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ABSTRACT

MULTI-SEGMENT PILE-SUPPORTED BRIDGE APPROACH SLABS FOR CONTROL
OF DIFFERENTIAL SETTLEMENT

by
Ahmed Zohuir Bahumdain

The University of Wisconsin-Milwaukee, 2019

Under the Supervision of Professor Habib Tabatabai

The roughness of the transition between the bridge and the roadway is a well-known
issue that affects roughly 25% of the bridges in the United States. As soil underneath the
approach slab settles, deferential settlement develops between the bridge and the approaching
roadway. This may negatively affect the ride quality for travelers and result in substantial long-
term maintenance costs. Because of the differential settlement, bumps could develop at the ends

of the bridge when abrupt changes in slope (exceeding 1/125) occurs.

This study was aimed at mitigating the formation of bumps at the ends of the bridge
through a new design concept for the approach area. The proposed design takes advantage of
settlement-reducing piles that would support various approach slab segments and control their
settlement. These pile elements are intended to control the roughness of the transition such that
acceptable slope changes develop between various segments of the approach slab and thus

improve the performance of the approach slab system.

In this study, a comprehensive review of literature as well as a review of various state
practices regarding the approach area was performed. A set of finite element models were

developed, and parametric studies were performed to evaluate the soil/approach slab settlement



behind bridge abutments for various soil conditions, and to quantify the pile head settlement and
load distribution along piles as a function of pile-soil parameters. It has been determined that the
degree of compressibility the embankment and natural soils, length of the approach slab, height
of the abutment, and height and side slope of the embankment influence the potential

development of bumps at approaches to bridges.

Empirical relationships are developed that relate various soil parameters to the
longitudinal soil deformation profile behind bridge abutments. Empirical relationships and
design charts are also developed to estimate pile head settlement for piles that are used to control
soil settlement under the approach slab. Ultimately, a set of recommendations and design
procedures are provided regarding the use and design of multi-segment pile-supported approach

slabs for control of differential settlement.



Dedicated to my beloved wife Saliha and my darling kids Savannah and Adam.
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CHAPTER 1 - INTRODUCTION

1.1 Background

Reliability and long-term durability of bridge structures is of utmost importance
(Nabizadeh, Tabatabai and Tabatabai 2018, Tabatabai, Nabizadeh and Tabatabai 2018, Tabatabai
and Nabizadeh 2018). The bridge approach slab is part of a transition system in which the end of
the bridge is connected to the roadway pavement (Figure 1.1). Its function is to carry traffic loads
and provide drivers with a smooth ride as their vehicle travels from the roadway to the bridge

and vice versa (Abu-Farsakh and Chen 2014).

Due to settlement of embankment fill and natural soil, a bump (or bumps) can develop at
the ends of the bridge. These bumps are a well-known problem occurring nationwide. They
affect about 25% of the bridges in the United States, resulting in an estimated $100 million per
year in maintenance expenditures (Briaud, James and Hoffman 1997). The bump at the end of
the bridge can lead to unsafe driving conditions, vehicle damage, and additional maintenance
cost. Furthermore, distress, fatigue, and deterioration of the bridge deck and expansion joints are
possible consequences of such a problem (Briaud, James and Hoffman 1997, Hu, et al. 1979,

Nicks 2015).

Besides soil settlement, several other factors have been reported to influence the
formation of the bump at the ends of the bridge. These include improper design of the approach
slab (length and thickness), abutment type, skewness of the bridge, traffic volume, construction

method, and loss of the backfill material due to erosion.



Bridge Deck —\ / Approach Slab / Roadway Pavement

o= Sleeper Slab -

Abutment _——

- EmbankmentFill -

“ ... Natural Soil . - R

Figure 1.1 Typical longitudinal cross section of a bridge.

1.2 Problem statement

The common bump at the ends of bridges is considered an important bridge management
issue, because it could lead to costly and frequent maintenance operations to bring the problem
under control. Examples of needed maintenance operations include leveling, mudjacking,
building an approach slab (if not used originally), repair or replacement of the approach slab,
drainage repairs, and implementation of soil improvement techniques. Repetitive maintenance
operation could negatively impact the travelling public, especially when lane closures are
required. The average cost of such maintenance operations has been estimated to be $2,000 per

year per bridge (Briaud, James and Hoffman 1997, Dupont and Allen 2002).

As soil underneath the approach slab settles, deferential settlement develops and affects
the riding quality as well as the structural integrity of the bridge system. As a result, two bumps
could develop at the end of the bridge; at the approach slab/ bridge joint, and at the approach

slab/ pavement interface, (Figure 1.2). The development of the bumps is attributed to the change



in slope between the bridge and approach slab (¢1) and between approach slab and pavement (¢2)

(Abu-Farsakh and Chen 2014).
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Figure 1.2 Bump formation at the end of the bridge

Historically, the use of approach slab has been a way to significantly reduce, but not
eliminate, the bump at the end of the bridge. The approach slab covers the problematic area of
approximately 20-40 ft (6.1-12.2 m) from the bridge abutment. In addition, it provides a smooth
grade transition for drivers, reduces vehicle impact on the bridge, and prevents direct water
infiltration behind the abutment wall (Briaud, James and Hoffman 1997). Therefore, many
researchers believe that proper design of the approach slab could permanently solve the bump

problem.
1.3 Objectives and Scope of work

This study is aimed at mitigating the formation of bumps at the ends of the bridge by
introducing a new design concept for the approach slab. The proposed design takes advantage of
settlement-reducing piles to control settlement in multi-segment approach slabs. These pile
elements are intended to control the roughness of the transition such that acceptable slope
changes develop between various segments of the approach slab and thus improve the

performance of the approach slab system. It is hoped that the new design would lessen the need



for repetitive maintenance operations and thus lessen maintenance costs. Ultimately, the new
design may offer an effective design approach to limit the impact of any bump formations to

acceptable levels.

The proposed work plan to achieve to the objectives of this research includes the

following tasks:

1- Conduct comprehensive literature review of previous work to collect information
regarding the causes and mitigation techniques regarding bump formation at the ends
of the bridge.

2- Examine state practices related to the design and construction of the approach slabs
and approach areas. These include the preferred methods and configuration of the
approach slab, backfill and embankment fill.

3- Develop soil-structure finite element models that could predict soil settlement behind
bridge abutments. This includes:

a. Conducting verification analyses to compare field-measured soil settlements
with the developed finite element model.

b. Developing two baseline finite element models to examine several aspects
related to the construction of the bridge approach areas, and to assess the
severity of the bump at the end of the bridge under various soil conditions.
These aspects include the natural soil type and height, embankment soil type
and height, side slope of embankment fill, backfill soil compaction level,
slope of backfill area, erosion of backfill material, abutment type, and length

of approach slab.



c. Developing relationships to evaluate the long-term soil settlement profile
along a longitudinal line behind the bridge abutment.

4- Develop a soil-structure finite element model that could predict pile head settlement
for various pile-soil conditions. These include the length and size of pile, type and
height of backfill layer, type and height of embankment soil, and type and height of
natural soil. Only cast-in-place concrete piles were considered. Additionally:

a. Develop relationships to evaluate pile head settlement and pile load
distribution under various pile-soil conditions.

b. Develop criteria to select size, spacing, and length of piles to achieve
acceptable transition between the bridge and the roadway.

c. Develop procedures to achieve the desired transition profile using multi-
segment pile-supported approach slabs.

5- Verify the developed procedures and relationships using a full-scale finite element
model. This include the prediction of the longitudinal soil settlement profile, pile head
settlement, and differential settlement of the approach slab.

6- Propose design recommendations to control the settlement-induced bumps at the ends
of bridges by limiting slope changes to acceptable levels under varying soil

conditions.

1.4 Outline of Dissertation

Chapter 1 presents background of the problems associated with bridge approach slabs,

problem statement, research objectives, and scope of work.



Chapter 2 presents a review of previous works related to the definition, causes and
mitigation techniques for bump formation at the ends of the bridge. This chapter also reviews

previous work related to the optimum approach slab configuration.

Chapter 3 examines state practices regarding the approach slabs and approach areas.
These include the preferred methods and configurations of the approach slab, backfill and

embankment fill.

Chapter 4 discusses the general aspects of the development of finite element models used
in this research. These include geometry and boundary conditions, contact behavior at soil-

structure interfaces, analysis procedures, and material properties.

Chapter 5 presents simulation results for the soil settlement profiles behind bridge
abutments in longitudinal and transverse directions. Empirical relationships for predicting

settlements are also provided in this chapter.

Chapter 6 presents simulation results for the pile head settlement and axial load
distribution along the piles. Empirical relationships and design charts for predicting pile head
settlements are provided in this chapter. In addition, proposed procedures and recommendations

for the design multi-segment pile-supported bridge approach slabs are provided in this chapter.

Chapter 7 presents an overall assessment of the developed procedures and design charts

using a full-scale simulation of a multi-segment pile-supported bridge approach slab system.

Chapter 8 provides summary and conclusions of the work conducted in this study, and

provides recommendations for future research.



CHAPTER 2 - LITERATURE REVIEW

2.1 Definition of the bump

Two bumps could develop at the end of the bridge: one at the approach slab/bridge joint,
and the other at the approach slab/pavement interface, (Figure 1.2). These bumps can be
attributed to changes in slope between the bridge and approach slab (¢1) and between approach

slab and pavement (¢2) (Abu-Farsakh and Chen 2014).

The severity of the bump is mainly controlled by the amount of the differential settlement
of the approach slab. The differential settlement could be assessed using several methods. These
include the relative elevation, slope change, and the International Roughness Index (IRI)

(Puppala, et al. 2008).

The relative elevation is defined as the absolute vertical difference between the two ends
of the approach slab. In a survey of bridge movements, Walkinshaw (1978) noted that bridge
approaches with differential settlement of greater than or equal to 2.5 in (64 mm) were
considered annoyance to drivers. Long et al. (1999) conducted a survey of 1,181 bridges in
Illinois to assess the severity of the bump. The survey revealed that bridges with differential

settlement of 2-3 in (50-75 mm) were considered a significant issue from a rideability standpoint.

The slope change is typically referred to the rate of settlement between the bridge and the
roadway pavement. This rate can be expressed in terms of differential settlement between the
two ends of the approach slab divided by the length of the approach slab (slope of the approach

slab) (Figure 2.1). Long et al. (1999) concluded that a slope of 1/125 to 1/100 is tolerable.



Greater slopes would be a riding discomfort to drivers and maintenance operations are required

in such cases (Long, et al. 1999).

Refrence settlement line

Figure 2.1 Slope of approach slab

The International Roughness Index (IRI) is a laser-profile-based pavement rating system
that is often used to assess the riding quality over a given road section. The IRI was modified
later to accommaodate the approach slab (IR1S) with the ability to evaluate the ride quality along

the approach slab (Bakeer, Shutt, et al. 2005). Table 2.1 shows typical IRIS rating values.

Table 2.1 Proposed IRIS rating for approach slab (Bakeer, Shutt, et al. 2005)

IRIS range .
in/mile (mm/km) Approach slab rating
0.00 - 247 (0.00 — 3900) Very good
254 - 500 (4000 — 7900) Good
507 - 628 (8000 — 9900) Fair
634 - 755 (10000 — 11900) Poor
760 (12000) and greater Very poor

Therefore, a differential settlement of up to 2.5 in (64 mm), slope change of 1/125, or an
IRIS value of 500 in/mile (7900 mm/km) may be considered acceptable from a ride quality

standpoint. These represent the maximum values allowed for the approach slab.

2.2 Maintenance considerations

The bump at the end of the bridge is considered a maintenance issue, since it may lead to
maintenance operations to keep it within a tolerable limit. It is inevitable that settlement would
take place underneath the approach slab over time. Therefore, bumps could develop and
complications (such as rough driving conditions and deterioration of the bridge deck and/or
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approach slab) may arise that require maintenance operations. Repair or replacement of the
approach slab may be required in case of significant damage. Repetitive maintenance operations

negatively impact the travelling public, especially when lane closures are required.

In recent years, several studies conducted surveys that aim to assess the significance of

this problem as perceived by transportation agencies. The following is a review these studies.

In a survey of 758 bridge approach areas in Oklahoma, Laguros et al. (1990) reported that
the bump at the end of the bridge affected about 83% of the bridges in Oklahoma. Another
survey by Hoppe (1999), which included responses from 38 State Departments of Transportation
(DOTs), concluded that 55% of the DOTs considered the bump as major maintenance problem.
Table 2.2 shows the result of this survey. Dupont et al. (2002) conducted a survey of DOTSs. In
that survey, one question asked whether the bump at the end of the bridge was a major
maintenance problem. The survey revealed that 48% of the DOTs considered it a major
maintenance problem, 28% indicated that the bump was not an issue, and the remaining 24%

indicated that it was an issue in some cases.



Table 2.2 The significance of the bump at the end of the bridge (Hoppe 1999)

State Significance State Significance
AZ Not significant MO Significant
CA Significant MT Significant
CT Moderate ND Significant
DE Significant NE Significant
FL Moderate NH Not Significant
GA Significant NJ Moderate
ID Significant NM Significant
IN Moderate NY Moderate
1A Moderate OH Moderate

IL Significant oK Significant
KS Significant OR Significant
KY Significant SC Significant
LA Significant SD Significant
MA Moderate X Not Significant
MD Moderate VT Not Significant
ME Not significant VA Moderate
Mi Moderate WA Significant
MN Significant Wi Significant
MS Significant WY Not Significant

Typically, DOTs require biannual inspections of all bridges through which maintenance
operations are recommended based on the findings. Examples of needed maintenance operations
for the approach area include leveling, mudjacking, building an approach slab (if not used
originally), improving drainage, and implementation of soil improvement techniques. The type
of maintenance, frequency of repairs, and the type of materials and equipment needed are critical
factors in the total maintenance cost during the lifetime of the bridge. The average maintenance
cost for repairing the bump at the end of the bridge in the United States is on the order of $667
per year per bridge (1997 dollars) (Briaud, James and Hoffman 1997). Dupont and Allen (2002)
conducted an evaluation of maintenance operations in the state of Kentucky. It was reported that
repairing the bump at the end of bridge cost approximately $2000 per year per bridge.
Furthermore, Dupont and Allen (2002) recommended several practices that aim to reduce the

maintenance cost and formation of the bump. Table 2.3 summarizes those recommendations.
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Table 2.3 Recommended practices to maintain low maintenance cost (Dupont and Allen 2002)

Recommended practice

How the bump is reduced?

Additional cost

Lowering of the approach slab

When settlement is not dominant, lowering the
approach slab would help toward the periodic
maintenance of applying asphalt cement
overlaying.

Insignificant, a design
consideration.

Surcharging prior construction

Applying surcharge allows the natural soil to
undergo some of its total settlement before
construction the approach fill.

Difficult to evaluate, need a
good project plan.

Designing of a sufficient
maintenance plan

Developing a good maintenance plan and keeping
up with it has proven to minimize the occurrence
of the bump.

Insignificant, need a well-
designed plan.

Implement specifications for
select embankment fill.

Utilizing a specific material for the approach fill

will enhance the performance of the approach area.

May add some cost based
upon the selected material.

Enhancing the drainage system

Improving the drainage will decrease erosion of
the backfill soil.

Insignificant.

Require warranties on the
bridge approach area

Contractors will provide better design alternatives
and techniques to ensure better results.

Might be costly.

Leveling of the embankment
slope

Reducing the side slope adds more resistance to
the settlement and lateral movement in the
embankment and natural soil.

Minimal, needs more filling
material.

Improving the approach slab
design

Improving the approach slab design/configuration
would help in reducing the differential settlement
between its two ends.

Insignificant, needs more
concrete and steel.

It could be concluded from these studies that the bump at the end of the bridge is a

significant maintenance issue in the United States, which requires substantial maintenance

expenditures during the lifetime of the bridge. Therefore, any new approach slab concepts

designed to overcome this problem could potentially reduce long-term maintenance costs for

bridges.

2.3 Factors affecting the formation of the bump

Irick and Copas (1969), McLaren (1970), Wick and Stoelhorst (1982), Adrani (1987),

and Karemer and Sajer (1991) identified the factors that contribute to the bump formation at the

ends of the bridge. These include the consolidation of the natural soil and embankment fill,

inadequate construction practices, poor drainage control systems, erosion of the backfill soil,

traffic loading, and abutment type.
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Laguros, Zaman, and Mahmood (1986) surveyed all state DOTSs. The survey concluded
that the types of the natural soil and embankment fill along with the construction method were
the most significant factors affecting the formation of the bump at the ends of the bridge.
Furthermore, it was noted that factors such as frost heave and freeze thaw cycles, lateral
movement of the abutment, and abutment type influenced the bump formation. In a second phase
of the same study, Laguros, Zaman, and Mahmood (1990) reported that the age of the approach
area, type of the abutment, height of the embankment, drainage behind the abutment wall, traffic

volume, and skewness of the bridge were among the factors that influenced the bump formation.

A synthesis study of 48 states, conducted by Briaud, James and Hoffman (1997),
discussed various aspects related to the bump at the ends of the bridge. This study identified the
most common factors that contribute to the formation of the bump. These factors include the
height of the embankment, type of abutment foundation, natural soil profile, traffic volume,
thermal expansion and contraction of the bridge, precipitation, and the side slope of the approach

area. These factors and others are illustrated in Figure 2.2.
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Figure 2.2 Factors influence the formation of the bump at the end of the bridge (Briaud, James and Hoffman 1997)

It could be concluded from the latter discussion that several factors are involved in the

formation of the bump at the end of the bridge. The consolidation of the natural soil and

embankment fill and loss of backfill material are among the significant factors that affect the

differential settlement of the approach slab. Nevertheless, several other factors such as the height

of the embankment, type of the abutment, approach slab design, traffic volume, drainage issues,

and construction methods also influence the bump formation. Such factors should be considered

when anticipating the total settlement underneath the approach slab.

2.3.1 Settlement of soil underneath approach area

In general, the weight of any soil layer or structure will impose stresses on the underlying

soil layers. These stresses will eventually cause dimensional changes in the soil volume

(decrease in volume) through which settlement of soil occurs.
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Typically, settlement of soil consists of three different stages: initial settlement
(immediate), primary compression settlement (consolidation), and secondary compression

(creep). The total settlement can be evaluated as a summation of these components as follows:

St=SI+SP+SS 2'1

Where

St = Total settlement at time (t).

Si = Initial settlement.

Sp = Settlement due to primary compression (consolidation).

s = Settlement due to secondary compression (creep).

The initial settlement (S;) takes place immediately after the load is applied on the soil
mass. This is caused by shear strain and the decrease of void ratio between soil particles. In
bridge construction, the initial settlement typically develops before the construction of the
approach slab. This stage is influenced by the degree of saturation of the soil, where partially
saturated soils tend to produce greater initial settlement than fully saturated soils (Puppala, et al.

2008, McCarthy 2007).

The primary settlement (Sp) is typically referred to as time-dependent settlement
(consolidation). It takes place when stress gradually transfers from water to soil particles
(dissipation of water). In granular soils, such as sands and gravels, this stage occurs rapidly, due
to the high permeability of such soils. However, in fine soils, such as clays and silts, this stage
could take several years due to the low permeability of such soils (Puppala, et al. 2008,

McCarthy 2007).
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The secondary settlement (S;) is also time-depended in which the volume of the soil is
decreased due to creep. In this stage, the void ratio of the soil mass decreases further under
constant application of the load. The secondary settlement is usually neglected in granular soils.
However, in highly plastic fine soils, the secondary compression settlement could be as

significant as the primary settlement (Puppala, et al. 2008, McCarthy 2007).

Wahls (1990) noted that a significant portion of the stress imposed on the natural soil
develops from the self-weight of the embankment fill. Figure 2.3 compares the vertical stress

imposed on the natural soil by embankment fill and bridge abutment.
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Figure 2.3 Vertical stress imposed on natural soil by embankment fill and abutment (Wahls 1990)

It is well known that post-construction settlement issues are more dominate in cohesive
soils. Accordingly, it is very important to investigate cohesive natural soils before constructing
the embankment fill. Doing so would help anticipate the total settlement underneath the approach

slab (Wahls 1990).

2.3.2 Embankment fill

The embankment fill plays a significant role when it comes to the bump formation at the
ends of the bridge as it is the source of the stress imposed on the natural soil. The embankment

fill area could be defined as the area extending from the back of the abutment wall to an average
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distance of about 100 ft (31 m). This area includes the backfill material, approach slab, and a
portion of the roadway pavement (Puppala, et al. 2008, White, et al. 2005). Within the approach
slab, greater differential settlement is expected when tall embankment fills are employed. Long
et al. (1999) classified the height of the embankment fill into: low He <10 ft ( 3.0 m), medium 10
ft (3.0 m) <He <26 ft (8.0 m), and high He > 26 ft ( 8.0 m), where He is the height of the

embankment fill.

The embankment fill undergoes global as well as local settlement over time. Global
settlement takes place in deeper natural soil layers due to consolidation. On the other hand,
erosion, movement of the abutment wall, and compression of the embankment fill are the main
contributors to the local settlement (Washington State Department of Transportation 2015).
Typically, an embankment fill, such as non-cohesive granular soil that is compacted well results
in little or negligible settlement. However, low cost fill materials that are readily and locally
available are widely used, especially when high embankment fills are needed. Frequently, the
readily-available fill contains significant clay materials, which could result in significant time-
dependent consolidation, even with good compaction (Briaud, James and Hoffman 1997,
McLaren 1970, Dupont and Allen 2002). According to Hoppe (1999), 49% of the DOTSs require
embankment fills that are highly permeable and non-plastic, while the remaining DOTs may
permit the use of readily available highway embankment fill that might not perform

satisfactorily.

The side slope of the embankment fill, oriented in the transverse direction (see Figure
5.4), is another factor that influences the settlement. Typically, the embankment fill is built with

a slope of 1:2 (1 vertical to 2 horizontal) (see Chapter 3). Allen and Meade (1988), Kramer and
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Sajer (1991), and Dupont and Allen (2002) reported that leveling the slope of the embankment

(by constructing wing walls) adds more resistance to settlement and lateral movement of the soil.

2.3.3 Abutment

The abutment is a vital part of the bridge system that carries a large portion of the bridge
load and provides vertical and lateral support at the end of the bridge. The type of the abutment
(wall or stub), abutment foundation type, and movement of the abutment influence the formation
of the bump at the end of the bridge. An overview of these elements will be presented in the

following sections.

2.3.3.1 Abutment type

There are several types of abutment that are commonly used on bridges. For the purposes

of this study, the wall and stub abutments will be examined.

The wall abutment consists of a wall that extends the full height of the embankment fill
(Figure 2.4). The wall abutment typically experiences higher lateral earth pressure (induced by
the full height of the embankment fill) when compared with other abutment types (Briaud, James

and Hoffman 1997, Wahls 1990).
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The stub abutment has a shorter wall and is typically founded near the top of the
embankment fill (Figure 2.5). Due to the relatively short height of the wall, the lateral earth
pressure on the stub abutment is lower than in other abutment types (Briaud, James and Hoffman

1997, Wahls 1990).

Stub abutment

Figure 2.5 Typical stub abutment

A wing wall is usually attached to the abutment at each side to retain the embankment
fill. 1t could be attached at different angles with respect to the abutment. Typically, the wing wall
extends along the longitudinal with the height decreasing as the distance from the abutment

increases (Briaud, James and Hoffman 1997, Wahls 1990).
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Proper compaction of soil near the abutment backwall is difficult to achieve due to the
confined space in that area. Hoppe (1999) reported that 50% of the DOTs have had difficulty in
obtaining the specified degree of backfill compaction near the abutment wall. Consequently, as
this area becomes larger, the soil would become more vulnerable to settlement and/or washout.

This could lead to the formation of a void underneath the approach slab.

2.3.3.2 Abutment foundation type

The abutment wall is either supported on piles or on spread footing. The type of the
foundation influences the differential settlement of the approach slab, since one end of the
approach slab is supported on the bridge abutment. Typically, pile-supported abutments induce
negligible settlement. This in turn leads to great differential settlement of the approach slab, thus,
increasing the chance for forming bumps. On the other hand, abutments that are supported on
spread footings tend to generate higher settlement. This in turn could lead to low differential
settlement in the approach slab and lessen the chances of the bump formation (Laguros, Zaman

and Mahomood 1990).

2.3.3.3 Movement of the abutment

The movement of the abutment affects both the bridge and the embankment fill and can
influence the formation of the bump. In integral bridges, thermal expansion and/or contraction of
the bridge causes the abutment wall to move laterally towards or away from the adjacent soil.
These cyclic movements induce large horizontal displacement in the backfill soil, resulting in a
formation of a void underneath the approach slab. Figure 2.6 shows the mechanism of the void

formation due to the abutment movement (Puppala, et al. 2008).
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Figure 2.6 Mechanism of void formation due to abutment movement (Puppala, et al. 2008)

2.3.4 Approach slab

The approach slab offers several advantages and some disadvantages when employed at
the end of the bridge. Some of the advantages include facilitating a smooth transition between
the bridge and the roadway, reducing truck impact on the abutment, and preventing water
infiltration behind abutment wall. Some of the disadvantages include higher construction cost,

and maintenance issues that are related to the differential settlement.

Typically, the approach slab is a reinforced concrete member that is supported on the
abutment at one end and on a sleeper slab at the other end. The approach slab is usually extended
to a certain distance to cover the problematic area where a void could develop. It is designed to
carry dead load and traffic live load. The approach slab typically has two steel reinforcement

layers at the top and bottom.

