal deflection of the wall &;, (due to the rotation about the bottom)
at various depths z can be calculated with the help of the following equation:

z- 6maac
H,

5 = Omas — (B.4)

2. The strain levels at various depths can now be calculated using Equation B.1.
A width T}, for the soil layer has to be chosen first.

3. The elastic modulus for each layer can be obtained according to Equation B.3.

4. Finally, the lateral stress for each layer can be obtained using Equation B.2:
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B.4. NUMERICAL EXAMPLE

Table B.1: Parameters used in the numerical example

Material properties | values |
6 C) 38.3
v, (kN/m?) 19.0
Ky 0.38
RP 100
Cy 5.0
dso (mm) 1.0
Horizontal displacement ¢j, (m) 0.04
Wall height H, (m) 6.0
Width of soil layer T}, (m) 3.0, 5.0, 10, 20
m 1378
k, 0.79
v 0.28
3 0.53
Sar 1.0
o= Ei(z) oo a2 (B.5)

B.4 Numerical Example

The values of the soil properties and the other parameters are the same as the

values used in the previous comparisons of earth pressure. Table B.1 summarizes
these parameters.
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APPENDIX B. PASSIVE EARTH PRESSURE RESPONSE PROPOSAL - SIMPLE ELASTIC
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Lateral earth pressure (kN/m 2)
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Depth (m)

&  Stress increase

@ Pressure at rest

—a— Total pressure

Figure B.1: Calculation of the earth pressure distribution behind the abutment due
to wall rotation, for a 3 m wide earth fill

Lateral earth pressure (KN/m 2 )

0 100 200 300 400 500 600
0 e

,
€ Stress increase
—g@— Pressure at rest

A Total pressure

w
5

Depth (m)

Figure B.2: Calculation of the earth pressure distribution behind the abutment due
to wall translation, for a 3 m wide earth fill
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B.4. NUMERICAL EXAMPLE

Passive response (kN/m* )
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Figure B.3: Lateral earth pressure response to rotation of the wall; each curve is for
a different backfill width
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Figure B.4: Total lateral earth pressure distributions due to rotation of the wall
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