Connecting the approach slab to the abutment helps in directing the surface water away
from the abutment back wall through which erosion of the backfill material could occur (Phares
and Dahlberg 2015). There are two ways to connect the approach slab to the bridge abutment in

which the approach slab would rest on a corbel or lip built onto the abutment. One way is to
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extend reinforcing steel dowels from the bridge deck into the approach slab. Another way
involves placing inclined bars to form an integrated connection between the approach slab and
the abutment. In both ways, the bars are meant to restrict the relative horizontal movement
between the approach slab and the bridge abutment while allowing the slab to rotate. The
approach slab could also have no positive connection (no steel bars across the interface) with the
superstructure (Greimann, et al. 2008). In such cases, the approach slab could gradually separate

from the bridge.

The design parameters for the approach slab can significantly influence the bump at the
end of the bridge. The length and thickness of the approach slab, type of support at the approach
slab/pavement connection, and type of connection to the bridge are important factors that should
be taken into consideration in any approach slab design. The design of the approach slab must
assure that the slab can withstand the anticipated differential settlement and that the resulting

slope is within tolerable limits (see Section 2.1).

2.3.5 Drainage

Utilizing proper drainage systems can help control the erosion of the backfill material and
reduce hydrostatic pressure behind the abutment wall. Adequate drainage system should keep the
water away from behind the abutment. Poor drainage can lead to slope instability, slope
subsidence, and significant damage to the bridge abutment and approach slab; all of which are
factors contributing to the formation of the bump at the end of the bridge. In that manner, both
surface and subsurface drainage should be counted for in the bridge approach system. One
approach to keep the runoff water away from the backfill involves using gutters and paved

ditches along both sides of the pavement (Briaud, James and Hoffman 1997, Lenke 2006).
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Examples of subsurface drainage enhancement include utilizing plastic drainpipes,
abutment weep holes, joints sealing, and free-draining granular fills. White et al. (2005) reported
three different drainage systems that are commonly used. These include employing porous
backfill around a perforated drainpipe, wrapping a geotextile around the porous fill, and utilizing
a vertical geo-composite drainage system. Figure 2.7 shows the three subsurface drainage

systems.

Geocomposite drain

Geotextile wrap

Figure 2.7 Typical subsurface drainage system (Hoppe 1999, White, et al. 2005)

2.3.6 Construction method

Factors that can influence the formation of the bump include compaction level, lift
thickness, and sequence of construction. The required compaction level of the
backfill/embankment fill varies among DOTSs. Nevertheless, most DOTSs require the fill to be
compacted to over 90% of the standard proctor value. The lift thickness ranges from a minimum
of 4 in (101 mm) (Washington DOT) to a maximum of 12 in (305 mm) (Taxes DOT) (Hoppe

1999).

According to Hoppe (1999), most DOTs construct the embankment fill before

constructing the bridge abutment. This allows the embankment to undergo some of its total
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settlement before opening the bridge to the public. Typically, the type of abutment influences the
order of construction. When a stub abutment is employed, the embankment is typically construed
first, and the abutment is placed near the top of the embankment. However, when a wall

abutment is employed, the abutment is constructed first (Hoppe 1999).

2.3.7 Traffic volume

The average daily traffic (ADT), vehicle speed and weight, and number of cycles of
loading can influence the formation of the bump at the end of the bridge when no approach slab
is employed. Based on the compressibility and/or level of compaction of the soil, the approach
fill could be further compressed due to heavy traffic loading. When an approach slab is
employed, it significantly decreases the severity of the bump caused by this void. The approach
slab is usually designed to sustain full traffic loading in a free span, even if it has lost contact
with the underlying soil. In such cases, the traffic volume, and vehicle velocity would not have
any effect on the formation of the bump at the end of the bridge (Dupont and Allen 2002,

Puppala, et al. 2008, Lenke 2006).

2.3.8 Bridge skew

Laguros, Zaman, and Mahmood (1990) reported that skewed approach fills were
associated with higher settlement than non-skewed approach fills. However, a relationship

between the settlement and the degree of skewness could not be established.

Nassif et al. (2002), conducted finite element analyses to evaluate the performance of
skewed approach slabs under differential settlement. It is reported that skewed approach slabs

developed higher tensile stresses than straight approach slabs.
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Cai, Voyiadjis and Shi (2005) agreed with the findings of Nassif et al. (2002), and
showed that, in skewed approach slabs, the tensile stress distribution along the long side of the

approach slab increases as the differential settlement increases (Figure 2.8).
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(a) Settlement = 0.5 in. (b) Settlement = 6 in.

Figure 2.8 Distribution of tensile stress in skewed approach slab (Cai, Voyiadjis and Shi 2005)

2.4 Mitigation techniques

The mitigation techniques that are typically used after formation of the bump are

classified into four groups:

e Improvement of the natural soil;
e Improvement of the embankment fill;
e Enhancement of the drainage and erosion control system; and

e Improvement of the approach slab design.

Wick and Stoelhorst (1982) recommended several practices to control the differential
settlement of the approach slab. These include supporting the approach slab/pavement end with a
sleeper slab, cement stabilization of the embankment fill, and implementation of drainage control

systems.

24



Karemer and Sajer (1991), made several recommendations to minimize the differential
settlement of the approach slab. One recommendation was to level out the slope of the
embankment with wing walls. This was intended to reduce creep settlement of the natural soil,
especially of highly plastic and/or organic soils. They also recommended that good quality
control of embankment materials and compaction specifications would help reduce the
settlement of the embankment fill. Another recommendation was to straighten the backwall face

of the abutment. This was intended to simplify the compaction process near the abutment wall.

Briaud, James and Hoffman (1997) made several recommendations regarding the design,
construction and maintenance of the bridge approach area to minimize or eliminate the bump.

These recommendations are summarized as follows:

e Utilizing an approach slab particularly when excessive settlement is anticipated.
e Implementation of an adequate drainage and erosion control system.
e Performing routine inspection and maintenance to enhance performance of the

approach area and improve the overall rideability.

Hoppe (1999) conducted a survey of various states regarding issues related to the
approach slab. The objective of this study was to compare various state practices including those
adopted by Virginia DOT. Ultimately, design recommendations were made for mitigating the
differential settlement of the approach slab. The recommendations are listed below and

illustrated in Figure 2.9:

e Utilizing a full-width, curb-to-curb, approach slab. This was intended to lessen

the void formation due to water seepage.
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e Appropriate design of the approach slab. The length of the approach slab is
typically designed to ensure gradual transition between the bridge and the
roadway.

e Lowering the approach slab below the base course level. This was aimed at ease
of placement of future asphalt overlays. The Virginia DOT design required the
approach slab to be lowered 28 in (700 mm) below the road surface (Figure 2.9).

e Pre-cambering of the embankment fill for a distance equal to the length of the
approach slab (Figure 2.9). This was intended to account the post-construction

settlement.

Change in slope <1/125

Damp-proofing
Pavement

Base course

0.70m

Pre-camber

Superstructure

1/4% Slope away from backwall

Embankment fill

B s s i e AT ST e S L LU S
Figure 2.9 Proposed approach slab configuration (Hoppe 1999)

A later study by Dupont and Allen (2002) agreed with the Hoppe (1999)
recommendations and made recommendations for reducing differential settlement. These

recommendations were discussed in section 2.2 (see Table 2.3).

Mistry (2005) recommended several practices regarding the design of the approach slab.

Some of the recommendations are summarized below.
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e Cooperation between structural and geotechnical engineers, especially in the
decision to use an approach slab. The decision should be based on long-term
performance and life cycle cost, instead of the initial cost of the project.

e Standardized use of a sleeper slab. This was meant to prevent excessive
settlement and cracking at the approach slab/pavement connection.

e Using a well-drained granular backfill material to accommodate expansion and
contraction of the bridge abutment, especially in integral abutment bridges.

e Connecting the approach slab to the superstructure with a hinge connection.

e Providing two layers of polyethylene sheets or fabric underneath the approach
slab to reduce friction caused by the horizontal movement of integral abutments.

e Limiting skew angle to 30 degrees to minimize the magnitude and lateral

eccentricity of the longitudinal forces.
2.5 Optimum approach slab configuration

This section is a review of previous studies that proposed various approach slab
configurations to mitigate the formation of the bump and to improve the overall ride quality of

the bridge approach area.

Wong and Small (1994) proposed utilizing an angled approach slab that is sloping down
beneath the pavement (Figure 2.10). According to their findings, the formation of the bump was
attributed to the abrupt change in the material stiffness between the approach slab and the
pavement. Consequently, it was anticipated that this slab configuration would result in a

smoother and more gradual change in the material stiffness.
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Figure 2.10 proposed approach slab (Wong and Small 1994)

Physical models of pavements and approach slabs have been examined in a laboratory-
scale test track. Three different approach slab orientations of 0, 5, and 10 degrees have been
evaluated. As a result, it was concluded that the severity of bump decreases as the oriented angle

of the approach slab increases. Figure 2.11 shows the surface deformation of the three

orientations used in the study.
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Figure 2.11 Surface deformation of angled slabs (Wong and Small 1994)

Seo, Ha and Briaud (2002) examined the performance of the approach slabs for the Texas
DOT. The typical approach slab had a thickness of 12 in (305 mm) and consisted of two 20 ft
(6.1 m) spans. The slab was designed to be supported on the abutment wall, embankment fill,
support slab and sleeper slab (Figure 2.12). In addition, a wide flange steel beam was employed

at the end of approach slab to accommodate the thermal movements of the pavement.
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Figure 2.12 Current Taxis DOT approach slab (Seo, Ha and Briaud 2002)

Finite element analyses were carried out in this study. As a result, the following

conclusion were drawn:

e The differential settlement between the bridge and the embankment fill is
unavoidable when the abutment is supported on piles.

e The abutment wall has a significant influence on the differential settlement. The
friction between the abutment wall and the adjacent backfill soil restricts some of
the soil in the vicinity of the abutment wall, while the soil away remains
unsupported and settles more.

e The transition zone, where most of the settlement occurs, is approximately 40 ft
(12.2 m) away from the back of the abutment wall.

e The width of the support slab, sleeper slab, and the height of the embankment
were found to influence the differential settlement of the approach slab. The

optimum width of the support slab and sleeper slab was found to be 5 ft (1.5 m).

Seo, Ha and Briaud (2002) proposed a new approach slab concept to simplify the
construction, reduce cost, and lessen the need for good compaction in the backfill area. The
proposed approach slab was a single 20 ft (6.1 m) slab supported on the abutment wall at one end

and a sleeper slab at the other end (Figure 2.13). The slab was designed to carry the loads
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without the support of the soil. The wide flange steel beam was kept in this design to

accommodate thermal movement of the pavement.
After examining the proposed approach slab, the following conclusion were drawn;

e The single-span approach slab has performed better and resulted in a smaller
bump than the current two-span approach slab.
e Highly compacted embankment soils result in a smaller bump at the approach

slab/pavement end.

Bridge Approach Slab (20ftL Pavement

-+ |

CEEL
\ Wide Flange Sleeper Slab

Abutment

Embankment

Figure 2.13 Single span approach slab (Seo, Ha and Briaud 2002)

Cai, Voyiadjis and Shi (2005) performed a numerical study of the performance of two
different approach slab types (flat versus ribbed) under a given differential settlement. The
presumed settlement profiles employed in the analysis were based on a partial embankment
contact with the approach slab. This study was aimed at establishing a relationship between the
internal forces and deformation in the slab with some of the design parameters including length

and thickness. Figure 2.14 shows the layout used in their study.
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Figure 2.14 Layout of the finite element analysis (Cai, Voyiadjis and Shi 2005)

As a result of the study, it was concluded that the flat approach slab was more applicable
for short spans, i.e. 20 to 40 ft (6.1 to 12.2 m) because the longer spans required greater
thickness. In such cases, ribbed approach slab was preferred. The slab on beam behavior in
ribbed slabs would significantly reduce the internal stresses and deformation, thus reducing the
amount of reinforcement. Figures 2.15 and 2.16 show the stress distribution in a flat and ribbed

approach slab with a 6 in (152 mm) embankment settlement.
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Figure 2.15 Stress distribution in flat slab (Cai, VVoyiadjis and Shi 2005)
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Figure 2.16 Stress distribution in ribbed slab (Cai, Voyiadjis and Shi 2005)

The connection between the approach slab and the bridge abutment was also investigated
in their study. As a result, it was recommended that an inclined bar be used to connect the
approach slab with the abutment. This connection would allow free rotation between the

approach slab and abutment while restricting the relative horizontal movement between them.

Abu-Farsakh and Chen (2014) examined the performance of a proposed approach slab
that relied upon increasing its rigidity as well as reinforcing the embankment soil underneath the
sleeper slab. The rigidity of the proposed approach slab was increased by increasing its thickness

to 16 in (406 mm) and utilizing more steel reinforcement. The reinforcing of the embankment
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soil was made by adding six layers of geogrid spaced at 12 in (305 mm). The soil reinforcement
was designed to mitigate the embankment settlement and increase its bearing capacity. Figure

2.17 shows the standard and the proposed approach slab layout.

Both approach slabs were monitored for one and a half year. The proposed approach slab
performed better than the standard slab. Furthermore, the proposed approach slab underwent
most of its total settlement during the test period, while the standard approach slab continued

settling after the test.
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Figure 2.17 Standard (top) versus proposed (bottom) approach slab (Abu-Farsakh and Chen 2014)

Das et al. (1999) evaluated the performance of the pile-supported approach slabs in
Louisiana. The pile-supported approach slabs were frequently used in the southeastern part of

Louisiana, due to the existence of weak soils in that area.

The typical pile-supported approach slab had an 80-120 ft (24-37 m) long span. Timber
piles with variable lengths were used, with the longer piles located near the approach slab/bridge

end and the shorter piles located near the approach slab/pavement end (Figure 2.18).
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Figure 2.18 Pile-supported approach slab (Bakeer, Shutt, et al. 2005)

The performance of the pile-supported approach slab was evaluated by visual inspection,
surveys and assessment of road surface condition. It was noted that while many pile-supported
approach slabs performed well, many others settled enough to develop a bump at the approach
slab/pavement end. The reason for such settlement was attributed mainly to the unanticipated
negative skin friction (downdrag force) imposed on the piles. Accordingly, it was pointed out
that soil should undergo most of its consolidation before installing the piles to overcome the

negative skin friction.
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CHAPTER 3 - STATES PRACTICES RELATED TO APPROACH

SLABS

As discussed in Chapter 2, the design parameters of the approach slab and approach area
have a significant effect on the bump formation at the ends of the bridge. This include the
configuration of the approach slab, connection of the approach slab to superstructure, support
type at the approach slab/pavement end, backfill material, and side slope of the embankment fill.
In this phase of the study, an extensive examination of bridge manuals/guidelines published by
all DOTSs was conducted. The objective was to understand and compare the current practices (as

of 2017) related to the design of the approach slab and the approach area.

An examination of the bridge manuals (including standard drawings) was carried out and
practices relevant to the design criteria and parameters of the approach slab and approach area
were retrieved. These include the state’s preference for utilizing an approach slab at the end of
the bridge, support type at the approach slab/pavement connection, approach slab configuration
with skewed bridges, details of connection to the superstructure, approach slab dimensions

(length and thickness), and other information related to the approach area.
3.1 Approach slab preference

Approach slabs are typically utilized for new bridges under all conditions. Nevertheless,
some of the DOTS require certain conditions before requiring the use of an approach slab. Some
of these conditions include the superstructure length, height of the embankment, adjacent
roadway pavement type, abutments type, average daily traffic (ADT), and average annual daily

traffic (AADT). For instance, Colorado DOT provides the following conditions:
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e The superstructure length is over 250 ft (76 m).
e The adjacent roadway pavement is concrete.

e When high embankment fills are used.

e When the district requests it.

e All post-tensioned structures.

Data from bridge manuals (Table 3.1 and Figure 3.1) show that approximately 41% of the
DOTs prefer the use of the approach slab for all bridges, while 22% specify certain conditions
before employing the approach slab. Roughly 2% do not prefer the use of the approach slab;
however, their practice is to design the bridge abutment for future possibility of adding an
approach slab. The remaining 35% did not mention any preference in utilizing an approach slab

at the ends of the bridge.
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Table 3.1 DOTSs preference of approach slab

DOT Preference DOT Preference
Avrizona Preferred Montana Not preferred
Alaska — Nebraska Preferred
Alabama — Nevada Preferred
Arkansas — New Hampshire Preferred
California Preferred New Jersey Preferred
Colorado Preferred under certain conditions New Mexico Preferred
Connecticut Preferred North Carolina Preferred
District of Columbia Preferred North Dakota —
Delaware Preferred under certain conditions New York Preferred under certain conditions
Florida Preferred Ohio Preferred
Georgia — Oklahoma —
Hawaii — Oregon —
Idaho Preferred under certain conditions | Pennsylvania Preferred
Illinois — Rhode Island —
Indiana — South Carolina | Preferred under certain conditions
lowa — South Dakota Preferred
Kansas Preferred Tennessee —
Kentucky Preferred under certain conditions Texas —
Louisiana — Utah Preferred
Maine Preferred under certain conditions Vermont Preferred under certain conditions
Maryland Preferred under certain conditions Virginia Preferred
Massachusetts — Washington Preferred
Michigan Preferred West Virginia | Preferred under certain conditions
Minnesota — Wisconsin Preferred under certain conditions
Mississippi — Wyoming Preferred
Missouri Preferred
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Approach slab preference

35%

Not mentioned Not preferred = Preferred under conditions = Preferred at all bridges

Figure 3.1 DOTs preference regarding use of approach slab

3.2 Approach slab/pavement end support

The approach slab/pavement end is usually supported on the embankment soil (soil
support), sleeper slab (Figure 3.2), or a thickened slab edge at the end of the approach slab
(Figure 3.3). Typically, a sleeper slab or a thickened edge is utilized when the adjacent roadway
pavement is rigid (concrete roadway). This aims to mitigate the abrupt change between the
approach slab and the roadway pavement. The South Carolina DOT defines the sleeper slab as “a
foundation slab, inverted tee-beam or L-beam placed transversely supporting the end of the
approach slab away from the bridge. Sleeper slabs should be used to provide an off-bridge joint

at the end of the approach slab”
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Figure 3.2 Typical approach slab supported on sleeper slab
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Figure 3.3 Typical approach slab with thickened edge

Data from bridge manuals (Table 3.2 and Figure 3.4) show that approximately 51% of the

DOTs use only sleeper slab, 4% use only thickened edge, and 6% use either sleeper slab or

thickened edge (design decision) to support the end of the approach slab at the roadway

pavement. Roughly, 20% of the DOTSs rely on the embankment fill to provide the support for the

approach slab. The remaining 19% did not mention the support type at the approach

slab/pavement end.
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Table 3.2 Approach slab/pavement end support type

DOT Support type at end of BAS DOT Support type at end of BAS
Arizona Sleeper slab Montana —
Alaska — Nebraska Sleeper slab

Alabama Sleeper slab/Thickened edge Nevada Sleeper slab
Arkansas Sleeper slab New Hampshire Sleeper slab
California Fill support New Jersey Sleeper slab
Colorado Sleeper slab New Mexico Sleeper slab
Connecticut Fill support North Carolina Sleeper slab
District of Columbia Sleeper slab North Dakota —
Delaware Sleeper slab/Thickened edge New York Sleeper slab
Florida — Ohio Fill support
Georgia Fill support Oklahoma Fill support
Hawaii — Oregon Fill support
Idaho Sleeper slab Pennsylvania Sleeper slab
Illinois Sleeper slab Rhode Island Sleeper slab
Indiana Sleeper slab/Thickened edge | South Carolina Sleeper slab
lowa Thickened edge South Dakota Sleeper slab
Kansas Sleeper slab Tennessee Sleeper slab
Kentucky Fill support Texas Sleeper slab
Louisiana Fill support Utah Sleeper slab
Maine — Vermont —
Maryland — Virginia Fill support
Massachusetts Thickened edge Washington Fill support
Michigan Sleeper slab West Virginia —
Minnesota Sleeper slab Wisconsin Sleeper slab
Mississippi — Wyoming Sleeper slab
Missouri Sleeper slab
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Support type at approach slab/pavement end
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Figure 3.4 Approach slab/pavement end support type

3.3 Approach slab configuration with skewed bridges

Two approach slab configurations could be used along with skewed bridges. The
approach slab/pavement end could be made parallel to the skewed bridge or squared off.
Typically, the decision for employing one configuration over the other would be based on the
adjacent pavement type along with the skew angle. Frequently, the parallel approach
slab/pavement end is employed when the adjacent pavement is flexible (asphalt pavement), and
when the skew angle of the bridge is less than 30 degrees. The squared off approach
slab/pavement end is employed when the adjacent pavement is rigid (concrete pavement), and
when the skew angle of the bridge is greater than 30 degrees. Nevertheless, some DOTs would

use either configuration regardless of the pavement material.
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Data from bridge manuals (Table 3.3 and Figure 3.5) show that approximately 33% of the
DOTs employ the parallel approach slab/pavement end when the bridge is skewed, 18% employ
the squared off approach slab/pavement end, and 20% use one configuration over the other based

on the adjacent pavement type and/or the skew angle. The remaining 29% did not mention the

approach slab configuration with skewed bridges.

Table 3.3 Approach slab/Pavement end configuration with skewed bridges

DOT Approach slab end configuration DOT Approach slab configuration
Avrizona Pavement type/Skew degree Montana —

Alaska — Nebraska Follows skew angle
Alabama Pavement type/Skew degree Nevada Follows skew angle
Arkansas Squared off New Hampshire —

California Pavement type/Skew degree New Jersey Follows skew angle
Colorado Follows skew angle New Mexico —
Connecticut Pavement type/Skew degree North Carolina Pavement type/Skew degree
District of Columbia Follows skew angle North Dakota Squared off
Delaware — New York Pavement type/Skew degree

Florida Pavement type/Skew degree Ohio Follows skew angle
Georgia Follows skew angle Oklahoma —

Hawaii — Oregon Follows skew angle

Idaho Pavement type/Skew degree Pennsylvania Follows skew angle

Illinois Follows skew angle Rhode Island —

Indiana Squared off South Carolina —

lowa Squared off South Dakota —

Kansas Squared off Tennessee Follows skew angle
Kentucky Follows skew angle Texas Squared off
Louisiana Squared off Utah —

Maine Follows skew angle Vermont Follows skew angle

Maryland — Virginia Follows skew angle

Massachusetts Follows skew angle Washington Squared off

Michigan Squared off West Virginia —

Minnesota Pavement type/Skew degree Wisconsin Follows skew angle
Mississippi — Wyoming Pavement type/Skew degree

Missouri —
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Approach slab configuration with skewed bridges

= Not mentioned = Follow skew angle = Squared off Pavement/Skew angle

Figure 3.5 Approach slab/Pavement end configuration with skewed bridges

3.4 Approach slab connection mechanism to the superstructure

Connecting the approach slab to the superstructure (through reinforcement) restricts the
relative movements between the approach slab and the abutment and allows a free rotation of the
approach slab at the approach slab/bridge interface. In addition, it allows the expansion joint to

be moved away from the wall abutment (that could reduce erosion of the backfill material).

Data from bridge manuals (Table 3.4 and Figure 3.6) show that approximately 61% of the
DOTs connect the approach slab to the superstructure and 4% use no connection mechanism
(reinforcement). Roughly 16% of the DOTs make connect or not connect based on the type of
approach slab. The remaining 19% did not mention the connection type used between the

approach slab and the superstructure.
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Table 3.4 Approach slab connection mechanism to the superstructure

DOT Connection mechanism DOT Connection mechanism

Avrizona Connection to superstructure Montana —

Alaska — Nebraska Connection to superstructure
Alabama Based on BAS type Nevada Connection to superstructure
Arkansas No connection New Hampshire —

California Connection to superstructure New Jersey Connection to superstructure
Colorado Connection to superstructure New Mexico —

Connecticut

Connection to superstructure

North Carolina

Based on BAS type

District of Columbia

Connection to superstructure

North Dakota

Connection to superstructure

Delaware Based on BAS type New York Based on BAS type
Florida Connection to superstructure Ohio Connection to superstructure
Georgia No connection Oklahoma Connection to superstructure
Hawaii — Oregon Connection to superstructure

Idaho Connection to superstructure Pennsylvania Based on BAS type

Ilinois Connection to superstructure Rhode Island Connection to superstructure

Indiana Connection to superstructure South Carolina Connection to superstructure

lowa Connection to superstructure South Dakota —

Kansas Connection to superstructure Tennessee Connection to superstructure
Kentucky Connection to superstructure Texas Connection to superstructure
Louisiana — Utah Connection to superstructure

Maine No connection Vermont Based on BAS type
Maryland — Virginia Based on BAS type

Massachusetts Based on BAS type Washington Connection to superstructure

Michigan — West Virginia —

Minnesota Connection to superstructure Wisconsin Connection to superstructure

Mississippi — Wyoming Connection to superstructure
Missouri Connection to superstructure
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= Not mentioned = No connection = Connection to superstructure Based on BAS type

Figure 3.6 Approach slab connection mechanism to the superstructure

3.5 Approach slab dimensions

The length and thickness of the approach slabs are typically designed to ensure that the
approach slab sustains the imposed internal stresses and deformations. Usually, the approach slab
is designed to carry its own dead weight, future wearing surface as dead load, and traffic live
load. The length and thickness must be determined such that the approach slab maintains a

smooth transition between the bridge and the roadway pavement.

Figures 3.7, 3.8, and Table 3.6 show the length and thickness of the approach slab as
indicated by various DOTSs in their bridge manuals. The data show that most DOTSs use an
approach slab length of 15-30 ft (4.6-9.1 m) with an average length of 20 ft (6.1 m). In addition,

some DOTSs utilize an equation-based criterion to determine the length of the approach slab.
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These are shown in Table 3.5. The data also show that most DOTs use an approach slab

thickness of 9-15 in (229-381 mm) with an average thickness of 12 in (305 mm).

Table 3.5 Length of the approach slab using equation-based criterion

DOT Approach slab length Parameters
Colorado 20sinf 6 = skew angle of the bridge
Nevada 2D D = structure depth
New York 1.5H, Ha = abutment height
H = height of the embankment
Ohio 1.5(H +w + 1.5)/cos 6 w = width of the footing heel
6 = skew angle of the bridge
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Figure 3.7 Approach slab length (ft)
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Figure 3.8 Approach slab thickness (in)
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Table 3.6 Approach slab dimensions

Length (L) ft (m)

Length (L) ft (m)

2o Thickness (T) in (mm) DoT Thickness (T) in (mm)

Arizona #31125 ((??Og)) Montana —

Alaska — Nebraska -IF ::12 f ((365%3))
Alabama -% 2: 12 8 ((265%‘)) Nevadal" 'II::E 123 ((CZO%))
Arkansas %—22 196(23)) New Hampshire TLzzléo(?Eg)l)
California 1|? ::1320 ((??0513)) New Jersey Tngléo(g;)

Colorado™ 1%:2123 ((??0?) New Mexico L= 11(4'3)

Connecticut 1%::1156((;8?)) North Carolina 'II:EZ 1125 ((;102))

District of Columbia .:?5125? ((??811)) North Dakota 'Ifzzlzz? ((:?5(15))
Delaware 18 (5.T5): 51 é(i 036?) (9.1) New Yorkl1l 10 ($)31L22(32055)(7'6)

Florida h 85?) Ohio 12 (30L5)2 o1 (54'167) (432)

Georgia 1|? :2 128 ((55%1)) Oklahoma 'Ir_=2 12?? ((363%)))

Hawaii — Oregon '|I:§ 125 ((2(.5015))

ldaho 1': N 1220 ((3?0?) Pennsylvania _::22 1265 ((ZO%))

lllinois T ie o0 Rhode Island o1 e

Indiana _'F;lz(?((fsi)) South Carolina 1'::1220 ((??O?)

lowa |_-|_:: ig (égf)) South Dakota I}-:: go(ég.gl))

Kansas I:r:z 31(3) ggj)) Tennessee -IF ::1224 ((370?5;))
=0 L=oc)
Louisiana -:?22 128 ((5)5}1)) Utah = 2i(7.6)

Maine LT:=185 (52843)7 ) Vermont 'IF_EE llf ((;5%))
Maryland — Virginia '|I::2125(>) ((??811))

Massachusetts TLzzl(l)O(z(gl) Washington '|I: :2 123? ((3?3%))
Michigan -ll? :1220((360?) West Virginia 'Ir_:2122 ((\’?0?)
Minnesota -||?:=1220((360?) Wisconsin '|I::=12éJ ((fo%;))
Mississippi — Wyoming 'II:::1205 ((275?1))
Missouri 1|? :125((360?)

[1] Utilizes equation-based criterion to determine the length of the approach slab (refer to Table 3.5)




3.6 Embankment and backfill considerations

Information regarding the type of the backfill material, slope of the backfill area,
compaction level of the backfill area, and the side slope of the embankment fill were retrieved
from the bridge manuals. The data (Table 3.7) show that the customary practice in the backfill
area is to utilize a free draining granular material backfill material with a slope of 1:1 (1 vertical
to 1 horizontal) and compacted to 95% of the standard proctor. The data also show that a slope of

1:2 (1 vertical to 2 horizontal) is commonly used on the sides of the embankment fills.
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Table 3.7 Embankment and backfill consideration

Slope of backfill | Compaction
DOT Backfill type area level Side slope of embankment
(V to H) (%) (V to H)
Arizona Free draining, non-expansive — 95 —
Colorado Flow-fill 1to?2 90 1to?2
Connecticut Granular 1tol5 — 1to?2
D. Columbia Granular — 95 —
Delaware Granular — — 1to?2
Georgia — — — 1to2
Ilinois Granular — — 1to?2
Kansas Granular — — 1lto2
Kentucky Granular ltol — 1to?2
Louisiana Granular ltol — 1lto2
Maine Granular — — —
Maryland — — 95 —
Massachusetts Gravel — — 1to2
Michigan Granular ltol 95 ltol
Minnesota — — — 1to2
Montana Selected — 95 1to2
Nebraska Granular — — —
Nevada Granular — 95 1to2
N.Hampshire Granular — — —
New Jersey Porous ltol — —
N.Carolina Selected — — 1to2
New York — 1lt0?2 95 —
Ohio Porous — — 1to2
Oklahoma Granular ltol — —
Oregon Granular ltol — —
Pennsylvania Granular — — —
S.Carolina Coarse aggregate 2to1 — 1to2
South Dakota Granular — 95 1to3
Tennessee Granular, aggregate — 95 —
Utah Selected, porous — — —
Vermont Granular — — —
Virginia Granular, free draining — — 1to2
Washington Gravel — 95 1to2
West Virginia — — — 1to2
Wisconsin Granular 1tol1l5 — lto?2
Wyoming Granular — — —
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CHAPTER 4 - DEVELOPMENT OF FINITE ELEMENT SOIL-

STRUCTURE INTERACTION MODEL

4.1 Introduction

The analytical modeling of any structure can be represented through a finite number of
elements that are computationally assembled and analyzed to obtain a solution for the structure.
For the purpose of this study, the commercial finite element software ABAQUS was used to run

the developed model that was constructed to analyze the soil-structure interaction effects.

In this study, three finite element models were developed, and parametric studies were
performed to evaluate the soil/approach slab settlement behind bridge abutments for various soil
conditions (Chapter 5), and to quantify the pile head settlement and load distribution along piles
as a function of pile-soil parameters (Chapter 6). Table 4.1 shows general description of the

employed models.

Table 4.1 Description of the simulation used in this study

Finite element model type Obijective Examined parameter
Height of embankment fill
Two-Dimensional Transverse Simulate the soil settlement - Embankment soil type -
. . . Side slope of embankment fill
(Figure 4.1) behind bridge abutments. - -
Height of natural soil
Natural soil type
Erosion of backfill material
Two-Dimensional Longitudinal Simulate the formation of the Slope of backfill area
(Figure 4.2) bump at the end of the bridge. Backfill soil compaction level
Abutment type
Length of approach slab segment
Three-Dimensional Pile-Soil System Simulate the behavior of piles Number of approach slab segments
. founded on various pile-soil — -
(Figure 4.3) conditions. Pile size (diameter)
Pile length
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' Embankment Fill

Figure 4.1 Two-Dimensional transverse model

Approach Slab Roadway Pavement

Bridge Abutment

- -Embankment Fill - -

" Natural Soil

Figure 4.2 Two-Dimensional longitudinal model
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Soil
Embankment Fill [] =~ = .

Pile

Q-

Natural Soil * -’
. Top view

Cross section
Figure 4.3 Three-Dimensional pile-soil system model

4.2 Geometry and boundary conditions

The geometry and boundary conditions of each finite model was discussed separately

(see Sections 5.4.2,5.6.2, and 6.6.2).
4.3 Contact behavior at soil-structure interfaces

A typical soil-structure system involves the interactions between several structural
elements with the soil. The contact behavior at these interfaces must include interface elements

that can transfer the load in the normal as well as tangential directions.

In the finite element software ABAQUS, the load transfer mechanism in the direction
normal to the contact surface can be represented by a contact pressure-overclosure relationship.

This type of relationship minimizes the penetration across the interfaces and does not allow the
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transfer of tensile stress between the two elements in contact (master and slave elements).
According to ABAQUS (2015), the pressure-overclosure relationship can be described as
follows: “when two surfaces are in contact, any contact pressure can be transmitted between
them. The surfaces separate if the contact pressure reduces to zero. Separated surfaces come
into contact when the clearance between them reduces to zero” (ABAQUS 2015, 37.1.2 Contact

pressure-overclosure relationships). Figure 4.4 illustrates the default pressure-overclosure

relationship.
Master F Master T F
Element Element
) !
Interface Element A J=\ 0 Interface Element l
Slave Slave
Element Element
(a) compression (b) tension

Figure 4.4 Pressure-overclosure relationship (ABAQUS 2015)

On the other hand, the load transfer mechanism in the tangential direction can be
represented by the coulomb friction model defined within ABAQUS. The coulomb friction
model relates the maximum allowable frictional shear stress, z, across an interface to the contact
pressure, p. According to ABAQUS (2015), the coulomb friction model can be described as
follows: “two contacting surfaces can carry shear stresses up to a certain magnitude across their
interface before they start sliding relative to one another; this state is known as sticking”
(ABAQUS 2015, 37.1.5 Frictional behavior). Specifically, the coulomb friction model defines a
critical shear stress, zcrit, at which sliding of the surfaces begins. The magnitude of zcit is
proportional to p, represented by 7., = up, where u is the coefficient of friction. The stick/slip
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calculations within ABAQUS determine when a point transitions from sticking to slipping or
from slipping to sticking based upon the value of  (ABAQUS 2015). Figure 4.5 illustrates the

slipping behavior of the coulomb friction model.

Terit
Slave
Master Element
Element
Terit \
Interface
Element

Figure 4.5 Slipping behavior of the coulomb friction model (ABAQUS 2015)

ABAQUS (2015) provides general rules to assign the master and slave elements to the
modeled component. Accordingly, master elements should be assigned to those parts that are

larger, stiffer and have coarser mesh.

4.4 Analysis procedures

The analysis procedures of each finite model was discussed separately (see Sections

5.4.3,5.6.4, and 6.6.4).
4.5 Simulating non-linear behavior of soil

When soil is subjected to load, it undergoes elastic and plastic strain. Elastic strain is
reversible while plastic strain is irreversible and causes permanent deformation in the material.
Elasticity theory, namely Hooke’s law, is typically used to describe the reversible deformation of

the material, while plasticity theory is used to describe the irreversible behavior of the material.
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Ultimately, the total strain () is decomposed into an elastic strain component (e¢) and plastic

strain component (gp).

Soil constitutive models, such as the Modified Drucker-Prager/Cap model and Modified
Cam-Clay model, are typically designed to include both elastic and plastic behavior of the soil
under various types of loading. These constitutive models are developed based on experimental

results, typically triaxial shear and isotropic consolidation tests.

4.5.1 Modified Drucker-Prager/Cap constitutive model (MDPCM)

The MDPCM is widely used in finite element analyses to model the behavior of soils and
rocks. It is designed such that it can fit the Mohr-Coulomb shear failure surface with an
additional cap surface. The cap provides a plastic hardening mechanism and helps control
volume dilatancy of the material (ABAQUS 2015). The yield surface of the MDPCM consists of
three segments: shear failure surface segment, Fs, compression cap segment, Fc, and transition

segment in which connects Fswith Fc (Figures 4.6 and 4.7).

Transition
surface, F,

* Rptang)
Figure 4.6 Drucker-Prager/Cap failure surface (ABAQUS 2015)
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Curve K
a 1.0
b 0.8

Figure 4.7 Yield/flow surface in the deviatoric plane (ABAQUS 2015)

The shear failure surface, Fs, is defined in terms of the modified cohesion, d, and

modified angle of internal friction, B, and is given by
FE=t—ptanf—d=0 4-1
Where

p = Equivalent pressure stress = — § trace(o) = — § (01 + 0,4+ 03)

t = Deviatoric stress measure = % [1 + % - (1 - l) (:)3]

q = Mises equivalent stress = Shear stress = \/% [(01 — 02)?% + (05 — 03)?% + (07 — 03)?]

K = Parameter that controls the shape of the yield surface on the deviatoric plane,
typically 0.778 < K < 1.0 (see Figure 4.7).

r = Third stress invariant.

The cap failure surface, Fc, and transition surface, F, are given as
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Rt

F.= |(p=pa)?+|————F5— | —R({d+pgtanp) =0 4-2
ta-osp
04 2
F, = (P—Pa)z+[t—(1—w)(d+patanﬁ) —a(d+pgtanB) =0 4-3

Where
R = Eccentricity parameter that controls the shape of the cap surface.
a = Parameter that shape of define the transition yield surface, typically 0.01 < a < 0.05.

pa = Parameter that controls the hardening/softening behavior as a function of volumetric

pp+Rd

plastic strain = TtRGng

pp = Hydrostatic yield stress (user-defined).

The plastic flow (Figure 4.8) is defined by a non-associated segment on the shear failure

and transition region, Gs, and an associated segment on the cap region, Ge, given as
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Rid+p tanf)

Figure 4.8 Potential plastic flow of MDPCM (ABAQUS 2015)

t
Gs = |[(pa —p)tanp]* + I3 4-4
l+a————
cos S
2
Rt
Ge= |p—p)?+|———a— 4-5
l+a————
cos S

The hardening/softening behavior is described by a piecewise linear function that relates
pvand volumetric plastic strain, e£. This can be typically described as a function of the soil’s
void ratio, e, along with the effective normal stress, a,,. This relationship is ideally represented in

a semilogarithmic plot (Figure 4.9) that can be also expressed in terms of volumetric strain, &,,.
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Figure 4.9 Typical consolidation curves (Coduto 2001)

The above figure shows that e and ¢,, are indirectly related to o,, during the loading and
unloading curves represented by the compression and swelling indexes, Cc and Cs, respectively.

From this relationship, the volumetric plastic strain can be derived as (Helwany 2007)

ePl = Cc— G lna—, 4-6
vol = (In10)(1 + eg) o1

4.5.2 Modified Cam-Clay model (MCCM)

The MCCM is critical state criterion that is used to describe the behavior of fully
saturated clay soils. The soil reaches the critical state after passing through series states of
yielding resulting in strain hardening or softening. At that stage, change in soil volume occurs

with no additional shear stress (Zaman, Gioda and Booker 2000).
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Figure 4.10 Yield surface of Modified Cam-Clay model (Helwany 2007)

The critical state envelope of the MCCM is given as follows:

2

fp,q.pc) = [%] +p(p—p)=0 4-7

Where
p = Mean effective stress = % (01 + 0,4+ 03)

pc = Preconsoldation pressure.

6sing’
!

M = Slope of critical state envelope = —
3—-sin¢@

g = Shear stress = g, —03

The size of the initial yield surface (Figure 4.10) is mainly controlled by pc. The soil
behaves in a plastic manner when the state of the stress touches the yield envelope. The
hardening or softening behavior of the soil is described by the over consolidation ratio (OCR).
Ultimately, when the soil is normally consolidated or lightly overconsolidated, hardening
behavior occurs. On the other hand, when the soil is heavily overconsolidated, softening

behavior occurs. Figures 4.11 and 4.12 show the hardening and softening behavior, respectively.
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Figure 4.11 Hardening behavior of the MCCM (Zaman, Gioda and Booker 2000)
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Figure 4.12 Softening behavior of the MCCM (Zaman, Gioda and Booker 2000)

The elastic behavior can be described by bulk modulus, K. The change in the bulk

stiffness for loading and unloading is represented by

Loading p= —%e}, = K¢, 4-8
. . b . .
Unloading p=—"é&= Ké, 4-9

Where k and A are modified compression index and modified swelling index,

respectively.
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4.6 Material properties

The concrete in the structural components, i.e. abutment wall, approach slab, pile and
roadway pavement, was assumed to be behave in a linearly elastic manner with a modulus of
elasticity that is consistent with a design compressive strength of 4000 psi (28 MPa). Table 4.2
shows the concrete material parameters assumed for the abutment wall, approach slab, pile and

roadway pavement.

Table 4.2 Material parameters used for the structural components

Parameter Concrete
Density (y) pcf (KN/m?) 150 (24)
Modulus of elasticity (E) ksi (MPa) 3,605 (24,856)
Poisson’s ratio (v) 0.21

The soil properties play a significant role in the settlement analysis. These properties are
typically collected from fundamental soil tests such as the triaxial and consolidation tests. In this
study, a wide range of soil properties were adopted from test results reported by other researchers

representing a variety of soil conditions from across the United States.

Three different zones were considered in the analysis; the natural soil, the embankment
fill, and the backfill soil. For the purpose of this study, the backfill soil was selected to be sand,
which was classified based on the degree of the compaction (i.e. 95% or 90%). The natural and
embankment soils were considered to be clay and were classified based on the degree of
compressibility (i.e. highly compressible, moderately compressible, or low compressible).
According to Coduto (2001), the degree of compressibility of soils can be determined based on a

parameter that is related to the compression index, Cc, and the initial void ratio, eo. The soil is

Ce
1+eo

considered low compressible (LC) when ( ) falls between 0.0 to 0.10, moderately
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Cc
1+e,

compressible (MC) when (

Le_js greater than 0.20.
1+eo

Additionally, empirical relationships and typical values were used to obtain the soil

) falls between 0.10 to 0.20, and highly compressible (HC) when

parameters needed for the settlement analysis when actual test results for these parameters were

not reported. Some of the empirical relationships used are listed below (B. M. Das 2011)

Initial void ratio (eo):

Ce

115 + 0.35

eo =
e Swelling index (Cs):

C, = 0.1C,

e Specific gravity of clay soil (Gs):

Gs =2.70 - 2.90

e Water content (w):

_ @ +w)Gsy
1+ €0

e Coefficient of permeability (k):

k=m, Xy, xXC,

Where:
C, = Coefficient of consolidation = 10~1:2697In(LL)+2.1515
LL =Liquid limit.

mv = Volume coefficient of compressibility = Ae/[Ac’ (1 + eyy,)]
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eav = Average void ratio during consolidation.

Ae = Total change of void ratio caused by an effective stress increase of (Ac").

Carter and Bentley (2016) provide typical values of coefficient of permeability (k) for
various types of soil based on the Unified Soil Classification System (USCS). Table 4.3 shows

typical ranges of coefficient of permeability.

Table 4.3 Typical coefficients of permeability (k) for various types of soil (Carter and Bentley 2016)

Soil type Coefficient of permeability (k) ft/s (m/s)
well-graded gravel >3.3x103% (> 1.0x10%)
well-graded sand >3.3x10° (> 1.0x10°%)
Low to moderate plastic clay >1.6x107 (> 5.0x10%)
Highly plastic clay > 6.6x10° (> 2.0x10°)

Three types of clay soils (low compressible, moderately compressible, and highly
compressible) were assumed for the natural and embankment soils. In addition, two types of
granular sand backfill soils (90% and 95% compaction levels) were assumed. Tables 4.4, 4.5,
and 4.6 shows the soil properties used for the natural soil, embankment soil, and the backfill soil,

respectively.

Table 4.4 Soil properties used for the natural soil layer

Soil region Natural soil
Soil type / parameter (Mon(I:e!/azld vbuC 1993) (AIIenC a!ggl Me'a\mgec 1988) (D(;sl,az aI.TQCQ:Q)
Cohesion (C") psi (kPa) 3.47 (23.9) 2.10(14.5) 1.74 (12.0)
Angle of internal friction () (%) 30 28 24
Unit weight (y) pcf (KN/m3) 114.7 (18.0) 120.0 (18.9) 1125 (17.7)
Modulus of Elasticity (E) ksi (MPa) 2.43 (16.75) 2.08 (14.36) 1.74 (11.97)
Poisson’s ratio (v) 0.30 0.40 0.40
Compression index (Cc) 0.152 0.240 0.5
Swelling index (Cs) 0.0152 0.024 0.05
Initial void ratio (eo) 0.48 0.56 0.79
Moisture content (w) (%) 7.6 10.0 20.4
Specific gravity (Gs) 2.70 2.80 2.90
Permeability (k) ft/s (m/s) 7.9x10°8 (2.4x10%) 1.4x10® (4.3x10°) 2.0x107° (6.1x109)
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Table 4.5 Soil properties used for the embankment fill layer

Soil region Embankment fill
: lay— L lay- M lay—H
Soil e / el (Lag(lirgg,/ et aI.(iQQl) (Lagcurzlz etal. 5991) (AIIenC ar?cineadgl%S)
Cohesion (C") psi (kPa) 3.50 (24.1) 1.20 (8.3) 0.5 (3.4)
Angle of internal friction () (°) 34 30 29
Unit weight (y) pcf (kKN/m3) 122.0 (19.2) 127 (20.0) 130 (20.4)
Modulus of Elasticity (E) ksi (MPa) 1.56 (10.77) 1.39 (9.58) 1.22 (8.38)
Poisson’s ratio (v) 0.30 0.40 0.40
Compression index (Cc) 0.087 0.30 0.42
Swelling index (Cs) 0.014 0.03 0.042
Initial void ratio (eg) 0.43 0.61 0.72
Moisture content (w) (%) 35 12.8 194
Specific gravity (Gs) 2.70 2.80 2.90
Permeability (k) ft/s (m/s) 2.8x107 (8.53x10°%) 7.3x10°8 (2.2x10%) 8.9x10° (2.7x109)
Table 4.6 Soil properties used for the backfill soil layer
Soil Region Backfill soil
. - 0, - 0,
Soil type / parameter (e, e 7002 (e, o2 2002

Cohesion (C") psi (kPa) 0.0 0.0

Angle of internal friction (¢") (%) 43 38
Unit weight (y) pcf (KN/m3) 128.0 (20.1) 126 (19.8)
Modulus of Elasticity (E) ksi (MPa) 2.90 (20.0) 1.90 (13.1)

Poisson’s ratio (v) 0.30 0.30

Initial void ratio (eo) 0.50 0.68

Permeability (k) ft/s (m/s) 1.0x10° (3.0x10% 2.2x1073 (6.7x10%

The modified Drucker-Prager/Cap material model was used to describe the soil behavior

in the computer models. The input parameters needed in the finite element analysis to model the

soil were obtained such that they would match the properties provided in the above tables. Table

4.7 shows the input parameters used to model the soil.
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Table 4.7 Input parameters used to simulate the soils
Soil layer
- Natural Embankment Backfill
LCH MCI? HCEI LCI MCcH™ HCEI 90%!“ 95%0!
7
114.7 120.0 1125 122.0 130 128.0 126
(kﬁ‘;rfn3) (18.0) (18.9) (17.7) w92) | 2TROO T 04 | o1 | (198
ﬁljs 7.9x108 1.4x108 2x10°° 2.8x107 7.3x108 8.9x10°° 1x103 | 2.2x103
(mis) (2.4x10%) | (4.3x10°) | (6.1x101%) | (8.5x10%®) | (2.2x10%®) | (2.7x10°) | (3x10%) | (7x10%)
€o 0.48 0.56 0.79 0.43 0.61 0.72 0.50 0.68
sl 0.38 0.35 0.30 0.45 0.38 0.37 0.47 0.55
kzi 2.43 2.08 1.74 1.56 1.39 1.22 2.90 1.90
(MPa) (16.75) (14.36) (11.97) (10.77) (9.58) (8.38) (20.0) (13.1)
v 0.30 0.40 0.40 0.30 0.40 0.40 0.30 0.30
Zi 3,116 1,899 1,589 3,081 1,077 451 ~0.0 ~0.0
(IfPa) (21,484) (13,093) (10,956) (21,243) (7,426) (3,110) e e
('f) 50 48 43 54 50 49 57 60
K 1.0
o 0.1
R 0.2
[1] low compressible clay. [2] moderate compressible clay. [3] high compressible clay.

[4] 90% standard proctor compacted granular soil. [5] 95% standard proctor compacted granular soil.
[6] concrete to soil coefficient of friction, assumed = 2/3 tan(g”).
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CHAPTER 5 - SIMULATION OF SOIL SETTLEMENT BEHIND

BRIDGE ABUTMENTS

5.1 Chapter background

The bridge approach slab is part of a transition system in which the end of the bridge is
connected to the roadway pavement (Figure 5.1). Its function is to carry traffic loads and provide
drivers with a smooth ride as their vehicle travels from the roadway to the bridge and vice versa

(Abu-Farsakh and Chen 2014).

Bridge Deck —\\ / Approach Slab / Roadway Pavement

N SleeperSlab

Abutment / }

“ ... Natural Soil . - R

Figure 5.1 Typical longitudinal cross section of a bridge

Due to excessive long-term settlement of soil under the bridge approach slab, a bump can
typically develop at the end of the bridge. The bump at the end of the bridge is a well-known
problem that affects about 25% of the bridges in the United States, resulting in an estimated $100
million per year in maintenance expenditures (Briaud, James and Hoffman 1997). The bump at

the end of the bridge can lead to unsafe driving conditions, vehicle damage, and additional
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maintenance cost. Furthermore, distress, fatigue, and deterioration of the bridge deck and
expansion joint are possible consequences of such a problem (Briaud, James and Hoffman 1997,

Hu, et al. 1979, Nicks 2015).

Thus, an accurate prediction of the ultimate soil deflection profile behind the bridge
abutment is an important parameter in the proper design of the approach slab, and for the
mitigation of the bump at the end of the bridge. Terzaghi’s theories of consolidation are widely
used in many geotechnical engineering applications including estimations of settlement of fine-
grained soils. The one-dimensional consolidation theory is not always effective in predicting the

settlement profile behind bridge abutments (Helwany 2007).

5.2 Chapter problem statement

The longitudinal soil deflection profile behind bridge abutment is rather difficult to
predict using a closed-form solution. The difficulty arises due to the nature of the problem (i.e.
two- or three-dimensional problem) as well as the number of factors involved. Some of these
factors include the variation in the soil profile, the interaction between the abutment wall and the
adjacent backfill soil, the size of the backfill area, and the sequential construction of the

embankment fill, approach slab and the roadway pavement.

Typically, the soil profile would consist of several soil layers, with some layers
deforming in a time-dependent manner, due to primary and secondary settlements. Additionally,
the friction developed between the abutment wall and the adjacent soil (backfill soil) restricts
some of the soil movement in the vicinity of the abutment wall, while the soil away from the
wall would not be similarly affected and would therefore have larger settlement. This type of

behavior would typically result in a curved soil settlement profile behind the bridge abutment.
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Figure 5.2 shows this pattern of settlement for a soft clay soil based on a finite element model

(discussed later).

Typical soil settlement profile behind bridge abutment

Distance from the bridge (ft)
0 20 40 60 80 100 120 140 160 180 200

FEM simulated soil profile

2 50 E
e =
[y
g3 <
g [}
3 100 3
8 E
gs g
6 150
;
0 10 20 30 40 50 60

Distance from the bridge (m)
Figure 5.2 Simulated example of longitudinal soil deformation behind bridge abutment

The size of the backfill area is another factor to consider in such a problem, as the
backfill would be in direct contact with the abutment wall as well as the embankment fill. As will
be discussed in this chapter, the impact of the backfill soil on the deflected profile would
primarily depend on the embankment’s height, compressibility of the soil, and the abutment type.
Additionally, the sequence of construction of the embankment fill would have a significant
impact on the overall deformation of the soil as it would directly affect the development of
excess pore water pressure within the underlying soils, and thus influence their ultimate
settlement. Overall, the longitudinal soil deformation behind bridge abutment is considered one

of the main concerns for engineers because of the uncertainties associated with such factors.
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Finite element methods are widely used to solve engineering problems, including
estimating long-term soil settlement. The advantage of this analytical approach can simulate full-
scale conditions with a various range of parameters. Therefore, it can serve as a practical tool in

predicting the longitudinal soil settlement profile behind bridge abutment.

5.3 Chapter objectives

The objective of this phase of the study is to develop empirical relationships that can be
used to evaluate the ultimate soil settlement profile along a longitudinal line behind the bridge
abutment. Such equations would be beneficial in making reliable predictions of the long-term
differential settlement of the approach slab, and to plan its design. The empirical equations are
derived by conducting a parametric study using a finite element model that includes the effects

of various parameters on the soil deflection profile.
5.4 Development and verification of transverse soil finite element model

5.4.1 Introduction

In this phase of the study, a two-dimensional transverse model was generated to perform
long-term soil settlement analysis. In this simulation, the embankment fill is to be constructed on
top of the natural soil layer. The objective of this analysis was to quantify the surface
deformation of the soil in a location that is away from the bridge abutment. The outcome of this
simulation can be used to roughly estimate the resulting differential settlement the approach slab
founded on similar soil conditions. Figure 5.3 shows the general layout of the two-dimensional

transverse model.
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Figure 5.3 Layout of the two-dimensional transverse model

5.4.2 Geometry and boundary conditions

An important aspect of the soil finite element model is selecting the location and types of
boundary conditions (i.e. displacement and/or pore pressure boundary conditions) in an efficient

and effective manner.

The bottom of the model would represent a location where no soil movement occurs.
This location can be determined using the standard penetration test (typically provided in the
borehole log profile) whereas a high value indicates a hard layer, such as bedrock. At this
location, both vertical and horizontal movements are restricted (assumed to be zero). In addition,
no water seepage would be expected to occur at this location, thus, impervious boundary was
assumed. The top surfaces of the soil were free to move in all directions. Furthermore, water

would be expected to flow through the top surfaces, thus, pervious boundary was assumed.

The soil mass must be sufficiently extended in the transverse direction to capture the
behavior of the soil. Laguros et al. (1991) recommend extending the natural soil mass a distance
of at least 2 (De + Dse), Where De is the base width of the embankment fill and Dse is the base
width of the sloped part of the embankment fill. Figure 5.4 shows the geometry and boundary

conditions used in this analysis.
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Figure 5.4 Boundary condition of the Two-Dimensional transverse model

In the above figure,

He = height of the embankment fill.

Sse = side slope of the embankment fill.

Hn = height of the natural soil layer.

Dn = base width of the natural soil.

In this study, He, De, Sse, Hn and D were varied according to the parametric study matrix

found in Table 5.5.

5.4.3 Analysis procedures for transverse soil model

In soil settlement analysis, timing is a very important factor that influences the soil
behavior. This was taken into consideration during the simulation in which the construction of
the embankment fill was implemented in a sequential manner. Hopkins (1985) provides an
empirical equation to estimate the rate of the loading of embankment fill, T¢, in days, based on its

height, He, in feet, as follows:
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T, = 10(1:2376 log He+0.1122) 5-1

Accordingly, the analysis procedures used to run the transverse soil model included the

following steps:

1- Applying a geostatic load on the natural soil layer. In this step, the effective self-
weight of the natural soil was applied. The geostatic step assures that equilibrium
is satisfied within the natural soil layer, and that the initial stress condition in all
elements falls within the initial yield surface.

2- Constructing the embankment fill over a period of time. In this step, the effective
self-weight of the embankment soil was applied. This was done in a coupled
(consolidation) step where the load of the embankment is applied in a timely
manner using equation 5-1.

3- Consolidation step/steps. In this step/steps, the calculations of the primary

settlement (consolidation process) and secondary settlement (creep) were made.
5.4.4 Material properties

The Modified Drucker-Prager/Cap material model was used to simulate the behavior of

the soils. Table 4.7 shows the input parameters used to model the soil.
5.4.5 Verification analysis

In this part of the study, a finite element model was generated to simulate the long-term
soil behavior. The objective was to compare the simulated ultimate soil settlement with
analytical solution (one-dimensional Terzaghi’s theory) as well as an actual bridge-site (two-

dimensional analysis).

74



5.4.5.1 One-dimensional analysis

In this part of the analysis, the simulation of the soil behavior using the Modified Cam-
Clay model and Modified Drucker-Prager/Cap model were compared against the Terzaghi’s one-
dimensional consolidation solution. This comparison was helpful in selecting the material model

that fits the provided data in which allows for an accurate calibration of the material parameters.

Terzaghi’s one-dimensional consolidation theory assumes that water flow and
deformation of the soil occurs in one direction only, i.e. the vertical direction, and ignores any
lateral deformation of the soil. It gives an estimated solution for the settlement of a fully
saturated clay layer having a thickness, He, and subjected to a uniform pressure, Ao. The ultimate

settlement, S, for a normally consolidated clay is given as follows: (B. M. Das 2011)

_ H.C, | oy + Ao’

= 0
¢ 1+e 8 gy

Where

Cc = Compression index.

Cs= Swelling index.

eo = Initial void ratio.

a, = Average effective vertical stress.

In order to simulate similar behavior of Terzaghi’s one-dimensional solution, a normally
consolidated fully saturated clay layer was considered in this analysis. The clay layer was
assumed to be located between two sand layers (Figure 5.5). A uniform pressure of 40 = 2100

psf (100 kPa) was to be applied on the top of the sand layer.

75



Ac

__ H
Sand
He
Sand -
H;
W,

soil
Figure 5.5 Geometry of the settlement problem

For this analysis, a one-dimensional finite element model was generated. A strip along
the vertical direction was modeled, Wsoii = 1 ft (0.3 m). In addition, one-half of the geometry,
across the horizontal axis, was modeled. Along the vertical sides, the soil was assumed to move

in the vertical direction only. Figure 5.6 shows the boundary conditions used in the analysis.

76



WSoii

Ao /Pervious surface

A 5
HS

g Sand O

0 Clag. L e L ]'{C

Plane of symmetry/

Figure 5.6 Boundary condition of the settlement problem

In the above figures,
Hs = height of the sand layer.
Hc = height of the clay layer.

In this analysis, Hs and Hc were taken as 20 ft (6.1 m), and 3 ft (1.0 m), respectively. The
input parameters used to simulate the soils are shown in Table 5.1. Figure 5.7 shows the finite

element discretization.
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Table 5.1 Input parameters used to simulate the soils

Soil layer
- Clay Sand
. MCCM MDPCM Elastic
Faieianod e paraiE i (Helwany 2007) (McGrath, et al. 2002)

Unit weight (y) pcf (KN/m?®) 122.0 (19.0) 128.0 (20.1)
Permeability (k) ft/s (m/s) 1.97x103 (6.0x10®) 1x103 (3x104)
Initial void ratio (eo) 0.80 0.50
Modulus of Elasticity (E) ksi (MPa) - 2.90 (20.0)
Poisson’s ratio (v) 0.28 0.30
Modified swelling index (x) 0.01957 - -
Modified compression index (1) 0.1174 - -
Slope of the critical line (M) 1.0 - -
Over consolidation ratio (OCR) 1.0 -
Size of the yield surface () 1.0 - -
Swelling index (Cs) - 0.045 -
Compression index (Cc) - 0.27 -
Modified Cohesion (d") psi (kPa) - 0 -
Modified Angle of internal friction (8) (°) - 45 -
Yield surface shape (K) 1.0 1.0 -
Transition surface radius («) - 0.1 -
Cap eccentricity (R) - 0.2 -

Figure 5.7 Finite element mesh of the comparison model

Figures 5.8 and 5.9 show the deformed mesh of the soil at the end of the analysis when
modeled using the Modified Cam-Clay model and Modified Drucker-Prager/Cap model,

respectively.
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Figure 5.8 Vertical deformation contour at the end of the analysis (MCCM) (ft)
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Figure 5.9 Deformed mesh at the end of the analysis (MDPCM) (ft)

Figure 5.22 shows the simulated settlement history of the clay layer. The figure shows
that the Modified Cam-Clay model and Modified Drucker-Prager/Cap model simulated the soil
settlement behavior reasonably well when compared with Terzaghi’s one-dimensional solution.
Hence, both material models can be used to describe the soil behavior using parameters values
shown in Table 5.1 (i.e. size of the yield surface, g, yield surface shape, K, transition surface

radius, a, and cap eccentricity, R).
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Figure 5.10 Simulated vs. Analytical settlement history of the clay layer

5.4.5.2 Two-dimensional analysis

In this part of the study, an attempt was made to evaluate the surface settlement profile at
an existent bridge-site. Laguros et al. (1991) conducted detailed field measurements and
laboratory tests on several bridge sites in Oklahoma through which soil settlement history were
recorded. Simulation analyses of the settlement history were also conducted, using finite element

method, in order to compare with the recorded soil settlement.

In this analysis, the soil settlement at the Clinton bridge-site was simulated. The objective
of this simulation was to verify the settlement of the soil in using a two-dimensional model. At
this site, an approximate 8 in (203 mm) of surface settlement was recorded. The height of the
embankment fill was He = 25 ft (7.5 m). The natural soil consisted of two soil layers. The top
layer was a silty clay with a height of Hn-top =14 ft (4.3 m). The bottom layer was a sandy silt

with a height of Hn-gottom =8 ft (2.4 m). Laguros et al. (1991) reported that the natural soil layers
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were highly saturated (filled with water). It has been also reported that maintenance to the bridge
approach area was performed several times in the past (overlaid with asphalt). Figure 5.11 shows

the transverse layout of the soil profile at bridge Clinton site.

50 A (15m)———— 40 i (12m)———+— 50 ft (15m)—

25 ft (7.5m)
Clay
14 ft (4m) Silty Clay
8 (i.Sm) Sandy Silt

Figure 5.11 Soil profile at Clinton bridge site (Laguros et al. 1991)

An attempt was made by Laguros et al. (1991) to simulate the surface soil settlement at
this site using finite element method. In their analysis, the simulation was performed merely on
the natural soil layers. The embankment fill was replaced with an equivalent surcharge of 2750
psf (132 kPa). This was to address the problems associated with the consolidation behavior of the
natural soil layers. The bottom layer of the natural soil (sandy silt) was simulated using linear
elastic material model. On the other hand, the top layer of the natural soil (silty clay) was
simulated using the Modified Cam-Clay material model. Figure 5.15 shows the result of Laguros
et al. (1991) simulation. The analysis indicated that the natural soil layers had contributed to
approximately 65% of the recorded settlement, 5.2 in (132 mm). The remaining 35% was

attributed to the consolidation of the embankment fill.

The finite element analysis software, ABAQUS, was used in this part of the study to
simulate the surface settlement of the natural soil at Clinton bridge site. The embankment fill was
modeled in this simulation. This was to address the simulation of the longitudinal soil settlement,
which was conducted at a later phase of the study (see Section 5.7). The properties of the natural
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soil and embankment fill were obtained from the borehole soil profile reported by Laguros et al.

(1991). Similar to their analysis, the top layer of the natural soil was simulated using the

Modified Cam-Clay material model. However, the Modified Drucker-Prager/Cap material model

was used to simulate the behavior of the bottom natural soil layer as well as the embankment fill.

Table 5.2 shows the input properties of the soil at the Clinton bridge site.

Table 5.2 Input parameters used to simulate the soil at Clinton bridge site

Soil layer
) Natural Soil Embankment fill
Top Bottom
(silty clay) (sandy silt) Gy

Material model / parameter MCCM MDPCM MDPCM
Unit weight (y) pcf (KN/m*®) 106 (16.7) 127 (20) 110 (17.3)
Permeability (k) ft/s (m/s) 1.5x10° (4.6x101% | 3.3x10° (1x10°) | 2.3x10 (7x107)
Initial void ratio (eg) 0.725 0.53 0.50
Modulus of Elasticity (E) ksi (MPa) - 2.38 (16.4) 1.35(9.3)
Poisson’s ratio (v) 0.40 0.40 0.30
Modified swelling index (i) 0.012 - -
Modified compression index (1) 0.20 - -
Slope of the critical line (M) 1.33 - -
Over consolidation ratio (OCR) 1.70 - -
Size of the yield surface (5) 1.0 - -
Swelling index (Cs) - - 0.0171
Compression index (Cc) - - 0.171
Modified Cohesion [d"] psi (kPa) - 0 8180
Modified Angle of internal friction [87 (°) - 52.5 50.2
Yield surface shape [K] 1.0 1.0 1.0
Transition surface radius [«] - 0.1 0.1
Cap eccentricity [R] - 0.2 0.2

The finite element model was generated with boundary condition as described in section

5.4.2. The simulation was run for a simulated total time that allows initial, primary (dissipation

of water) and secondary (creep) settlements of the modeled soil to be completed. The load on the

embankment fill layer was applied over 69 days (Laguros et al. 1991). Figure 5.12 shows the

finite element discretization of the simulated soil.
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Figure 5.12 Finite element discretization of the simulated soil at Clinton bridge site

The results from the finite element analysis are presented in Figures 5.13 through 5.17.
Figure 5.13 shows the vertical deformation contour of the simulated soils at the end of the

analysis. Figure 5.14 shows the distribution of pore pressure at the end of the analysis.
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Figure 5.13 Vertical deformation contour at the end of the analysis (ft)
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Figure 5.14 Excess pore pressure contour at the end of the analysis (psf)

Figure 5.15 shows the surface settlement profile of the natural soil. The figure indicates
that the ultimate surface settlement under the center of the embankment was 5.7 in (142 mm),
which compared with the simulation result of Laguros et al. (1991) with a relatively good
agreement. The slight difference in the deflection shape could be attributed to the loading
procedure and element size used in the presented simulation. Figure 5.16 shows the surface
settlement profile at the surface of the embankment layer. A surface settlement of 7.3 in (185
mm) was encountered at the center of the embankment fill. This was in good agreement with the
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reported settlement of 8 in (203 mm). The difference between the reported and simulated
settlement can be attributed to the maintenance performed on this bridge-site in which resurfaced

several times, which was not considered in the analysis.

Transverse settlement profile
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Figure 5.15 Simulated surface settlement profile of the natural soil
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Figure 5.16 Simulated surface settlement profile of the embankment fill

Figure 5.17 shows excess pore pressure history at the center of the silty clay layer. The
figure shows how excess pore pressure increases as the embankment is constructed. The pore
pressure peaked at time right after the end of the embankment’s construction. A maximum pore
pressure of 1020 psf (49 kPa) was encountered. This was higher than what obtained by Laguros
et al. (1991) simulation of 500 psf (24 kPa). The difference could be attributed to the use of the
modeled embankment fill in which allowed the buildup of the pore pressure. The figure also
indicates that it took the natural soil layer (silty clay) about 7 years to reach a degree of

consolidation of 95%.
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Figure 5.17 Simulated excess pore pressure history

5.4.6 Initial model

An initial model was used in this phase of the study to test the effect of varying the side
slope of the embankment, Ss.. The slopes were selected based upon the common practices of
bridge construction in the United States (see Chapter 3). The layout used in the initial model was
similar to that shown in Figure 5.4. The soil profile consisted of a highly compressible
embankment fill and highly compressible natural soil. In this simulation, the base width of the
embankment soil, De, was set as 40 ft (12 m) (see Section 5.5). He, Hn, and Sse were varied

according to Table 5.3. The material used to simulate the soil was described in section 5.4.4.
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Table 5.3 Parameters range used in the initial model simulation

Side slope of the embankment fill Height of embankment fill Height of natural soil
Analysis No. (Sse) (He) (Hn)
(vertical to horizontal) ft (m) ft (m)
1 30 (9.1
2 1to2 20 (6.1)
3 10 (3.0)
4 30 (9.1) 30(.1)
5 1to15 20 (6.1)
6 10 (3.0)

The surface settlement at the center of the embankment fill was retrieved at the end of
each analysis. Figures 5.18 through 5.23 show the deformed contour of the simulated soils.

Figure 5.24 shows the simulated surface settlement at the center of the embankment fill.
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Figure 5.18 Vertical deformation contour of analysis No.1 (ft)
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Figure 5.19 Vertical deformation contour of analysis No.2 (ft)
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Figure 5.20 Vertical deformation contour of analysis No.3 (ft)
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Surface settlement at the center of the embankment fill
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Figure 5.24 Simulated surface settlement at the center of the embankment fill

The above figures show that varying the side slope of the embankment would generally
affect the surface settlement. This could be attributed to the increase of the filling material
associated with the side slope of 1:2 (1 vertical to 2 horizontal) compared with 1:1.5 (1 vertical
to 1.5 horizontal). Nevertheless, the overall effect of varying the side slope did not exceed 2%.
Consequently, it has been concluded that varying the side slope of the embankment fill from
1:1.5 to 1:2 (vertical to horizontal) have no significant effect on the overall surface settlement of

the embankment fill.

5.4.7 Element type and size

As a porous material, soil contains voids that can be filled with air and/or water. Thus,
the element used to discretize the soil was a four-node, plane strain quadrilateral element with
bilinear displacement and pore pressure (element code: CPE4P). This type of element has the

capability to capture deformation as well as excess pore pressure history. In this element, each

89



node consists of two displacement degrees of freedom (Ux and Uy) and one pore pressure degree
of freedom (Por) (ABAQUS 2015). Figure 5.25 shows the element type and degrees of freedom

used in the simulation.
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Figure 5.25 Element used to simulate the soil

The initial model (Section 5.4.6) was used to determine the proper element sizes that
would maintain the accuracy of results while reducing the computational time. This was done by
monitoring the surface settlement at the center of the embankment fill as a function of different

element sizes.

The soil profile used in this simulation had a layout similar to what shown in Figure 5.4.
It consisted of highly compressible embankment fill with height He = 30 ft (9.1 m), highly
compressible natural soil with height Hy = 30 ft (9.1 m), base width of the embankment fill De =
40 ft (12m), base width of the sloped part of the embankment fill Dse = 60 ft (18 m), side slope of
the embankment fill Sse = 1:2 (1 vertical to 2 horizontal), and base width of the natural soil D, =

200 ft (61 m).

The element size was reduced in each subsequent simulation and surface settlement at the
center of the embankment fill was obtained accordingly. Table 5.4 shows the size and number of
the elements used in the analysis. Figure 5.27 shows the result of this analysis.
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Table 5.4 Size and number of the elements used in the analysis

Element size
(length x width) Total number of elements
ft x ft (m x m)
5.0x5.0 (1.5 x 1.5) 351
2.5x2.5 (0.8 x0.8) 2,214
1.0x1.0(0.3x0.3) 8,856
0.5x0.5(0.2x0.2) 35,471
0.25 x0.25 (0.1 x 0.1) 141,884

Surface settlement at the center of the embankment fill
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Figure 5.26 Simulated surface settlement at the center of the embankment fill with respect to element size

The above figure shows that the surface settlement at the center of the embankment fill
becomes nearly steady (maximum 0.04% error) when the element size is at or less than 1.0 ft x

1.0 ft (0.30 m x 0.30 m), and therefore, this element size was used in this study.

5.5 Parametric study on transverse two-dimensional FEM

A parametric study was conducted using finite element analysis to quantify the effects of
various parameters on the surface settlement profile of the embankment fill. The parameters

considered were the height of embankment fill, He, embankment soil type, side slope of the
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embankment fill, Sse, natural soil height, Hn, and natural soil type. The heights of the
embankment fill were selected upon the height category. Long et al. (1999) classified the heights
of the embankment fill into: low He < 10 ft ( 3.0 m), medium 10 ft ( 3.0 m) < He <26 ft ( 8.0 m),
and high He > 26 ft ( 8.0 m). The height of the natural soil was fixed at H, = 30 ft (9.1 m). This
was to address the effect of the bridge construction practices on the performance of the
embankment fill. In this simulation, the base width of the embankment soil, De, was set at 40 ft
(12 m), one-half of a typical two-directions two-lanes highway bridge (AASHTO 2001). Table
5.5 shows the parameters used in this analysis along with their ranges. Table 5.6 shows the

variation of each parameter used in the simulation.

Table 5.5 Two-Dimensional transverse model parametric study matrix

Parameter Range
Height of embankment fill (He) 10, 20, and 30 ft (3.0, 6.1 and 9.1 m)
Embankment soil type (Compressibility Degree) High, moderate and low
Side slope of embankment fill (Sse) (Vertical to Horizontal) 1t02
Height of natural soil (Hn) 30ft (9.1 m)
Natural soil type (Compressibility Degree) High, moderate and low
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Table 5.6 Range of parameters used in the simulation

. Height of Embankment soil . Height of
Analysis SlLGe 0 embanl?ment fill type el o) Bpe natu?al soil
embankment fill (Sse) A (compressibility
N, (Vertical to Horizontal) (He) (EomErEss ol 17 degree) (Hn)
ft (m) degree) ft (m)
1 10 (3)
2 20 (6.1) High
3 30(9.1)
4 10 (3)
5 20 (6.1) Moderate High
6 30(9.1)
7 10 (3)
8 20 (6.1) Low
9 30(9.1)
10 10 (3)
11 20 (6.1) High
12 30 (9.1)
13 10 (3)
14 1to?2 20 (6.1) Moderate Moderate 30(9.1)
15 30 (9.1)
16 10 (3)
17 20 (6.1) Low
18 30 (9.1)
19 10 (3)
20 20 (6.1) High
21 30 (9.1)
22 10 (3)
23 20 (6.1) Moderate Low
24 30 (9.1)
25 10 (3)
26 20 (6.1) Low
27 30 (9.1)

The finite element model was generated as described in section 5.4. The models were run

for a simulated total time that allowed the completion of initial, primary (dissipation of water),

and secondary (creep) settlements of the modeled soil. The load on the embankment fill was

applied according to equation 5-1. Additional surcharge pressure was applied on the top surface

of the embankment. The pressure was equivalent to the load induced by the approach

slab/pavement of 150 pcf (24 kN/m?®). A typical finite element discretization of the two-

dimensional transverse model is shown in Figure 5.27. Figure 5.28 shows the simulated surface

settlement at the center of the embankment.
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Figure 5.27 Finite element discretization of the two-dimensional transverse model

Surface settlement at the center of the embankment fill

Height of the embankment fill (m)

0 15 3 45 6 7.5 9 105
0 175
! 150
——6— Analysis#1-3 —
=) ) (S
< —x— Analysis#4-6 125 g
c —
o Analysis#7-9 5
£ 3 y 100 £
= Analysis#10-12 2
(5] =
c_‘z 4 —a— Analysis#13-15 75 §
(18]
£ —e— Analysis#16-18 8
(5] 5 A
> - —- - Analysis#19-21 02
6 - =& - Analysis#22-24 25
- =% = Analysis#25-27
7 0
0 5 10 15 20 25 30 35

Height of the embankment fill (ft)
Figure 5.28 Surface settlement at the center of the embankment fill of the Two-Dimensional transverse model

The above figure shows that the height of the embankment fill has a significant effect on
the overall surface settlement. In order to put the results into perspective, one end of a 20 ft (6.1
m) approach slab was assumed to be rested on the surface of the embankment fill, and the
resulting differential settlement was evaluated accordingly (see Section 2.1). As a result,
employing a low embankment fill height of 10 ft (3.0 m) would yield a slope of (0.3/125 —

0.5/125), which in this case, would always result in a smooth slope change between the bridge
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and the roadway pavement. Employing a medium embankment fill height of 20 ft (6.1 m) would
yield a slope of (0.8/125 — 1.7/125), which in this case, would fluctuate between smooth to rough
transition based upon the soil conditions. On the other hand, employing a high embankment fill
height of 30 ft (9.1 m) would yield a slope of (> 1.5/125), which in this case, would always result
in a rough transition between the bridge and the roadway pavement. Ultimately, it can be
concluded that embankment fill height of He > 20 ft (6.1 m) would be problematic in terms of the
transition performance. The slope of the approach slab must be checked against soil conditions in

such cases.

Figures 5.29 to 5.31 show the excess pore pressure history at the middle of the natural
soil layer. The figures indicate that it would take between 2 months (analysis#27) to 14 years
(analysis#1) for the natural soil layer to reach 95% consolidation. This variation would depend

mainly upon the soil conditions, i.e. height and type of the soils.
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Figure 5.29 Simulated excess pore pressure history with He = 10 ft (3.0 m)
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Figure 5.30 Simulated excess pore pressure history with He = 20 ft (6.1 m)
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Figure 5.31 Simulated excess pore pressure history with He = 30 ft (9.1 m)

5.6 Development and verification of longitudinal soil-structure FEM

5.6.1 Introduction

The longitudinal-direction finite element model can be generally used to estimate the
roadway and soil surface deflection profiles. The effect of the abutment wall on the adjacent soil
is counted for in this type of model, where it retains the soil movement due to friction. The
outcome of the two-dimensional longitudinal model can be used to evaluate the severity of the

bump at the end of the bridge.

In this study, a two-dimensional finite element model was generated to performed long-
term soil-structure analysis. The developed finite element model consisted of the following
components; approach slab, abutment wall, roadway pavement, granular backfill soil,

embankment fill, and natural soil, as shown in Figure 5.32.
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Figure 5.32 Two-dimensional longitudinal model layout

5.6.2 Geometry and boundary conditions

An important aspect of the soil-structure finite element model is selecting the location
and types of boundary conditions (i.e. displacement and/or pore pressure boundary conditions) in
an efficient and effective manner. Typically, the bottom of the model would represent a location
where no soil movement occurs (vertical and horizontal). This location can be determined using
the standard penetration test (typically provided in the borehole log profile) whereas a high value
indicates a hard layer, such as bedrock. At this location, both vertical and horizontal movements
are restricted (assumed to be zero). In addition, no water seepage would be expected to occur at
this location, thus, impervious boundary was assumed. The top surfaces of the soil were free to
move in all directions. Furthermore, water would be expected to flow through the top surfaces,

thus, pervious boundary was assumed.

The soil mass must be sufficiently extended in the longitudinal direction to capture the
behavior of the soil. Briaud and Lim (1997) recommend extending the soil mass to a distance of
3(He + Hy) from the back of the abutment wall to one end of the embankment model, Le, and a

distance of 3Hn to the opposite end of the model, Le. The He and H, parameters are the heights of

98



the embankment fill and natural soil, respectively (Figure 5.33). Along these vertical boundaries,

the soil was assumed to move in the vertical direction only.

The nodes at the bottom of the abutment were fixed against horizontal and vertical

movements, representing foundation support. The approach slab was connected to the abutment

with a pin connection at the middle of the approach slab. This connection restricts the relative

horizontal and vertical movements between the approach slab and the abutment while allowing

free rotation. Figures 5.33 and 5.34 show the geometric and boundary condition parameters used

in the finite element model for bridges with wall and stub abutments, respectively. Figure 5.35

shows the connections between the approach slab and the abutment and between the abutment

wall and its foundation.

Approach Slab Roadway Pavement

Bridge Abutment
\ Ls

" Backfill
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- - -EmbankmentFill - - - C o
Ta o o
Pervious surface i -
- ]
~ Natural Soil
A i N AN VAN ,4;/ 2. piS Z
Impervious surface
L > Le

Figure 5.33 Layout of the two-dimensional longitudinal model with wall abutment
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Figure 5.34 Layout of the two-dimensional longitudinal model with stub abutment
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Figure 5.35 Abutment wall and approach slab boundary conditions

Fix connection

In the above figures,

Se = Slope of the embankment fill.

Sp = Slope of the backfill soil.

Wy, = Width of the base of the backfill soil.

We = Width of the base of the embankment fill in front of the bridge abutment.
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Ha = Height of the abutment wall.

Ta = Thickness of the abutment wall.

s = Length of the approach slab.

Ts = Thickness of the approach slab.

In this study, He, Hn, Ha, and Sy were varied according to the study matrix found in Table
5.9. Le and L, were fixed at 180 ft (55 m), and 90 ft (27 m), respectively. They were determined
as a function of the embankment fill and natural soil heights. Ls, Ts, Ta, Ws, We, were fixed at 20
ft (6.1 m), 12 in (305 mm), 2 ft (0.6 m), and 3 ft (0.9 m), respectively. In addition, Se was fixed at
1:1.5 (1 vertical to 1.5 horizontal). These geometries were chosen to reflect the most common

bridge-construction practices across the United States (see Chapter 3).

5.6.3 Contact behavior at structure-soil interfaces

The developed two-dimensional finite element model involves the interaction between
the several structural components and the soil (i.e. abutment wall with soil, approach slab with
soil, and roadway pavement with soil). Interface elements were introduced across these
interfaces in order to transfer the load in the normal as well as tangential directions using the
pressure-overclosure relationship as well as coulomb friction model defined within ABAQUS
(see Section 4.2). In this analysis, the concrete surfaces (i.e. abutment wall, approach slab, and
roadway pavement) were assigned to behave as master elements while soil surfaces were

assigned to behave as slave elements.
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5.6.4 Analysis procedures for longitudinal soil-structure model

The analysis procedures used to run the longitudinal soil-structure model included the

following steps:

1- Applying a geostatic load on the natural soil layer. In this step, the effective self-
weight of the natural soil was applied. The geostatic step assures that equilibrium
is satisfied within the natural soil layer, and that the initial stress condition in all
elements falls within the initial yield surface.

2- Constructing the embankment fill and bridge abutment over a period of time. In
this step, the effective self-weight of the embankment soil and abutment was
applied. This is done in a coupled (consolidation) step where the load of the
embankment is applied in a timely manner using equation 5-1.

3- Adding the approach slab, and roadway pavement. This is also done in a coupled
(consolidation) step where the load of the approach slab and roadway pavement
was applied in a timely manner. The construction of the approach slab and
roadway pavement was assumed to occur after the completion of the embankment
fill and assumed to be constructed over a ten-day period.

4- Consolidation step/steps. In this step/steps, the calculations of the primary

settlement (consolidation process) and secondary settlement (creep) were made.

5.6.5 Material properties

The concrete in the abutment wall, approach slab, and roadway pavement was assumed to
behave in a linearly elastic manner with a modulus of elasticity that was consistent with a design

compressive strength of 4000 psi. Table 4.2 shows the input parameters used to simulate the
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concrete. On the other hand, the modified Drucker-Prager/Cap material model was used to

simulate the behavior of the soils. Table 4.7 shows the input parameters used to model the soil.

5.6.6 Verification analysis

In this part of the study, an attempt was made to evaluate the longitudinal surface
settlement profile at the Clinton bridge-site (see Section 5.4.5.2 for detailed description of the
Clinton bridge-site). The soil profile consisted of clay embankment layer with height He = 25 ft
(7.5 m) and two natural soil layers; top silty clay with height Hn-top =14 ft (4.3 m) and bottom
sandy silt layer with height Hn-gottom = 8 ft (2.4 m). No information was provided regarding the
approach slab length, backfill material, and abutment type/height. An assumed approach slab
length Ls = 20 ft (6.1 m), and thickness Ts = 13 in (330 mm) were used in this simulation. The
backfill material was assumed to be compacted to 90% of the standard proctor value with side
slope Sp = 1:1 (1 vertical to 1 horizontal). These assumptions were based upon the information
found in Oklahoma’s bridge manual (see Section 3.5). The abutment wall was assumed as wall
abutment with height Ha= He and thickness Ta = 2 ft (0.6 m). Accordingly, L, and Le were set as
66 ft (20 m) and 141 ft (43 m), respectively. They were determined based on Briaud and Lim
(1997) recommendation (see Section 5.6.2). The layout of the FEM used in this simulation is

shown in Figure 5.36.
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Figure 5.36 Boundary condition used for the longitudinal verification FEM

The finite element model was generated as described in sections 5.6.1 through 5.6.5.
Table 5.2 shows the input parameters used to simulate the natural and embankment layers. Table
4.7 shows the input parameters used to simulate the backfill material. The FEM was run for a
simulated total time that allows initial, primary (dissipation of water) and secondary (creep)
settlements of the modeled soil to be completed. The load on the embankment/backfill fill layers
was applied according to equation 5-1. An additional approach slab and roadway pavement self-
weight of 150 pcf (24 kN/m®) was applied on the top surface of the embankment fill. The finite
element discretization of the verification model is shown in Figure 5.37. Figures 5.38 and 5.39
show the deformed contour of the vertical deformation and excess pore pressure at the end of the

analysis, respectively.
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Figure 5.37 Finite element discretization of the longitudinal direction at Clinton bridge site
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Figure 5.38 Vertical deformation contour at the end of the analysis (ft)
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Figure 5.39 Excess pore pressure contour at the end of the analysis (psf)

Figure 5.40 shows the simulated longitudinal settlement profile for the roadway surface
as well as the underneath soil. The FEM analysis shows a settlement of 8.5 in (216 mm) at a
distance of 71 ft (21.6 m) from the bridge abutment. Within the approach slab, a differential
settlement of 7.4 in (188 mm) was observed. This was compared with the history settlement
reported by Laguros et al. (1991) of 8 in (203 mm) with a relatively good agreement. The
difference between the reported and FEM analysis could be attributed to the type of model used

in this simulation (see Section 5.9.1.1).
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Figure 5.40 Simulated longitudinal settlement profiles at Clinton bridge-site

Figure 5.41 shows the simulated history of the excess pore pressure of the silty clay layer
(first layer of the natural soil) at a distance away from the bridge. The pore pressure history was
compared with the history obtained from the transverse settlement (see Section5.4.5.2) with a

good agreement.
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Figure 5.41 Simulated excess pore pressure history

Ultimately, the following conclusions were drawn:

e As the distance from the back of the abutment wall increases, the effect of the
abutment wall on the soil settlement profile would gradually diminishes.
Approximately, 80% of the maximum longitudinal settlement occurs within the
first 20 ft (6.1 m). This was coincided with the finding of Seo et al. (2002).

e The approach slab settled enough to develop a noticeable bump. The differential
settlement of the approach slab was 7.4 in (188 mm). This resulted in a slope of
3.9/125 which indicates a very rough transition.

e The consolidation of the natural soil and embankment fill was the main reason for
the bump formation at this site.

e The type of FEM model would generally influence the result of the soil

settlement. Comparing the results with the transverse model (see Section5.4.5.2),
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the far away soil settlement of 8.6 in (218 mm) resulted from the longitudinal
model was greater than 7.3 in (185 mm) resulted from the transverse model. This
could be attributed to the effect side slope of the embankment Sse, which was not

considered. A later study confirmed this finding (see Section 5.9.1.1)
5.6.7 Initial model

An initial model was used in this phase of the study to test the effect of the erosion of the
backfill material. A hypothesis trench size of 3:6 (3 vertical to 6 horizontal) was simulated to
examine its effect on the approach slab performance (resulting slope). The erosion was assumed
to fully developed eight months after the end of the bridge construction, i.e. eight months after

the bridge is open to the public. Figure 5.42 shows the layout of the trench simulation.
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Figure 5.42 Layout of the initial model (wall abutment)

The soil profile used in this simulation consisted of a granular backfill, highly
compressible embankment fill and high compressible natural soil. In this analysis, Sp = 1:2 (1

vertical to 2 horizontal), He = 30 ft (9.1 m) and Hn = 30 ft (9.1 m). Three abutment wall heights,
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30 ft (9.1 m), 10 ft (3.0 m) and 5 ft (1.5 m), were tested. The backfill soil compaction level, and Sy

were varied according to Table 5.7.

Table 5.7 Parameters range used in the initial model

. . .. Sy . .
Analysis No. | Erosion condition (Vertical to Horizontal) Backfill level of compaction
1 No
lto?2
2 Yes 95 %
3 No
7 Yes ltol
5 No
lto?2
6 Yes 90 %
7 No
8 Yes 1ol

Figures 5.43 to 5.48 show the FEM deformed contour of analyses No. 1 and 2. Figures

5.49 to 5.51 show the simulated slope of the approach slab.

U, Uz
+1.06%e-02
4 715e-02
-1.050e-01
-1.628e-01
-2.207e-01
2.785e-01
-3.363e-01
-3.043e-01
4 520e-01
-5.098e-01
-5.677e-01
-6.255e-01
-6.834e-01

Figure 5.43 Vertical deformation contour of analysis No.1 (ft) (Ha=He)
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Figure 5.44 Vertical deformation contour of analysis No.2 (ft) (Ha=H.)
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Figure 5.45 Vertical deformation contour of analysis No.1 (ft) (H.=10 ft)
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Figure 5.46 Vertical deformation contour of analysis No.2 (ft) (H.=10 ft)
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Figure 5.47 Vertical deformation contour of analysis No.1 (ft) (Ha=5 ft)
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Figure 5.48 Vertical deformation contour of analysis No.2 (ft) (Ha=5 ft)
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Figure 5.49 Simulated slope of the approach slab (Ha=H.=30 ft)
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Figure 5.50 Simulated slope of the approach slab (H.=10 ft)
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Figure 5.51 Simulated slope of the approach slab (Ha=5 ft)

It can be concluded from the above figures that the effect of introducing trench (erosion
in the backfill) on the performance of the approach slab is not significant. In fact, the resulting
slope of the approach slab with eroded backfill was, in general, less than the intact backfill. This
can be attributed to the loss of some of the backfill weight that was removed during the
simulation. Nevertheless, the overall effect on the resulting slope of the approach slab did not
exceed 2%. Consequently, it has been concluded that the erosion has no significant effect on the

overall performance of the approach slab.

5.6.8 Element type and size

As a porous material, soil contains voids that can be filled with air and/or water. Thus,
the element used to discretize the soil was a four-node, plane strain quadrilateral element with
bilinear displacement and pore pressure (element code: CPE4P). This type of element has the

capability to capture deformation as well as excess pore pressure history. In this element, each
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node consists of two displacement degrees of freedom (Uy and Uy) and one pore pressure degree
of freedom (Por). On the other hand, a four-node, plane strain quadrilateral element with bilinear
displacement was used to discretize the bridge abutment, approach slab, and roadway pavement
(element code: CPE4). In this element, each node consists of two displacement degrees of
freedom (Uy and Uy) (ABAQUS 2015). Figure 5.52 shows the element type and degrees of

freedom for these elements.

(@) (b)

Figure 5.52 Element type used for (a) soil (b) concrete

The initial model (see Section 5.6.7) was used to determine the proper element sizes that
would maintain the accuracy of results while reducing the computational time. This was done by
monitoring the differential settlement of the modeled approach slab as a function of element size.
The element size was applied uniformly to all components of the model (i.e. approach slab,

abutment, roadway pavement and soil).

The soil profile used in the initial model has similar layout shown in Figure 5.33. It
consisted of wall abutment (Ha = He) constructed against a 95% compacted granular backfill
with Sp = 1:2 (1 vertical to 2 horizontal), highly compressible embankment fill with height He =

30 ft (9.1 m) and highly compressible natural soil with height H, = 30 ft (9.1 m). The materials
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used to model the concrete in the abutment wall, approach slab, and roadway pavement as well

as soil are described in section 5.6.5.

The element size was reduced in each subsequent run and settlement at the end of the
approach slab was obtained accordingly. Table 5.8 shows the size and number of the elements

used in the analysis. Figure 5.53 shows the result of this analysis.

Table 5.8 Size and number of the elements used in the analysis

Element size
(length x width) Total number of elements
ft x ft (m x m)
5.0 x 5.0 (1.5 x 1.5) 683
2.5x 25 (0.8 x0.8) 2,467
1.0x 1.0 (0.3 x0.3) 15,216
0.5x 0.5 (0.2 x0.2) 60,143
0.25 x 0.25 (0.1 x 0.1) 241,094
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Diffrential settlement of approach slab
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Figure 5.53 Simulated differential settlement of approach slab with respect to element size

Figure 5.53 shows that the differential settlement of the approach slab becomes nearly
steady (maximum 0.2% error) when the element size is at or less than 1.0 ft x 1.0 ft (0.30 m x

0.30 m), and therefore, this element size was used in this study.
5.7 Parametric study on longitudinal two-dimensional FEM

A parametric study was conducted using finite element analysis to quantify the effects of
various parameters on the soil’s longitudinal settlement profile behind the bridge abutment. The
parameters considered were the length of the approach slab, Ls, height of embankment fill, He,
embankment soil type, height of natural soil, Hs, natural soil type, backfill soil type, slope of
backfill area, Sp, and abutment type/height, Ha. Table 5.9 shows these parameters along with

their ranges.
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To efficiently minimize the number of analyses performed in this parametric study, the
following assumptions were made. First, each soil profile was idealized into three distinct
homogenous soil layers; backfill soil, embankment fill, and natural soil. Second, only soil
profiles that were expected to cause settlements resulting in an approach slab slope of 1/125 (or
greater) were considered. This was done to exclude situations where soil settlement would not
pose a ride quality issue. Third, it was assumed that the embankment fill would never be any
worse (more prone to settlement) than the natural soil. In other words, the embankment fill
would not be more compressible than the natural soil. This is particularly the case in bridge
constructions, since the embankment fill can be either a selected (better) fill brought to the site,
or a readily available local fill from the nearby natural soil (Briaud, James and Hoffman 1997,
McLaren 1970, Dupont and Allen 2002). Table 5.10 shows the soil profiles considered in this

study.

Table 5.9 Two-Dimensional longitudinal model parametric study matrix

Parameter Value
Length of approach slab segment L 20 ft (6.1 m)
Height of embankment fill He 20 and 30 ft (6.1 and 9.1 m)
Embankment soil type (Compressibility Degree) High, moderate and low
Height of natural soil Hy 30ft (9.1 m)
Natural soil type (Compressibility Degree) High, moderate and low
Backfill soil compaction level 90% and 95%

Backfill slope Sp

(vertical to horizonal) ltoland1to2

Wall abutment/Ha = He
Abutment type/height Ha Stub abutment/Ha = 10 ft (3.0 m)
Stub abutment/Ha=5 ft (1.5 m)
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Table 5.10 Soil profiles considered in the longitudinal model parametric study

Soil profile No Hhn He Natura] sgil type Embankn)ep'g soil type
) ft (m) ft (m) (compressibility degree) | (compressibility degree)
1 High
2 High Moderate
3 Low
4 30(9.1) Moderate Moderate
5 30(9.1) Low
6 Low Low
7 High
8 20 (6.1) High Moderate
9 Low

Accordingly, each soil profile was examined using various choices of parameters to

quantify their effect on the ultimate longitudinal soil settlement profile behind the bridge

abutment. Table 5.11 shows the variations of all parameter associated with each examined soil

profile.
Table 5.11 Range of parameters used in accordance with each soil profile (refer to Table 5.10)
. Abutment type/height Backfill Backfill slope Sy
PRI YD, ft (m) level of compaction (vertical to horizontal)
% Iio1
Wall abutment/Ha = He
3 90% lto?2
4 ltol
: Iio1
Stub abutment/H, = 10 (3.0)
7 90% lto?2
8 ltol
Iio1
Stub abutment/H,=5 (1.5)
11 90% lto?2
12 ° 1tol

The finite element model was generated using material properties shown in Tables 4.2

and 4.6. The boundary conditions, analysis steps, elements types, and contact behavior were used

as described in section 5.6. The models were run for a simulated total time that allowed the

completion of initial, primary (dissipation of water), and secondary (creep) settlements of the

modeled soil. The load on the embankment fill layer was applied according to equation 5-1. An

additional approach slab and roadway pavement surcharge of 150 pcf (24 kN/m®) was applied on
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the top surface of the embankment fill. A typical finite element discretization of the two-

dimensional longitudinal model is shown in Figure 5.54.

Figure 5.54 Finite element discretization of the two-dimensional longitudinal model

5.7.1 Differential settlement of approach slab

The differential settlement of the approach slab was the interest of this phase of the study.
The objective was to quantify the resulted approach slab slope against different abutment wall-
soil conditions (see Tables 5.10 and 5.11). The result of the finite element analysis is shown in

Figures 5.55 to 5.63.
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Figure 5.55 Simulated slope of the approach slab for soil profile No.1
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Figure 5.56 Simulated slope of the approach slab for soil profile No.2
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Figure 5.57 Simulated slope of the approach slab for soil profile No.3
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Figure 5.58 Simulated slope of the approach slab for soil profile No.4
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Figure 5.59 Simulated slope of the approach slab for soil profile No.5
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Figure 5.60 Simulated slope of the approach slab for soil profile No.6
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Figure 5.61 Simulated slope of the approach slab for soil profile No.7
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Figure 5.62 Simulated slope of the approach slab for soil profile No.8
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Figure 5.63 Simulated slope of the approach slab for soil profile No.9

The above figures show that the abutment wall type/height had a significant effect on the
resulting slope of the approach slab. The finite element results indicated that the abutment wall
type/height can influence the slope by up to 26%. On the other hand, compaction level and
backfill side slope can affect the approach slab slope by up to 10% in wall abutments. In stub
abutments, this effect is negligible. Overall, it can be concluded that utilizing 95% backfill with
slope of 1:2 (1 vertical to 2 horizontal), and wall abutment would yield the smallest approach

slab slope.

5.7.2 Soil settlement profile

The settlement at the surface of the embankment fill was the interest of this phase of the
study. The objective was to quantify the soil longitudinal settlement profile behind bridge
abutment against different abutment wall-soil conditions (see Tables 5.10 and 5.11). The result

of the finite element analysis is shown in Figures 5.64 to 5.72.
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Figure 5.64 Simulated longitudinal soil settlement profile for soil profile No.1
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Figure 5.65 Simulated longitudinal soil settlement profile for soil profile No.2
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Figure 5.66 Simulated longitudinal soil settlement profile for soil profile No.3
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Figure 5.67 Simulated longitudinal soil settlement profile for soil profile No.4
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Figure 5.68 Simulated longitudinal soil settlement profile for soil profile No.5
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Figure 5.69 Simulated longitudinal soil settlement profile for soil profile No.6
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Figure 5.70 Simulated longitudinal soil settlement profile for soil profile No.7

20

Figure 5.71 Simulated longitudinal soil settlement profile for soil profile No.8
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Longitudinal settlement profile behind bridge abutment
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Figure 5.72 Simulated longitudinal soil settlement profile for soil profile No.9

5.8 Evaluating soil’s longitudinal settlement profile behind bridge abutment

Various trials were made, using curve fitting software (curve expert), to find the best fit
curve representing the deflected soil profile (see Section 5.7.2) as a function of distance from the
bridge abutment. The software runs various built-in equation models that are matched with a
given curve (soil deflection profile in this case) to determine the best fit equation using linear and
nonlinear regression analyses. The best fitted functions matching the soil profile obtained from
finite element results are shown in Figure 5.73. Accordingly, it was noted that the logistic
function represented the best overall model for the ultimate soil deformation (settlement) profile

along the longitudinal direction.
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Figure 5.73 Various functions fitted to the soil deflection profile behind bridge abutment

The logistic function has a wide range of applications in several fields including
engineering, statistics, and geoscience. It is frequently used to model a population with semi
exponential growth. The logistic function, also called logistic curve, is a sigmoid curve (S-shaped

curve) that is defined by the following equation

a

STt beo >3

y
Where
y = Vertical settlement at (x) distance away from the bridge abutment
a = Maximum displacement.

b = Parameter that affects the y-intercept.

¢ = Parameter that affects steepness of the curve.
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A standard logistic sigmoid function is shown in Figure 5.74 (witha=-1,b=1,andc =

1).

Logistic function

X

Figure 5.74 Standard logistic sigmoid function

Figure 5.74 shows that as x approaches +oo, y approaches a, and as x approaches —oo, y

approaches zero. The derivative of the logistic function can be written as

Z—z=cy[1—%] 5-4

In the above equation, when y approaches zero, Z—i — ky. This indicates that when y is
small, the logistic curve behaves exponentially (with a slope similar to an exponential curve). On
the other hand, when y approaches a, Z—Z — 0. This indicates that when y is large, the logistic
curve becomes a horizontal line with a slope of zero. Accordingly, the intercept of a tangent to

the horizontal line is represented by the maximum displacement a.
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The logistic function consists of three parameters; a, b, and c. Referring to Figure 5.73,
parameter a would represent the maximum soil deformation along the longitudinal direction. In
other words, a represents magnitude of the soil settlement at a location away from the bridge
abutment. Parameter b represents the settlement of the soil right at the interface between the
abutment wall and the backfill soil, and parameter c¢ represents the steepness of the curve behind

abutment.

Accordingly, a nonlinear statistical analysis (nonlinear regression) was conducted in
order to evaluate each of the logistic function parameters a, b, and c that would best fit the
simulated soil deflection profiles. The least-square method, which minimize the sum of squared
residuals, was used in this analysis. The coefficient of determination (R?), and the standard error
of estimate (Sest) were utilized to assess the goodness of fit. Tables 5.12 through 5.20 show the

logistic function parameters that fit each of the simulated soil deflection profile.

Table 5.12 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.1)
Logistic function parameters | Statistical result
a b C R? Sest

in (mm) in (mm)
1.87 | 0.038 | 0.983 | 0.19 (4.90)
1.88 | 0.043 | 0.980 | 0.20 (5.20)
1.75 | 0.038 | 0.970 | 0.25 (6.40)
1.73 | 0.043 | 0.964 | 0.26 (6.70)
1.40 | 0.052 | 0.956 | 0.25 (6.40)
1.39 | 0.052 | 0.956 | 0.26 (6.70)
1.69 | 0.058 | 0.930 | 0.34 (8.50)
1.66 | 0.061 | 0.930 | 0.36 (9.10)
1.45 | 0.048 | 0.973 | 0.20 (5.20)
1.44 | 0.048 | 0.971 | 0.22 (5.50)
1.61 | 0.05 | 0.962 | 0.25 (6.40)
158 | 0.05 | 0.961 | 0.26 (6.70)

Soil profile No. Analysis No.
(refer to Table 5.10) | (refer to Table 5.11)

8.20 (208)

P
SEB|e|o|~N|o|u|s|w|n|-
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Table 5.13 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.2)

Logistic function parameters

Statistical result

Soil profile No. Analysis No. A b e R2 S
(refer to Table 5.10) | (refer to Table 5.11) . et
in (mm) in (mm)
1 1.41 | 0.042 | 0.984 | 0.12 (3.00)
2 1.46 | 0.043 | 0.982 | 0.13(3.40)
3 1.31 | 0.043 | 0.965 | 0.18 (4.60)
4 1.34 | 0.044 | 0.963 | 0.18 (4.60)
5 1.15 | 0.053 | 0.951 | 0.19 (4.90)
6 1.13 | 0.053 | 0.951 | 0.19 (4.90)
2 7 6.30 (159) 1.35 | 0.061 | 0.930 | 0.25(6.40)
8 1.33 | 0.061 | 0.930 | 0.25(6.40)
9 1.15 | 0.047 | 0.974 | 0.14 (3.70)
10 1.16 | 0.047 | 0.973 | 0.14 (3.70)
11 1.24 | 0.049 | 0.965 | 0.17 (4.30)
12 1.24 | 0.049 | 0.964 | 0.17 (4.30)

Table 5.14 Logistic function parameters that best fit simulated soil deflection

profile (soil profile N

0.3)

Soil profile No.

Analysis No.

Logistic function parameters

Statistical result

(refer to Table 5.10) | (refer to Table 5.11) in (?nm) b ¢ R? - ?F’;‘m)
1 1.17 | 0.057 | 0.981 | 0.10 (2.40)
2 1.2 0.054 | 0.976 | 0.11 (2.70)
3 1.1 0.06 | 0.957 | 0.13(3.40)
4 1.11 | 0.055 | 0.953 | 0.14 (3.70)
5 0.76 | 0.054 | 0.970 | 0.10(2.40)
3 6 5.10 0.76 | 0.054 | 0.969 | 0.10(2.40)
7 (129) 0.95 | 0.065 | 0.943 | 0.14(3.70)
8 0.88 | 0.061 | 0.949 | 0.13(3.40)
9 0.82 | 0.051 | 0.983 | 0.07 (1.80)
10 0.87 | 0.053 | 0.976 | 0.08 (2.10)
11 0.96 | 0.058 | 0.959 | 0.12(3.00)
12 0.97 | 0.058 | 0.959 | 0.12(3.00)

Table 5.15 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.4)

Soil profile No.

Analysis No.

Logistic function parameters

Statistical result

(refer to Table 5.10) | (refer to Table 5.11) in (;m) 4 ¢ R? - ?re]:tm)
1 1.46 | 0.061 | 0.983 | 0.07 (1.80)
2 154 | 0.065 | 0.981 | 0.07 (1.80)
3 1.29 0.07 | 0.964 | 0.08 (2.10)
4 1.33 0.07 | 0.961 | 0.08 (2.10)
5 1.15 | 0.108 | 0.966 | 0.07 (1.80)
6 1.1 0.105 | 0.965 | 0.07 (1.80)
. 7 360 091) 1745 1 0.124 | 0.963 | 0.07 (1.80)
8 1.42 | 0.125 | 0.959 | 0.08 (2.10)
9 1.15 | 0.085 | 0.981 | 0.06 (1.50)
10 1.15 | 0.086 | 0.982 | 0.06 (1.50)
11 1.23 | 0.091 | 0.975 | 0.06 (1.50)
12 1.24 | 0.092 | 0.975 | 0.06 (1.50)
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Table 5.16 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.5)

Logistic function parameters

Statistical result

Soil profile No. Analysis No. a b - R S
(refer to Table 5.10) | (refer to Table 5.11) | . et
in (mm) in (mm)
1 1.27 | 0.074 | 0.980 | 0.05 (1.20)
2 1.31 | 0.079 | 0.978 | 0.05 (1.20)
3 1.25 | 0.099 | 0.966 | 0.06 (1.50)
4 1.26 | 0.097 | 0.959 | 0.06 (1.50)
5 0.51 | 0.082 | 0.992 | 0.01 (0.30)
6 0.48 | 0.077 | 0.991 | 0.01 (0.30)
> 7 310(78) 569 [ 0.104 | 0.983 | 0.02 (0.60)
8 0.62 | 0.097 | 0.985 | 0.02 (0.60)
9 0.66 | 0.081 | 0.994 | 0.01 (0.30)
10 0.75 | 0.089 | 0.991 | 0.02 (0.60)
11 0.96 | 0.109 | 0.979 | 0.04 (0.90)
12 0.97 | 0.11 | 0.979 | 0.04 (0.90)

Table 5.17 Logistic function parameters that best fit simulated soil deflection

profile (soil profile N

0.6)

Soil profile No.

Analysis No.

Logistic function parameters

Statistical result

(refer to Table 5.10) | (refer to Table 5.11) in (ﬁ‘lm) b ¢ R? in ?F’;‘m)
1 1.02 0.09 | 0.979 | 0.04 (0.90)
2 1.09 | 0.105 | 0.982 | 0.04 (0.90)
3 1.17 | 0.138 | 0.977 | 0.04 (0.90)
4 1.27 | 0.131 | 0.974 | 0.04 (0.90)
5 0.36 | 0.115 | 0.950 | 0.02 (0.60)
6 0.36 | 0.114 | 0.952 | 0.02 (0.60)
8 7 2.70(89) 55 [ 0.142 [ 0.973 | 0.02 (0.60)
8 0.51 | 0.133 | 0.974 | 0.02 (0.60)
9 0.52 | 0.116 | 0.980 | 0.02 (0.60)
10 0.58 | 0.123 | 0.982 | 0.02 (0.60)
11 0.83 | 0.131 | 0.982 | 0.02 (0.60)
12 0.92 | 0.133 | 0.983 | 0.02 (0.60)

Table 5.18 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.7)

Soil profile No.

Analysis No.

Logistic function parameters

Statistical result

(refer to Table 5.10) | (refer to Table 5.11) in (;m) 4 ¢ R? - ?re]:tm)
1 2.89 | 0.076 | 0.982 | 0.08 (2.10)
2 2.94 | 0.085 | 0.981 | 0.08 (2.10)
3 2.59 | 0.078 | 0.975 | 0.10(2.40)
4 2.64 | 0.087 | 0.973 | 0.10 (2.40)
5 1.60 | 0.105 | 0.980 | 0.06 (1.50)
6 1.61 | 0.106 | 0.979 | 0.07 (1.80)
7 7 3457 197 1 012 | 0973 | 0.07 (180)
8 1.95 | 0.121 | 0.971 | 0.06 (1.50)
9 1.93 | 0.094 | 0.983 | 0.06 (1.50)
10 1.96 0.1 0.980 | 0.06 (1.50)
11 2.24 | 0.107 | 0.970 | 0.08 (2.10)
12 2.27 | 0.111 | 0.968 | 0.08 (2.10)

133



Table 5.19 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.8)
Logistic function parameters | Statistical result
a b c R? Sest

in (mm) in (mm)
2.01 | 0.089 | 0.981 | 0.04 (0.90)
2.1 0.093 | 0.980 | 0.04 (0.90)
1.98 | 0.103 | 0.966 | 0.05 (1.20)
2.02 | 0.102 | 0.966 | 0.05 (1.20)
1.19 | 0.122 | 0.988 | 0.02 (0.60)
1.17 | 0.122 | 0.988 | 0.02 (0.60)
1.37 | 0.133 | 0.986 | 0.02 (0.60)
1.35 | 0.133 | 0.985 | 0.02 (0.60)
1.19 | 0.092 | 0.992 | 0.01(0.30)
1.21 | 0.094 | 0.991 | 0.01(0.30)
1.64 | 0.119 | 0.981 | 0.04 (0.90)
1.65 | 0.119 | 0.981 | 0.04 (0.90)

Soil profile No. Analysis No.
(refer to Table 5.10) | (refer to Table 5.11)

2.20 (55)
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Table 5.20 Logistic function parameters that best fit simulated soil deflection profile (soil profile No.9)
Logistic function parameters | Statistical result
a b C R? Sest

in (mm) in (mm)
1.82 | 0.103 | 0.982 | 0.04 (0.90)
1.91 | 0.108 | 0.979 | 0.04 (0.90)
1.94 | 0.128 | 0.967 | 0.05 (1.20)
1.94 | 0.125 | 0.963 | 0.05 (1.20)
0.82 | 0.108 | 0.990 | 0.01 (0.30)
0.77 | 0.103 | 0.991 | 0.01 (0.30)
0.94 | 0.119 | 0.986 | 0.01 (0.30)
0.93 | 0.118 | 0.987 | 0.01 (0.30)
1.1 0.106 | 0.993 | 0.01 (0.30)
0.94 | 0.095 | 0.991 | 0.01(0.30)
1.42 | 0.131 | 0.981 | 0.02 (0.60)
1.45 | 0.131 | 0.980 | 0.02 (0.60)

Soil profile No. Analysis No.
(refer to Table 5.10) | (refer to Table 5.11)

2.10 (52)
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5.9 Evaluating logistic function parameters

The next step would be to evaluate each of the logistic function parameters (a, b, and c)
individually to see if they can be determined using geometric and soil parameters. For this

purpose, correlation and regression analysis were carried out.

First, a correlation analysis was conducted to examine the relationship among the logistic
function parameters. Table 5.21 shows the result of this study. Accordingly, the result indicate
that the three parameters are not correlated with each other, except for parameters (a) and (c) for

which a strong negative correlation exists.
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Table 5.21 Pearson’s correlation coefficient among logistic function parameters

Parameter a b c
a 1.00 0.170 -0.830
b 0.170 1.00 -0.083
c -0.830 -0.083 1.00

Subsequently, another analysis was carried out to examine the correlation between
parameters a, b, and ¢ with fundamental soil properties (backfill soil, embankment soil, and
natural soil), as well as geometric parameters. In this analysis, a was decomposed into two
components; ultimate settlement resulting from the natural soil an, and ultimate settlement
resulting from the embankment fill ae, in which (a = an + ae). This was to examine the
contribution of each soil layer to the total surface settlement a. Table 5.22 shows the

decomposition of the simulated ultimate settlement a.

Table 5.22 Decomposition of the simulated ultimate settlement a

Soil profile No. a an ae
(refer to Table 5.10) in (mm) in (mm) in (mm)
1 8.20 (208) 5.50 (141) 2.70 (67)
2 6.30 (159) 4.90 (124) 1.40 (35)
3 5.10 (129) 3.90 (98) 1.20 (31)
4 3.60 (91) 2.20 (55) 1.40 (36)
5 3.10 (78) 1.80 (47) 1.30 (31)
6 2.70 (69) 1.50 (37) 1.20 (32)
7 3.45 (87) 1.90 (48) 1.55 (39)
8 2.20 (55) 1.70 (44) 0.50 (11)
9 2.10 (52) 1.50 (37) 0.60 (15)

Table 5.23 shows the result of the correlation study between the logistic function
parameters and backfill soil properties. Table 5.24 shows the result of the correlation study
between the logistic function parameters and embankment soil properties. Table 5.25 shows the
result of the correlation study between the logistic function parameters and natural soil
properties. Table 5.26 shows the result of the correlation study between the logistic function

parameters and geometric parameters.
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Table 5.23 Pearson’s correlation coefficient between logistic function parameters and backfill soil properties

Soil properties a an Qe b c
o' 0.000 0.000 0.000 -0.133 -0.211
Y 0.000 0.000 0.000 -0.125 -0.233
€o 0.000 0.000 0.000 -0.125 -0.233
E 0.000 0.000 0.000 0.125 0.233

Table 5.24 Pearson’s correlation coefficient between logistic function parameters and embankment soil properties

Soil properties a an ae b C
C -0.443 -0.393 -0.471 -0.651 0.309
o' -0.435 -0.389 -0.453 -0.643 0.307
Y 0.475 0.406 0.545 0.682 -0.312
v 0.384 0.362 0.355 0.588 -0.294
Cc 0.472 0.405 0.537 0.720 -0.312
Cs 0.486 0.409 0.572 0.691 -0.312
€o 0.476 0.406 0.547 0.683 -0.312
E -0.497 -0.410 -0.606 -0.699 0.309

Table 5.25 Pearson’s correlation coefficient between logistic function parameters and natural soil properties

Soil properties a an ae b C
C -0.307 -0.388 -0.039 -0.461 0.492
Q' -0.355 -0.455 -0.026 -0.500 0.430
v -0.276 -0.361 0.000 -0.352 0.184
v 0.247 0.307 0.041 0.388 -0.471
Cc 0.354 0.455 0.024 0.495 -0.413
Cs 0.354 0.455 0.024 0.495 -0.413
€o 0.354 0.455 0.024 0.495 -0.414
E -0.350 -0.447 -0.031 -0.503 0.464

Table 5.26 Correlation coefficient between logistic function parameters and geometric parameters

Geometric parameters a an ae b c
He 0.548 0.509 0.525 -0.526 -0.458
Ha 0.000 0.000 0.000 0.460 -0.211
Sb 0.000 0.000 0.000 0.011 0.016
Ha/ He 0.145 -0.135 -0.139 0.622 -0.082

5.9.1 Logistic function parameter (a)

As shown in Tables 5.23, 5.24 and 5.25, parameter a does not have a strong correlation
with the backfill soil properties. Nevertheless, stronger correlation exists between a and the
embankment fill as well as natural soil fundamental properties. Therefore, the problem can be
further simplified to include only the embankment fill and natural soil layers. This was done by

considering a vertical soil strip (along the longitudinal-direction) with a unit longitudinal length
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that includes the pavement roadway (as a pressure), embankment fill layer, and natural soil layer,

as shown in Figure 5.75.

Ac (Roadway pavement)

L,

a=any+ de 1

Embankment Fill

an

Natural Soil

s Unit length——

Figure 5.75 Calculation of (a) using a vertical strip (longitudinal-direction)

In general, the weight of any soil layer or structure will impose stresses on the underlying
soil layers. These stresses will eventually cause dimensional changes in the soil volume
(decrease in the volume) through which settlement of soil occurs. This settlement can be
expressed by the summation of three separate components; the initial settlement (reduction of
void ratio), primary settlement (dissipation of water), and secondary settlement (creep).
According to the MDPCM model, this settlement can be expressed in terms of total strain.
Therefore, the ultimate settlement can be represented by the volumetric elastic and plastic strains
developed within the soil layer. Accordingly, it was assumed that the deformation of the soil
away from the abutment takes place only in the vertical direction. Such an assumption would
allow explaining the settlement of each soil layer by its elastic and plastic volumetric

deformation. Ultimately, the total volumetric strain can be expressed as:
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de, = def + deb 5-5

The total volumetric strain can be evaluated individually for each soil layer. This was
done by further simplifying the problem into two separate parts (presented in Figure 5.75):
settlement of the embankment fill due to the weight of the roadway pressure ae and settlement of

the natural soil due to the weight of the embankment fill a,, as shown in Figure 5.76.

Ao (Roadway pavement) Ao (Embankment fill)
I N N N I Y B
e an
______________ t T
Embankment Fill H. Natural Soil Hy
Unit length Unit length
(@) (b)

Figure 5.76 Calculation of (a) a. and (b) an

The volumetric elastic deformation of soil can be conveniently represented by a linear

elastic deformation using Hooke’s law as follows:

0o + Ao

gg = T 5-6
Where, a0, Aa, E are the in-situ pressure, surcharge pressure, and modulus of elasticity of
soil, respectively. The volumetric elastic strain can be adjusted to accommodate for the nonlinear

behavior of the soil (within the elastic region). This is particularly the case with the over-

consolidated soils, where a nonlinear deformation based on over-consolidation ratio (OCR) is

o9+Ac

expected. Therefore, an overburden stress ratio term (increase of the stress ratio) ( ) can be

0o
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introduced in the above equation in order to account for the nonlinear behavior. Accordingly,

equation 5-6 becomes:

S5-7

cadj _Oot Ao [oy + Ao
&, ==

0o

The soil behavior will remain in the elastic region until the state of the stress reaches the
yield stress, defined as the pre-consolidation pressure, o, or the modified long-term cohesion of
the soil, d, whichever is greater. Subsequently, plastic deformation occurs. Within the plastic
region, a., along with Cs and C. are used to define the hardening behavior of the soil. Ultimately,

the volumetric plastic strain can be evaluated using the following equation (Helwany 2007)

C.—Cs oo + Ao

P n
V' (In10)(1 + ep) o,

£ 5-8

The volumetric elastic and plastic deformation defined by equations 5-6, 5-7 and 5-8
were used to evaluate the maximum longitudinal ultimate surface settlement, a. Accordingly,
statistical analysis was carried out to determine the relationship between the maximum
longitudinal settlement components a, and ae with volumetric elastic and plastic deformation.

Table 5.27 shows the result of this analysis.

Table 5.27 Pearson’s correlation coefficient between a, and a. with volumetric elastic and plastic deformation

Equation Natural soil settlement (a,) | Embankment soil settlement (ae)
& 0.954 0.903
34 0.967 0.418
(04 + Ao) /0, 0.808 -0.669
gt 0.955 0.911
i A 0.963 0.726
e H 0.953 0.807
el x H 0.967 0.693
[e5°Y « H] + [¢F * H] 0.963 0.901
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As shown in the above table, a very strong correlation exists between the total strain
(s,f‘“dj + e,’,’) and the simulated settlement components ae and an. Accordingly, scatter plots,

shown in Figures 5.77 and 5.78, were constructed to examine the relationship between them.

Relationship between total volumetric strain and (a,)

4 100
Simulated data
Polynomial model (2nd degree
3 y ( gree) 75
Exponential model
= =3
<
< S
2 50 =
S 3
1 25
0 0
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Total volumetric strain

Figure 5.77 Scatter plot between total volumetric strain and settlement component (ae)
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Relationship between total volumetric strain and (a,,)

100
7 Simulated data
Polynomial model (2nd degree

6 y ( gree) 75

5 Exponential model
= =3
£ £
~4 50 =
S 3

3

2 25

1

0 0

0 1 2 3 4

Total volumetric strain
Figure 5.78 Scatter plot between total volumetric strain and settlement component (an)

Various trials were made, using curve fitting software (curve expert), to find the best fit
curve between the simulated ultimate soil components and the total volumetric strain. The best

fit curves are shown in the above figures. It is concluded that the relationship between
(s,f‘“dj + &P ) and a. may be represented by an exponential function. Similar observation was

made for the relationship between (s{;"a‘” + €P) and an. Therefore, an exponential relationship

could be proposed as follows:

a, = Cane(ang'adj+angg) 5-9

a, = C,H,e\Pesi " +aect) 5-10

In which,
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a=a,+a, 5-11

and

a = Ultimate settlement at the top surface of the embankment fill.

an = Settlement component at the top surface of the natural soil.

ae = Settlement component at the top surface of the embankment fill.
Hn = Height of the natural soil layer.

He = Height of the embankment fill.

Ce, Cn, fn, Be, an and ae = Regression parameters.

Accordingly, a regression analysis was conducted using the method of least squares in
order to determine the best fit for the exponential relationships proposed above. Table 5.28

shows the results for the regression parameters Ce, Cn, fn, tn, Be and ce.

Table 5.28 Regression parameters of the ultimate settlement components (an) and (ae).

Parameter Value
C, 383x106
B 27.00
a, 38.60
C, 4980x10®
B. 61.00
a, 23.00

The final equation was evaluated by substituting the value of various parameters (found
in Table 5.28) into equations 5-9, 5-10. Thus, the maximum longitudinal surface settlement, a,

can be evaluated using the following equation

e.adj e.adj
a = 383 X 10_6Hne(27 & 44386 51’7’) + 4980 X 10_6Hee(61 e 423 85) 5-12
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Equations 5-12 provides an empirical estimation of the ultimate soil settlement away

from bridge abutment. This empirical equation has resulted in a coefficient of determination R? =

0.999, and standard error of estimate Sest = 0.07 in (1.80 mm). This indicates that the value of a

can be accurately predicted from the proposed equation 5-12. Figure 5.79 shows the simulated

versus predicted a.

Simulated a (in)

10

25

50

5.9.1.1 Adjustment of (a)

Predicted a (in)
3 4 5 6 7 8 9 10

25
50
75
100

125

R2=0.999 150

Simulated a (mm)

Set=0.07 in (1.8 mm) 175

200
225

250
75 100 125 150 175 200 225 250
Predicted a (mm)

Figure 5.79 Simulated versus predicted a

In general, the type of FEM influences the result of the analysis. As in this study, two-

dimensional longitudinal model was used to perform the analysis. This type of model does not

consider the effect of the side slope of the embankment fill (in the transverse direction). This

eventually results in an overestimation of the maximum settlement, a. In order to include the

effect of the side slope in the calculation of a, maximum surface settlements from the transverse

and longitudinal models were compared.
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In this analysis, all soil profiles (shown in Table 5.10) were tested. The analysis was
carried out such that the side slope of the embankment fill, oriented in the transverse direction,
was straightened up, by adding more filling material (As in Figure 5.80). The maximum surface
settlements of the sloped and straightened embankment fills were compared with the maximum

longitudinal surface settlement, a.

-0 T
|\ Additional fill
| |
I A |
Existing embank‘p]ent fill ’ }d@
A i Az
1
|
‘ a
Natural Soil Ci
o

Figure 5.80 Layout of the transverse simulation (additional fill)

Figures 5.81 through 5.83 show the result of the analysis using soil profile No.1 (see

Table 5.10).
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U, 02

+1.111e-02
-3.248¢-02
-7.608¢-02
-1.197¢-01
-1.633¢-01
-2.069¢-01
-2.505¢-01
-2.941e-01
-3.377¢-01
-3.813e-01
-4.249¢-01
-4.685¢-01
-5.121¢-01

Figure 5.81 Vertical deformation contour (transverse direction) of soil profile No.1 (ft)

U, m
+0.202¢-03
4.628¢-02
-1.018¢-01
-1.574¢-01
-2.130¢-01
-2.686¢-01
-3.241¢-01
3.797¢-01
-4.353¢-01
-1.908¢-01
-3.464¢-01
-6.020¢-01
6.576¢-01

Figure 5.82 Vertical deformation contour (transverse direction) of soil profile No.1 with additional fill (ft)

U, Uz
+1.06%e-02
-4 715e-02
-1.050e-01
-1.A28e-01
-2.207e-01
-2.785e-01
-3.363e-01
-3.942e-01
-4.520e-01
-5.098e-01
-5.677e-01
-6.255e-01
-6.834e-01

Figure 5.83 Vertical deformation contour (longitudinal direction) of soil profile No.1 (analysis#3) (ft)

The above figures show that the anticipated maximum surface settlement from the
transverse model (Figure 5.81) was less than the longitudinal model (Figure 5.83). Figure 5.82
shows that after adding more fill, the surface settlement at the center of the embankment has
increased to relatively match the maximum longitudinal settlement, a. Similar observation was
found with all tested soil profiles. Accordingly, a relationship was sought by relating the area
ratio of embankment fill to the maximum longitudinal settlement, a. Ultimately, the difference in

the filling area was assumed to be proportional with a as follows:
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Az
Quaj = a(l i Az) 5-13

Where
A1 + A, = Total transverse area of the embankment fill (see Figure 5.80)
Az = Transverse area of the additional fill (see Figure 5.80).

Accordingly, regression analysis was conducted using the method of least squares to
determine the best fit for the latter relationship. Consequently, the final equation was evaluated

as follows:

As
A+ A,

Gqqj = 0.92a (1 - ) +0.82 5-14

Equation 5-14 provides an empirical relationship that relates the maximum longitudinal
settlement, a, with the maximum transverse surface settlement. Figure 5.84 shows the simulated

versus predicted a using equation 5-14.
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Predicted a (mm)
Figure 5.84 Simulated versus predicted (a)

5.9.2 Logistic function parameter (b)

As shown in Tables 5.24 and 5.26, parameter (b) has a strong correlation with the
embankment soil properties as well as the geometric parameters. They include embankment
compression index (C¢) (r = 0.720) and the abutment to embankment height ratio (He/ Ha) (r =
0.622). Accordingly, it was observed that the correlation coefficient increases to (r = 0.808) as a
result of multiplying the embankment compression index with the abutment to embankment
height ratio (i.e. Cc X Ha/ He). Thus, a scatter plot, shown in Figure 5.85, was constructed

between parameter (b) and (Cc x Ha/ He).
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Relationship between (b) and (C, x H,/ H,)

3
®  Simulated data
Polynomial model (2nd degree)
Logarithmic model x
2
5
1
0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Cex (Ha/Ho)

Figure 5.85 Scatter Plot between parameter (b) and (C¢ < Ha/ He)

Various trials were made, using curve fitting software (curve expert), to find the best fit
curve between the logistic function parameter, b, with (Cc x Ha/ He). The best fit curves are
shown in the above figures. It is concluded that the relationship between parameter b and (Cc x

Ha/ He) may be best represented by a logarithmic function as shown below:

H,

b=8!n<Cc><—)+‘P 5-15
He

Where

Cc = Compression index of the embankment fill.

He = Height of the embankment fill.

Ha = Height of the abutment wall.

9 and ¥ = Regression parameters.
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Consequently, a regression analysis was conducted using the method of least squares in
order to determine the best fit parameters for the logarithmic relationship. Table 5.29 shows the

results for the regression parameters 9 and W.

Table 5.29 Regression parameters of the logarithmic function

Parameter Value
) 0.38
Y 2.26

The final equation was evaluated by substituting the parameters value (found in Table

5.29) into equation 5-15 as follows:

Hq
b =0.38In (cc X —) +2.26 5-16
He

Equation 5-16 provides an empirical estimation for the parameter b, which controls the
magnitude of the settlement at the interface between the abutment wall and adjacent soil. This
empirical equation resulted in a coefficient of determination R? = 0.794, and standard error of
estimate Sest = 0.15. This indicates that the value of b can be predicted reasonably well using

equation 5-16. Figure 5.86 shows the simulated versus predicted b.
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Figure 5.86 Simulated versus predicted b

5.9.3 Logistic function parameter (c)

As shown in Table 5.21, a very strong negative correlation exists between parameters a

and c, with a value of (r =-0.830). Figure 5.87 shows a scatter plot between parameter a and c.
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Figure 5.87 Scatter plot between parameter a and ¢

250
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Various trials were made, using curve fitting software (curve expert), to find the best fit

curve of the logistic function parameter, c. The best fit curves are shown in the above figures. It

is concluded that the relationship between ¢ and a may follow an exponential function.

Therefore, an exponential function could be proposed as follows:

Where

c = ne®?

n and o = Regression parameters.

5-17

Accordingly, a regression analysis was conducted using the method of least squares in

order to determine the best fit for the exponential relationship. Table 5.30 shows the results for

the parameters n and w.
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Table 5.30 Regression parameters for the exponential relationship
Parameter Value
n 0.172188
-0.18195 when (a) is in inches
-0.00716 when (a) is in millimeters

w

The final equation was evaluated by substituting the parameters value (found in Table

5.30) into equation 5-17 as follows:

When a is in inches

c =0.172¢70182a 5-18

When a is in millimeters

c = 0.172e70:007a 5-19
Equations 5-18 and 5-19 provide an empirical relationship between the logistic function
parameters a and c. This empirical equation has resulted in a coefficient of determination R? =
0.730, and standard error of estimate Sest = 0.015. This indicates that the value of ¢ can be
predicted reasonably well using Equations 5-18 and 5-19. Figure 5.88 shows the simulated

versus predicted c.
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Figure 5.88 Simulated versus predicted ¢

5.10 Case study

A case study was considered and examined, using the finite element method, to
investigate the accuracy of the developed empirical equations with respect to estimating the

longitudinal soil deflection profile behind bridge abutment.

The soil profile used in the case study is similar to that shown in Figure 5.33. It consisted
of a wall abutment with height Ha = He constructed against a 95% compacted granular backfill
with Sp = 1:2 (1 vertical to 2 horizontal), low compressible embankment fill with height He = 25
ft (7.6 m) and moderate compressible natural soil with height Hy = 35 ft (10.7 m). The material
properties associated with the concrete in the abutment wall, approach slab, and roadway

pavement as well as soil properties are shown in Tables 4.2 and 4.7, respectively.
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The boundary conditions, analysis steps, elements type, and contact behavior were
described in section 5.6. Figure 5.89 shows the finite element discretization of the case study

model.

Figure 5.89 Finite element discretization of the case study model

Results from the finite element analysis of are presented in Figures 5.90, 5.91 and 5.92.
Figure 5.90 shows the vertical deformation of the abutment, approach slab, roadway,
embankment fill, and natural soil at the end of the analysis. Figure 5.91 shows the distribution of
excess pore pressure at the end of the analysis. Figure 5.92 shows the simulated soil deformation

profile along the longitudinal direction.

u Uz
+1.023e-02
-8.077e-03
-2.858e-02
-4 76de-02
-6.69%-02
-8.62%-02
-1.056e-01
-1.24%-01
-1.442e-01
-1.635e-01
-1.828e-01
-2.021e-01
-2.214e-01

Figure 5.90 Deformed mesh at the end of the analysis (ft)
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Figure 5.91 Distribution of excess pore pressure at the end of the analysis (psf)

Soil settlement profile behind bridge abutment
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Figure 5.92 Simulated versus predicted soil settlement profile for the case study

Figure 5.92 indicates that the far away settlement, a, and settlement adjacent to abutment
wall were 2.6 in (66 mm) and 0.4 in (10 mm), respectively. The developed logistic empirical
function (equation 5-3) was used to predict the longitudinal soil deformation profile. First,

equation 5-12 was used to determine the value of the ultimate settlement far away from bridge

155



abutment, a. The developed level of strain was individually evaluated for embankment fill and

natural soil layers. Table 5.31 shows the level of strain at the middle of each layer.

Table 5.31 Level of strain at the middle of each layer

Strain Embankment Fill Natural Soil
gy 0.0048 0.0225
eb 0 0.016

Substituting the values of £2“”and €? into equation 5-12, a yields to 2.5 in (64 mm).
Subsequently, substituting C. = 0.087, He = 25 ft (7.6 m), and H, = 35 ft (10.7 m) into equation
5-16, b yields to 1.53. Lastly, substituting a = 2.5 in into equation 5-18 yields to ¢ = 0.11. Figure
5.92 shows the simulated versus predicted soil profiles. The figure shows that the developed
logistic function predicted the soil deformation along the longitudinal direction reasonably well

when compared with the finite element results.

5.11 Chapter summary and conclusion

The objective of this study was to provide engineers with a reasonably accurate, yet
simple, empirical equations that could be used to predict the longitudinal soil deformation behind
bridge abutments. Such equations would be beneficial in making reliable predictions of the long-
term differential settlement of the approach slab and could facilitate more accurate design

recommendations to address bridge approach settlements.

Parametric studies were conducted, using finite element model, to quantify the effects of
various parameters on the transverse as well as longitudinal soil deflection profile behind bridge
abutments. These include the length of the approach slab, height of embankment fill,
embankment soil type, height of natural soil, natural soil type, backfill soil type, slope of backfill

area, and abutment type.
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As a result, it can be concluded that embankment fill height of He > 20 ft ( 6.1 m) would
be problematic in terms of the transition performance. The slope of the approach slab must be
checked against soil conditions in such cases. In addition, it was observed that the soil
longitudinal deflection profile could be represented by a logistic function curve. Therefore, a set
of empirical equations were developed that define the various parameters of the logistic function.

Table 5.32 shows a summary of the developed equations.

Table 5.32 Summary of the developed equation

General form/parameters Developed equations
General form of the
logistic function
y = vertical settlement at a y
distance of x from the
bridge abutment.
Logistic function i i
parameter (a) a = 383 x 10-6H, e(27 5386 ¢0) | 4980 x 10-6p, (615 +230)
Maximum displacement.
Logistic function
parameter (b) H
Settlement at the interface b =0.38In (CC X —e) +2.26
between the abutment wall Hq
and the backfill soil.
Logistic function c = 0.172e70182a x
parameter (c) 0.
Steepness of the curve. ¢ = 0.172¢70007¢ **
*when (a) isin inches **when (a) is in millimeters

B a
" 14 becx

The range of applicability of the developed equations would typically be restricted to the
range of the parameters used in the parametric study (see Tables 5.9, 5.10 and 5.11). Care must
be taken to ensure accuracy if parameters are outside of the range used in the parametric study. A
particular case was illustrated in which the developed equations predicted the simulated soil
deformation reasonably well. Overall, the benefits of the developed equations could be further

increased when studies using an expanded range of parameters are conducted in the future.
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CHAPTER 6 - PILE-SUPPORTED APPROACH SLABS

6.1 Chapter background

As soil underneath approach slab settles, deferential settlement develops between the
bridge and the roadway pavement causing bumps and affecting the riding quality. The approach
slab in such cases would transfer the bump from the beginning of the bridge to the end of the
approach slab. As discussed in the literature review chapter (Chapter 2), a maximum change of
slope of approach slab of 1/125 is desired to maintain a smooth transition into and out of the
bridge. Maintaining such limits in slope is important to prevent damage to structural elements, to

ensure safe driving environment, and to reduce maintenance cost over the life-time of the bridge

system.
Bridge Deck Approach Slab Segments
i e T s Roadway pavement

.......................

G5 A AT 7. T T T T
Abutment / o

Figure 6.1 Managing approach slab differential settlement

Settlement-reducing piles could be introduced into the approach slab to control changes
in slope and limit stresses to acceptable levels. Such piles would rely on surface friction and end-
bearing resistant to control the approach slab settlement and achieve the required level of
differential settlement. However, determining the appropriate location, spacing, length and size
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of piles is a difficult task that requires further study. Since field testing of piles is rather
expensive and time-consuming, an analytical program (which is verified with through existing
test information) is required to develop the information needed for the design of pile supported

approach slab for settlement control.
6.2 Chapter problem statement

Since the bridge approach slab (BAS) is a relatively rigid structural member, a smooth
transition (change in slope of less than 1/125) may be achieved by selecting the length of the
approach slab, Lgas, such that the resulting slope is acceptable for the expected soil settlement.
However, when the soil conditions are poor, the soil settlement would be large, and the approach
slab must be extended far to bridge the gap resulting from the settlement. This could in return
result in very long approach slabs that would require greater thicknesses to control stresses and
deflection. Introducing piles at specific locations underneath a segmented approach slab could
address such a problem through control of soil settlement and slope changes. As piles are
introduced, they could control downward movement of the soil to acceptable levels by offering
resistance to the soil (downdrag). Control of settlements along various segments of a multi-
segment approach slab could facilitate slope changes that within tolerable limits with respect of
ride quality. Piles in such cases are not intended to reduce settlement to zero as this would only
add another apparent span to the bridge and would not address the differential settlement that

must still be accommodated.

Maintaining acceptable slope changes among approach slab segment and between
approach slab segments and the roadway or the bridge is required to achieve an overall smooth
transition between the bridge and the roadway pavement. The concept of pile supported

segmented approach slab is illustrated in Figure 6.1. The approach slab segments are attached
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together in such a way as to allow rotation at the interface between segments thus allowing a

series of changes in slope. The number and lengths of needed approach slab segments are

dependent on the expected settlement. One approach involves developing an S-shaped curve to

eliminate the formation of the bump. The S curve would require an odd number of segments in

which the settlement at the end of each segment is controlled through piles. The characteristics of

each segment can be determined based on the desired relative angle change between any two

segments. Figure 6.2 shows a schematic of the proposed multi-segment pile supported approach

slab.

Abutment face

Abutment face '

A=, when bridge deck at zero slope

Reference settlement line

A=Ay +Ag+Ac

\
.
Lyisa . Lzisp g Lyisc

r~—Pjle lines

Figure 6.2 Schematic of the proposed pile supported approach slab segments.

For the purposes of this study, the length of each approach slab segment is assumed to be

between 15 ft (4.5 m) and 30 ft (9.1 m), which are compatible with typical lengths used for

approach slab (see Chapter 3). In order to produce the smooth transition curve shown in Figure
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6.2, the change of the slope between the bridge and the first segment, ¢,, should be maintained
at a level below the 1/125. Similarly, the change of slope at the second and third segments, Apg
and Ag(, should be less than the targeted value as well. Additionally, while maintaining the
limits on slope change, the middle segment can have an absolute slope that can be as much as
twice the slope change limit. This indicates that BAS-B can undergo twice the differential
settlement of the first and third segments, i.e. Ag= 2A,. This would shorten the overall length of
the three-segment approach slab compared to a single-segment regular approach slab. Such a
pile-supported multi-segment approach slab is expected to result in a smooth transition between

the bridge and the roadway in cases where excessive soil settlement is expected.

In some circumstances, fewer (two) approach slab segments maybe adequate for
achieving slope changes that are below the stated limits. In such cases, the procedures described
below can be followed. Eventually, the produced smooth curve would consist of one or more
approach slab segments that serves the purpose of eliminating the bump at the end of the bridge.

The procedures used to produce the smooth curve transition is as follows: (refer to Figure 6.2)
a) Determine the maximum longitudinal surface soil settlement, a or A, using either the
FEM analysis or the empirical equations provided in Chapter 5.
b) IfAr<Lpys_a (é) use a single-segment approach slab with Lg45_4 <
30ft (9.1m). Minimize Lg,s_4 to meet this requirement.
C) IfA;r> Lgas_q (515) the settlement cannot be accommodated with a single-segment

approach slab. Use a multi-segment pile-supported approach slab based on the

following procedures:
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Select pile size, length, and pile spacing for the first line of piles such that the
expected pile head settlement Ay< Lgss_4 ( ) Charts that can be used for

this estimation are given in this Chapter. If the desired A, cannot be achieved,
change Lpas_4, pile size, pile length, or pile spacing to satisfy the above

settlement requirement.

If Lgas— A( ) < Ar< (Lgps—a + Lpas— B)( ) try a two-segment
approach slab with one line of piles between the two segments. The end of the
second segment should be supported on a sleeper-slab on soil.

If Ar> (Lpas—a + Lpas— B)( ) the settlement cannot be accommodated

with a two-segment approach slab. Try a three-segment approach slab. The
end of the third segment should be supported on a sleeper-slab on soil.
Select the pile size, length, and pile spacing for the second line of piles (from

the charts) such that the expected pile head settlement A, + Ag<
(Lpas—a + Lpas—p) (125)

If Ar> (Lpas—a + 2Lgas—p + Lpas— C)( ) the settlement cannot be

accommodated with a three-segment approach slab. Try four-segment
approach slab. The end of the fourth segment could be supported on a sleeper-
slab on soil.

Repeat steps a-e as needed.
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6.3 Chapter objectives

The objective of this phase of the study is to quantify the effects of the pile, soil and
bridge parameters on the pile head settlement. Relationships are required for estimating pile head
settlement under various pile and soil conditions. These relationships can be utilized to determine
the appropriate location, size, length, and spacing of piles to achieve and maintain a smooth

transition between the bridge and roadway pavement in cases of excessive settlement.
6.4 Settlement-reducing piles

6.4.1 Introduction

Piles are long slender structural members that are commonly made of concrete, steel, or
timber and are used to transfer superstructure loads deep into the soil. Their main function is to
provide adequate bearing capacity to resist applied load. However, piles can also be used to
reduce settlement to an acceptable level. Piles are typically installed in group of three or more to
insure safe load transfer and provide some redundancy to the supported structure/s. There are
two basic types of pile foundations; friction pile and end-bearing pile. A friction pile derives its
capacity through skin friction, Qs, that is developed over the surface of the pile. On the other
hand, the end-bearing pile derives its capacity, Qb, from the bearing capacity of the soil under the
pile tip. A combination of the two pile types (semi-friction pile) provides resistance through both

skin friction and end-bearing (B. M. Das 2011).

Furthermore, piles are also classified into displacement and replacement piles.
Displacement pile cause radial displacement as it is driven into the ground. On the other hand,
replacement piles are installed by first removing the soil and then installing the pile. For the

purposes of this study, replacement concrete piles are considered.
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6.4.2 Load transfer mechanism in piles

Piles can be subjected to axial and lateral loads. Under compressive axial forces
(downward), the resistance is provided by skin friction, Qs, and end-bearing, Qb, while tensile
axial forces are resisted by skin friction alone. Friction forces along the pile are developed as a
result of the relative movement between the pile and the surrounding soil. Positive skin force,
Qps, is developed when the settlement of the surrounding soil is less than movement of the pile
shaft. On the other hand, negative skin friction (downdrag), Qud, is developed when the
settlement of the surrounding soil is greater than movement of the pile shaft. This typically

occurs due to the consolidation process (dissipation of water) in the soil surrounding the pile.

The relative movement that is required to mobilize the skin friction is typically very
small. Coduto (2001) reports that about 0.2-0.3 in (5.0-8.0 mm) of relative displacement can fully
mobilize the skin friction. On the other hand, much greater relative movement is required to fully
mobilize the end-bearing, typically, (0.1-0.25 Dy) where Dy, is the pile diameter (Coduto 2001, B.
M. Das 2011). Figure 6.3 shows the distribution of pile axial load along the length of the pile

considering skin friction, end-bearing, and downdrag.
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Figure 6.3 Distribution of pile axial load (a) skin friction and end-bearing without downdrag (b) skin friction without
end-bearing and downdrag (c) skin friction, end-bearing and downdrag (d) end-bearing and downdrag

In Figure 6.3, the location along the pile shaft where no relative displacement occurs

between the pile and the surrounding soil is called neutral plane or neutral axis. In terms of

stress, this is defined as the location where frictional stresses change from negative to positive.

6.4.3 Load capacity of piles

The load carrying capacity of pile-soil system is the maximum load at which the safety of

the pile and the surrounding soil is ensured. In a pile-soil system, the ultimate load carrying

capacity, Qu, can be evaluated as follows:

Qu =10p + Qs 6-1
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Generally, the ultimate load carrying capacity of the pile-soil system can be obtained
from the load-settlement curve. The capacity corresponds to the pile head load at which the pile
plunges into the soil (i.e. rapid increase of pile head settlement with a small additional load).
Furthermore, Qq is affected by several factors including the length, shape and size of the pile,
installation method, and soil conditions. There are several analytical methods for evaluating the

load capacity of the pile-soil system. In this study, the f-method is used.

The p-method is widely used to evaluate the short- and long-term load carrying capacity
of pile-soil systems. The long-term friction capacity, Qs, of the pile can be determined as follows

(B. M. Das 2011, Helwany 2007):

i=n
Li

0= | fivdz=) [Bi(opiLd] 6-2
0 i=1
Where p is the perimeter of the pile, L is the length of the pile, and gy, is the effective
vertical soil stress at the pile midpoint. £ is a parameter that is defined in terms of the coefficient

of friction, y, and the coefficient of lateral earth pressure at rest, Ko, given by g = uK,.

On the other hand, the long-term end-bearing capacity, Qp, of the pile can be determined

as follows (Helwany 2007):

Qp = [(09)pNg + chN|Ap 6-3
Where (a,);, is the effective vertical soil stress at the base of the pile, c;, is the cohesion

of the soil underneath the tip of the pile, and Ay is the cross-sectional area of the pile base. N,
and N, are bearing capacity coefficients defined in terms of the soil’s angle of internal friction,

!

Q.
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Although, the pile-soil system’s carrying capacity is dominant in most cases, strength
capacity of the pile material should also be checked. Structurally, pile must be designed to safely
sustain the applied load and the associated deformation. Typically, axially-loaded piles are
designed as short-column, since buckling is not an issue even in soft soils. The allowable
carrying capacity of concrete pile can be estimated as follows: (Coduto 2001)

1
Qo = §fc’ Ap 6-4

Where Ay is cross section area of the pile.
6.5 Pile cap design

The pile cap in a bridge is a reinforced concrete member that connects a group of piles
together (at their top) and to the structure above. Its function is to transfer and distribute the load
across the piles. Piles should be spaced at 2 to 3 times the pile diameter to effectively transfer the
load to soil. This assures that the stress zone induced by each individual pile would not overlap

with the adjacent piles (Coduto 2001, B. M. Das 2012).

The pile group efficiency, n, can be expressed in term of the ultimate load capacity of the

pile group as follows:

_ qu
%0,

Where Qqu is the ultimate load capacity of the pile group, and Qu is the ultimate load
capacity of a single pile. The pile group efficiency is affected by many factors including the

number, shape, arrangement, diameter and length of piles. The pile group efficiency is also
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affected by the failure mode. Typically, a pile group can fail as a whole or as individual piles

(punching shear) (Coduto 2001).

6.6 Development and verification of finite element soil-structure interaction

models

6.6.1 Introduction

The analytical modeling of any structure can be represented by finite number of elements
that are computationally assembled to obtain a solution for the structure. In this study, the
commercial finite element software ABAQUS was used to analyze the combined soil-structure

model (ABAQUS 2015).

In the first part of this study, a three-dimensional finite element model was generated to
perform long-term soil-structure analysis of a single pile embedded in a soil mass (single
pile/soil model). The objective of this analysis was to quantify the pile head settlement as well as
the load distribution along the pile. The model consisted of the following components: pile,
granular backfill soil, embankment fill, and natural soil, constructed as shown in Figures 6.4 and
6.5. In this model, the granular backfill layer was construed horizontally (without a slope). Some
models included the granular backfill representing conditions where the pile is within the backfill
zone behind the abutment, while other models did not include a granular backfill layer (Figure

6.5).
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6.6.2 Geometry and boundary conditions

An important aspect of the soil-structure finite element model is establishing the location
and type of boundary conditions. In soil-structure models, displacement and pore pressure
boundary conditions may be defined. Because of the symmetry, one-half of the entire structure

was modeled.

The bottom of the model should represent locations where no soil movement (vertical
and horizontal) occurs. This location can be determined using the standard penetration test
(typically provided in the borehole log profile). A high-test value indicates a hard layer, such as
bedrock. At this location, both vertical and horizontal movements are restricted (assumed to be
zero). No water seepage would be expected to occur at this location either. Thus, an impervious
boundary condition was assumed at the bottom nodes. The top surfaces of the soil were free to

move in all directions and was considered to be pervious (i.e. water could flow through them).

The soil mass was extended (in all directions) to capture entire behavior of the pile-soil
system. Helwany (2007) recommended extending the soil mass a distance of at least 30 Dy from
the center of the pile. At the end of the soil mass, the soil was assumed to move freely except in
the out-of-plane direction. Figures 6.6 and 6.7 show the geometry and boundary conditions used

in this analysis.
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Figure 6.7 Boundary condition of the single pile-soil model with or without the backfill layer (vertical section)

In the above figures,

Z = Depth reference.

Hp = Height of the backfill,
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He = Height of the embankment fill.

Hn = Depth the natural soil (to impervious layer).
Lp = Length of pile.

Wsoil = Width of the modeled soil medium.

Lsoit = Length of the modeled soil medium.

A parametric study was conducted in the single pile-soil model. Values of Hp, He, Hn, L,
and Dy were varied according to the parametric study matrix shown in Table 6.2 (see Section

6.7).
6.6.3 Contact behavior at structure-soil interfaces

The developed three-dimensional model include interaction between the pile and the
surrounding soil. Interface elements were introduced across these interfaces to transfer normal
and tangential forces using the pressure-overclosure relationship and coulomb friction model that
is defined within ABAQUS (see Section 4.2). In this analysis, the concrete surfaces (i.e. pile
shaft including the tip) were assigned to act as master elements while soil surfaces were assigned

to act as slave elements.

6.6.4 Analysis procedures for single pile-soil model

The analysis procedures used to run the single pile-soil model included the following

steps:

1- Applying a geostatic load on the underlying natural soil layer. In this step, the

effective self-weight of the natural soil was applied. The geostatic step assures
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that equilibrium is satisfied within the natural soil layer, and that the initial stress
conditions in all elements falls within the initial yield surface.

2- Constructing the embankment fill over a period of time (equation 5-1). In this
step, the effective self-weight of the embankment soil was applied. This was done
in a coupled (consolidation) step where the load of the embankment is applied in a
timely manner.

3- Adding the pile and associated loads. This step was also done in a coupled
(consolidation) way where the soil is removed, and pile is added with a perfect
contact with the soil. The construction of the pile was assumed to occur ninety
days after the completion of the embankment fill and over a ten-day period.

4- Consolidation steps. In these steps, calculations to determine the primary
settlement (consolidation process) and secondary settlement (creep) were

performed.

6.6.5 Material properties

The concrete in the pile was assumed to behave in a linearly elastic manner with a
modulus of elasticity that was consistent with a design compressive strength of 4000 psi. Table
4.2 shows the concrete material parameters used. On the other hand, the modified Drucker-
Prager/Cap material model was used to simulate the behavior of the soils. Table 4.7 shows the

input parameters used to model the soil.

6.6.6 Initial model

An initial model was used in this phase of the study to determine the proper element size

and to conduct comparison analysis. The layout used in the initial model was similar to that
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shown in Figures 6.4 and 6.5. The pile-soil system used in the initial model consisted of a single
pile with diameter Dp = 12 in (305 mm) and length L, = 45 ft (13.7 m). A highly compressible
embankment fill with height He = 30 ft (9.1 m), and a highly compressible natural soil with a
height H, = 30 ft (9.1 m) was considered. These parameters were chosen such as they would

reflect the outcome of the analysis in a sensible way in which comparisons could be made.

6.6.7 Element type and size

As a porous material, soil contains voids that can be filled with air and/or water. Thus,
the element used to discretize the soil was an eight-node brick element with trilinear
displacement and pore pressure (element code: C3D8P). This type of element has the capability
to capture deformation as well as excess pore pressure history. In this element, each node
consists of three displacement degrees of freedom (Ux, Uy and U,), three rotational degrees of
freedom (rx, ry and r;), and one pore pressure degree of freedom (Por). On the other hand, an
eight-node brick element was used to discretize the concrete pile (element code: C3D8). In this
element, each node consists of three displacement degrees of freedom (Ux, Uy and U,) and three

rotational degrees of freedom (rx, ry and r;) (ABAQUS 2015).

The initial model (see Section 6.6.6) was used to determine the proper element sizes that
would maintain the accuracy of results while reducing the computational time. This was done by
monitoring the pile head settlement as a function of element size. The element size (length x
width x height) was chosen independently for optimization purposes. The element size was
reduced in each subsequent run and pile head settlement, ApH, was determined. Table 6.1 shows

the element size and corresponding Apn values.
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Table 6.1 Element size versus simulated Apn

Element size Total A Difference Difference

(height) (length x width) number of in (r:qu) (from previous size) | (from coarsest size)

ft (m) ft (m) elements (%) (%)
50(15W | 50x50(15xL5M 4,176 3.47 (88) - -
2.0 (0.6) 5.0x5.0(1.5x1.5) 10,788 3.66 (93) 55 5.0
1.0 (0.3) 5.0 X 5.0 (15 X 1.5) 20,880 3.71 (94) 13 6.0
0.5 (0.2) 5.0x5.0 (L5 x 1.5) 41,760 3.72 (94) 0.2 7.0
2.0 (0.6) 2.0 % 2.0 (0.6 X 0.6) 29,760 3.67 (93) B 5.0
1.0 (0.3) 2.0 % 2.0 (0.6 X 0.6) 57,600 3.71(94) 10 6.5
0.5 (0.2) 2.0 % 2.0 (0.6 X 0.6) 115200 | 3.73 (%) 05 7.0
1.0 (0.3) 1.0x 1.0 (0.3 x0.3) 157,800 | 3.71(94) - 6.5
0.5 (0.2) 1.0x 1.0 (0.3x0.3) 315600 | 3.73(94) 05 7.0
0.5 (0.2) 0.5x 0.5 (0.2 % 0.2) 1,022,200 | 3.77(%5) 3 75

[1] coarsest element size

The results show that pile head settlement, Apx, becomes nearly steady (maximum error
of 0.5%) when the element size is at or less than 1.0 ft x 2.0 ft x 2.0 ft (0.30 m x 0.60 m x 0.60

m). Therefore, this element size was used in this study.

6.6.8 Comparison with analytical solution

In this part of the study, a finite element model was generated to simulate the long-term
load capacity of the pile-soil system. The simulated pile-soil capacity was then compared with
the analytical f-method. For this analysis, the soil-pile properties and conditions were identical

to those used in the initial model (see Section 6.6.6).

The simulated pile load-settlement analysis was carried out such that the pile’s head was
vertically displaced a total distance of about (0.25 D), and the force required to achieve the
displacement was recorded incrementally. The pile was displaced at this magnitude to assure the
mobilization of the pile tip bearing resistance (see Section 6.4.2). The vertical displacement was
imposed in a very slow rate of 1x10° in/sec (1x10* mm/sec). This was to prevent any excess
pore pressure from building up around the sides and tip of the pile. Figure 6.8 shows the
deformed contour of the modeled pile-soil system. Figure 6.9 shows the distribution of pore

pressure at the end of the analysis.
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Figure 6.9 Excess pore pressure contour at the end of the analysis (psf)

The simulated load-settlement curve is shown in Figure 6.10. The figure shows that the
FEM load carrying capacity of the pile-soil system was 85 kips (380 kN) which compared to 92

kips (410 kN) using the p-method with a reasonably good agreement.
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Figure 6.10 Simulated pile load-settlement curve

6.7 Parametric study

A parametric study was conducted using finite element analysis to quantify the effects of
various parameters on the pile’s load carrying capacity, Qu, as well as head settlement, Apx. The
parameters considered were the diameter of the pile, Dp, embedment length of pile, L,, height of
backfill soil, Hy, height of embankment fill, He, and height of natural soil, Hn. Table 6.2 shows

these parameters along with their variation for the parametric study.

Table 6.2 Parametric study matrix for the single pile-soil model

Parameter Range
Embedment length of pile (L) 35, 45 and 55 ft (10.7, 13.7 and 16.8 m)
Diameter of pile (Dp) 6, 12, and 18 in (152, 305 and 458 mm)
Height of backfill layer (Hp) 0,12 and 24 ft (0, 3.7, 7.3 m)
Backfill type (Degree of Compaction) 90%
Overall height of fill (Hs = He+ Hp) 30ft (9.1 m)
Embankment soil type (Degree of Compressibility) High
Height of natural soil (Hn) 30ft (9.1 m)
Natural soil type (Degree of Compressibility) High
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Each pile size was examined using various choices of parameters to quantify their effect
on the pile head settlement. The pile head load, Q, was determined assuming that a line of piles
was placed between two 20-ft (6.1-m) approach slab segments with a thickness of 12 in (305
mm) and different transverse pile spacings. Table 6.3 shows the variation of all parameters tested

with each value of Dy.
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Table 6.3 Range of parameters tested in accordance with D,

Pile embedment length
; Pile spacing™ | Backfill | Embankment fill | Natural soil Total embedment length
Anaysis ft.(m) Ly Le Ln (Lp=Lp + Le + Lp)
() ft (m) ft (m) ft (m)
1 3(0.9)
2 6 (L8)
3 12 (3.7) g 30 (9.)
4 17 (5.2)
5 3(0.9)
6 6 (L8)
7 1237 | 2@ 18 (5.5) 5 (1.5) 35 (10.7)
8 17 (5.2)
9 3(0.9)
10 6 (L8)
11 1267 | 2409 6(18)
12 17 (5.2)
13 3(0.9)
14 6 (L8)
15 12(3.7) 0 30(9)
16 17 (5.2)
17 3(0.9)
18 6 (L8)
19 1237 | 2@ 18 (5.5) 15 (4.6) 45 (13.7)
20 17 (5.2)
21 3(0.9)
22 6 (L8)
23 2@y | 2403 6(1.8)
24 17 (5.2)
25 3(0.9)
26 6 (L8)
27 12 (3.7) 0 30(9.1)
28 17 (5.2)
29 3(0.9)
30 6 (L8)
31 1237 | 2@ 18 (5.5) 25 (7.6) 55 (16.8)
32 17 (5.2)
33 3(0.9)
34 6 (L8)
35 1267 | 2409 6(18)
36 17 (5.2)

[1] Piles were assumed to be on a line between two adjacent approach slab segments.

[1] For Dp = 12 in (305 mm), only pile spacing of 3, 6 and 12 ft (0.9, 1.8 and 3.7 m) were tested as pile capacity was reached. For
Dp =6 in (152 mm), only pile spacing of 3 and 6 ft (0.9 and 1.8 m) were tested as pile capacity was reached (section 6.7.1).

The finite element model was generated as described in section 6.6. The models were run
for a simulated total time that allowed the completion of initial, primary (dissipation of water),
and secondary (creep) settlements of the modeled soil. The load on the embankment/backfill

layers was applied according to equation 5-1. The pile was installed ninety days after the
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completion of the embankment/backfill after which the pile head load, Q, was applied in

accordance with Table 6.3. A typical finite element discretization of the single pile-soil model is

shown in Figures 6.11 and 6.12.
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Figure 6.11 Finite element discretization of the single pile-soil model (No backfill)

Figure 6.12 Finite element discretization of the single pile-soil model (with backfill)
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6.7.1 Load capacity of the pile

At this phase of the study, the load carrying capacity of the single pile-soil system as well
as the strength of pile material were evaluated. The ultimate carrying capacity of the pile-soil
system was evaluated using the f-method (see Section 6.4). This was compared with the
allowable load carrying capacity of the pile material using equation 6-4. Ultimately, the
controlling load (lowest) was selected to be the load carrying capacity of the pile. Table 6.4

shows result of this phase of the study.

Table 6.4 Pile load carrying capacity

Soil condition Pile configuration Capacity
S-method
Hp He Hhn D L q Strength
wm | ftm | fm | inem | fm) kips (kN) Kips (EN)
Qps Qb Qu

0 30 (9.1) 33 (147) | 29 (126) | 62(273)
12 (3.7) | 18 (5.5) 35(10.5) | 33(147) | 28(126) | 61(273)
24(7.3) | 6(1.8) 33 (147) | 28(126) | 61(273)

0 30 (9.1) 58 (256) | 35(154) | 92 (410)
12 (3.7) | 18 (5.5) 18 (458) | 45 (13.7) | 56.5 (251) | 33.5 (149) | 90 (401) | 336 (1495)
24(7.3) | 6(1.8) 57 (252) | 34(150) | 91 (402)

0 30 (9.1) 87 (387) | 40(178) | 127 (565)
12 (3.7) | 18 (5.5) 55 (16.8) | 85.5 (381) | 39.5 (176) | 125 (555)
24 (7.3) | 6(1.8) 85 (380) | 39 (173) | 124 (553)

0 30 (9.1) 24 (103) | 12(56) | 35 (159)
12 (3.7) | 18 (5.5) 35(10.5) | 23(100) | 12(56) | 35 (156)
24 (7.3) | 6(1.8) 23(100) | 12(56) | 35 (156)

0 30 (9.1) 39 (168) | 15(67) | 54 (235)
12 (3.7) | 18 (5.5) | 30 (9.1) | 12 (305) | 45 (13.7) | 38(168) | 15(67) | 53(235) | 149 (663)
24 (7.3) | 6(1.8) 38 (168) | 15(67) | 53(235)

0 30 (9.1) 58 (253) | 18(77) | 76 (330)
12 (3.7) | 18 (5.5) 55(16.8) | 57 (253) | 17(77) | 74 (330)
24 (7.3) | 6(1.8) 57 (253) | 17(77) | 74(330)

0 30 (9.1) 11 (49) 3(14) 14 (63)
12 (3.7) | 18 (5.5) 35(10.5) | 11 (49) 3(14) 14 (63)
24 (7.3) | 6(1.8) 11 (49) 3(14) 14 (63)

0 30 (9.1) 19 (85) 4(19) | 23(104)
12 (3.7) | 18 (5.5) 6 (152) | 45(13.7) | 19 (85) 4(19) | 23(104) | 37(165)
24 (7.3) | 6(1.8) 19 (85) 4(19) | 23(104)

0 30 (9.1) 29 (127) 4(19) | 33(146)
12 (3.7) | 18 (5.5) 55 (16.8) | 29 (127) 4(19) | 33(146)
24 (7.3) | 6(1.8) 29 (127) 4(19) | 33(146)
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6.7.2 Pile head settlement

The settlement of the pile head was of particular interest in this phase of the study. The
objective was to quantify the pile head settlement as a function of different pile-soil parameters
(see Tables 6.2 and 6.3). The result of the finite element analyses is shown in Figures 6.13, 6.14,

and 6.15.
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Figure 6.13 Pile head settlement for D,=18 in (460 mm)
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Figure 6.14 Pile head settlement for Dp=12 in (305 mm)
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Figure 6.15 Pile head settlement for Dp=6 in (152 mm)
In order to put the results into perspective, design charts were developed such that pile

head settlement, Apn, could be obtained based on soil conditions. In these charts, Apy can be

evaluated as a function of the reduction of settlement, Reett:

As — Apy Apy
Rgetr = SA— =1- A 6-6
s s

Where

As = Virgin soil settlement (without pile).

Therefore, the charts were represented using by the pile-soil conditions, ratio of the
backfill material to the overall height of the fill, (Hv/Hs), pile head load, Q/Qu, and diameter of

pile, Dp. The design charts are shown in Figures 6.16 through 6.18.
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Pile settlement design chart
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Figure 6.16 Pile settlement design chart for H,/H: = 0.0
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Figure 6.17 Pile settlement design chart for Hu/H; = 0.40
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Pile settlement design chart
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Figure 6.18 Pile settlement design chart for Hy/H; = 0.80

The above design charts can be conveniently used to determine the most reliable design
option for a given pile-soil condition. Accordingly, the required size, length and number of piles
needed to achieve the desired level of settlement reduction, Rset, or pile head settlement can be

readily estimated.

6.7.3 Load distribution along the pile shaft

This aspect of the study was focused on the load distribution along the pile. The objective
was to quantify the axial force distribution as a function of different pile-soil conditions (see

Tables 6.2 and 6.3). The simulated axial force distributions are shown in Figures 6.19 to 6.45
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Axial force distribution in pile
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Figure 6.19 Axial force distribution in pile with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hys/H=0
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Figure 6.20 Axial force distribution in pile with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hy/H=0
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Axial force distribution in pile
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Figure 6.21 Axial force distribution in pile with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hy/H:=0
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Figure 6.22 Axial force distribution in pile with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hy/H:=0.40
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Axial force distribution in pile
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Figure 6.23 Axial force distribution in pile with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hy/H:=0.40
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Figure 6.24 Axial force distribution in pile with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hy/H:=0.40
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Axial force distribution in pile
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Figure 6.25 Axial force distribution in pile with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hy/H:=0.80
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Figure 6.26 Axial force distribution in pile with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hy/H:=0.80
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Axial force distribution in pile
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Figure 6.27 Axial force distribution in pile with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hy/H:=0.80
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Figure 6.28 Axial force distribution in pile with Dp=12 in (305 mm), L,=35 ft (10.7 m), and Hp/H:=0.0
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Axial force distribution in pile
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Figure 6.29 Axial force distribution in pile with D,=12 in (305 mm), L,=45 ft (13.7 m), and Hy/H:=0.0
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Figure 6.30 Axial force distribution in pile with D,=12 in (305 mm), L,=55 ft (16.8 m), and Hp/H:=0.0
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Axial force distribution in pile
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Figure 6.31 Axial force distribution in pile with D,=12 in (305 mm), L,=35 ft (10.7 m), and Hy/H:=0.40
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Figure 6.32 Axial force distribution in pile with D,=12 in (305 mm), L,=45 ft (13.7 m), and Hy/H:=0.40
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Axial force distribution in pile
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Figure 6.33 Axial force distribution in pile with D,=12 in (305 mm), L,=35 ft (16.8 m), and Hy/H:=0.40
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Figure 6.34 Axial force distribution in pile with D,=12 in (305 mm), L,=35 ft (10.7 m), and Hy/H:=0.80
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Axial force distribution in pile
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Figure 6.35 Axial force distribution in pile with D,=12 in (305 mm), L,=45 ft (13.7 m), and Hy/H:=0.80
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Figure 6.36 Axial force distribution in pile with D,=12 in (305 mm), L,=55 ft (16.8 m), and Hy/H:=0.80
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Axial force distribution in pile
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Figure 6.37 Axial force distribution in pile with D,=6 in (152 mm), L,=35 ft (10.7 m), and Hs/H:=0.0
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Figure 6.38 Axial force distribution in pile with D,=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H=0.0
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Axial force distribution in pile
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Figure 6.39 Axial force distribution in pile with D,=6 in (152 mm), L,=55 ft (16.8 m), and Hy/H=0.0
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Figure 6.40 Axial force distribution in pile with D=6 in (152 mm), L,=35 ft (10.7 m), and Hy/H=0.40
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Axial force distribution in pile
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Figure 6.41 Axial force distribution in pile with D=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H=0.40
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Figure 6.42 Axial force distribution in pile with D=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H=0.40
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Axial force distribution in pile
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Figure 6.43 Axial force distribution in pile with D=6 in (152 mm), L,=35 ft (10.7 m), and Hy/H=0.80
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Figure 6.44 Axial force distribution in pile with D=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H=0.80
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Axial force distribution in pile
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Figure 6.45 Axial force distribution in pile with D=6 in (152 mm), L,=55 ft (16.8 m), and Hy/H:=0.80

From the above figures, it is clear that the pile-soil systems resisted the applied load using
a combination of Qs and Q. This indicates that the soil surrounding and underneath the pile
developed enough force that restrained the pile tip from sinking into the soil below it. As a result,
the pile was subjected to a downdrag force that was developed due to the consolidation of the
surrounding soils. The magnitude of the downdrag force varied depending on the properties of
the surrounding soil, pile geometry, and installation time. The neutral point, Ldq, appeared to be
dependent on the applied load, Q, and the length of pile, L,. In the above figures, it was noted
that Lqq shifted upward as Q approached Qy and shifted downward as L, increased. These are

illustrated in Figures 6.46 and 6.47.
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Figure 6.47 Location of Lgq With respect to Ly
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It was also noted that when backfill material is employed (i.e. Ho/H¢> 0), the location of
Lqa did not change compared to similar pile-soil condition with no backfill material (i.e. Ho/H¢=
0). However, the downdrag force, Qqq, decreased significantly as (Hw/Hr) increased, as illustrated
in Figure 6.48. This behavior can be attributed to the highly permeable backfill material. By the
time the pile is installed, the backfill material would have undergone initial and primary

settlement (consolidation), and thus lower forces were encountered in such cases.

Axial force distribution in pile

Axial force (Kips)

40 30 20 10 0
0 0
15 5
3 Hb/HF=0.0 10
45 Hb/Hf=0.40 15
6 Hb/Hf=0.80 20
E 75 ----Ldd 5 E
N N
I, A S 30
105 35
12 40
135 45
15 50
180 135 90 45 0

Axial force (kN)
Figure 6.48 Axial force distribution with respect to (Hu/Hs)

6.7.4 Proximity to the abutment wall

As discussed in Chapter 5, the abutment wall has a significant effect on the soil
deformation in its vicinity. The influence zone, in which soil deformation is affected by the
abutment, depends on the abutment wall to fill height ratio, and can affect the longitudinal soil

deformation to a distance of 10-60 ft (3-18 m) from the bridge abutment. However, a much
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smaller pile influence zone was encountered with the simulated pile-soil systems. Figure 6.49
shows the influence pile zone for two pile sizes that embedded in the same soil profile. The

figure shows that the pile influence zone was in the range of 1-4 ft (0.3-1.2 m).

Influence zone Influence zone

(@) (b)

Figure 6.49 Vertical soil deformation contour with respect to pile-soil influence zone (a) Dy, = 18 in (b) D, =6 in

This effect, however, could be significant in cases where piles are installed close to the
abutment wall. In such cases, detailed analyses must be performed to examine the effect. As for
the purposes of this study, it can be concluded that the effect of the pile on the surrounding soil is
limited and insignificant, as piles are planned to be installed at least 15 ft (4.6 m) away from the

bridge abutment.

6.8 Evaluating pile head settlement using analytical method

The objective of this phase of the study was to develop empirical relationship that can
predict the pile head settlement for a given pile-soil condition. Such an equation would be

beneficial in making reliable predictions of the long-term differential settlement of the pile-
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supported segmented approach slab system. An empirical equation was derived based upon the

FEM results obtained in section 6.7.

A correlation study was carried out in which the correlation coefficient between pile head
settlement and various parameters were determined. The study examined the correlation between
Apn and pile geometry, loading conditions, and soil conditions. Table 6.5 shows the results of

this analysis.

Table 6.5 Pearson's correlation coefficient between Apy and various pile geometry, loading and soil parameters

Parameter ApH
Aps 0.815
Dy 0.056
Ly -0.414
Eavg -0.894

Gavg -0.879
Q 0.327
Qu -0.161

Q/Qu 0.483
Qud -0.272
Lgqg -0.449
Qps 0.148
Lps 0.076
Qb 0.106

Gavg-dd -0.789
Gavg-ps -0.638

In the above table,

Aps = Soil post construction settlement = ultimate settlement — settlement at the time of

pile installation.

Eavg = Average modulus of elasticity of soil along the pile length =

(EiH; + E;H, + -+ + Ean)/Lp

Gavg = Average shear modulus of soil along the pile length =

(GlHl + Gsz + -+ Gan)/Lp
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Gavg-dd = Average shear modulus of soil along the pile length within downdrag zone =

(G1Hy + GyHy + -+ + Gy Hy) /Lgg

Gavg-ps = Average shear modulus of soil along the pile length within positive skin friction

zone = (GyH, + GyHy + -+ + Gy Hp) /Lys

Table 6.5 shows that strong correlation exists between Apx and Aps, Eavg, Gavg, Gavg-ad and
Gavg-ps. This indicates that Apy could be evaluated using the shear deformation along the sides of
the pile and axial deformation underneath the tip of the pile. Accordingly, a multi-parameter
linear regression analysis was carried out in which Apx was expressed in terms of Aps, Eavg, Gavg,
Gavg-dd and Gavg-ps as follows:

Qyq Laa—ins N QpsLps—inf N QyLp—ins
AGavg—aa | AsG AE,

APH: APS +a +C 6'7

avg—ps

Where

Eb = Modulus of elasticity of soil underneath the pile tip.

As = Surface area of the pile.

Lad-inf = The length of the influence zone of the downdrag.

Lps-inf = The length of the influence zone of the positive skin friction.

Lo-inf = The length of the influence zone underneath the pile tip.

a, B, n, and C = Regression parameters.
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Furthermore, it was assumed that Lad-inf, Lps-inf, and Laa-inf Can be incorporated into

parameters a, §,and n, respectively, and thus removed from equation 6-7. Accordingly, equation

6-7 can be rewritten as:

Q Q Q
Apy=Dps +a dd +B - +n—=—+C 6-8
DplaaGopy ga  DpbpsG,, . DIE,

A regression analysis was conducted using the method of least squares to determine the

best fit parameters for the above relationship. Table 6.6 shows the result for parameters «, 5, 1,

and C.

Table 6.6 Regression parameters values for equation 6-8

Parameter Value
a -166.046

B 40.812

n 3.215

C -0.222

R? 0.878

Sest 0.203

The final empirical equation was evaluated by substituting the parameter values, found in

the above table, into equation 6-8 as follows:

Q Q Q
Apy= Aps — 166 dd +41 = +3.2—2
DJE,

avg—dd PLPS G

~0.2 6-9

avg—ps
Equation 6-9 provides an empirical estimation of the pile head settlement for frictional or
semi-frictional piles. This empirical equation has resulted in a coefficient of determination R? =
0.867, and standard error of estimate Sest = 0.2 in (5.0 mm) when considering the analysis result.
This indicates that the value of pile head settlement can be predicted reasonably well using the
shear and axial deformations of the pile-soil system. Figure 6.50 shows the simulated versus

predicted pile head settlement, which clearly illustrates the accuracy of the proposed equation.
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Figure 6.50 Simulated versus predicted pile head settlement

6.9 Evaluating load distribution along the pile using analytical method

The objective of this phase of the study was to develop empirical relationships that can
predict the load distribution along the pile for a given pile-soil condition. This include Qqd, Ldd,

st, Lps, and Qb.

In this analysis, Qdd and Qps were assumed to be fully mobilized, and thus, the f-method
was used to estimate the amount of friction between the pile and soil (equation 6-2). As a result,

the following linear relationship was obtained:

Hb de/ps
Quasps = (1 +0.45 H—)f f.pdz—130 6-10
0

e

Equation 6-10 provides an estimation of the downdrag and positive skin friction forces

acting on the pile-soil system. This equation has resulted in an average coefficient of
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determination R? = 0.941, and an average standard error of estimate Sest = 2.4 kips (11 kN). This
indicates that the value of skin friction force can be predicted accurately using the S-method.

Figures 6.51 and 6.52 show the simulated versus predicted Qdq4 and Qps Values, respectively.

Predicted Qq (kN)

0 45 90 135 180 225
50 225

R2=0.9594
R2=0.8978 .
Seit = 2 kips (9 kN)
Sest = 3.3 kips (14 kN)

40 180

™ ~

£ % Re=0.981 155 £

3 S.q = 14 Kips (6 kN) S

B £

= 5+

‘—é 20 % Z

= Hb/He=0.0 =
Hb/He=0.67

10 45
Hb/He=4.0
0 0
0 10 20 30 40 50

Predicted Qg4 (Kips)

Figure 6.51 Simulated versus predicted Qqq

208



Predicted Qy; (kN)

0 45 90 135 180 225
50 225
R2=0.8703 R2 = 0.9594
0 Sest = 3.8 kips (17 kN) Seq = 2 kips (9 kN) 180
— R2=0.981 —
a S
< 30 Set = LAKipS (BKN) | 135 <
& o
E g
— [3+]
‘—é 20 % 2
£ Hb/He=0.0 >
Hb/He=0.67
10 45
Hb/He=4.0
0 0
0 10 20 30 40 50

Predicted Qs (Kips)
Figure 6.52 Simulated versus predicted (Qps)

Care must be taken as equation 6-10 can only be used when Lqq and Lps are known.

Bowles (1997) provides an equation to estimate Lqg when Q = 0 as follows:

L, =2 <Lp —Hy . Vf”'f) _ 2v7Hy
Laq 2 ¥n 12

Equation 6-11 appears to accurately predict the location of the neutral point for all
simulated piles with (Q = 0). Figure 6.53 shows the simulated versus predicted values for Lqq

using equation 6-11.
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Figure 6.53 Simulated versus predicted Lgq
However, Lqg changes as a function of Q (Figure 6.46). To evaluate this change, the
simulated pile load distribution, Figures 6.19 through 6.45, were reconstructed such that the
length of the pile, Ly, was normalized, i.e. Z/L,. In addition, the axial load curves were idealized
into linear curves. This was to address the changes of Lqq in a linear fashion that would simply

the analysis, and thus convenient prediction can be made. Figures 6.54 through 6.80 show the

normalized/idealized pile load curves.
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Figure 6.54 Normalized/Idealized pile load with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hp/H=0
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Figure 6.55 Normalized/Idealized pile load with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hp/H=0
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Figure 6.56 Normalized/Idealized pile load with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hy/H=0

Axial force distribution in pile

Q/Qu
1 0.9 0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0
" p 2 0
/4 /9 /
. /' k7§ / $ 01
N \ 2 A /
N N ; L7 4 / 0.2
N \ / ‘/ L //
N \ /Y @ 0.3
N \ / Y i 7)) /
N \ / / & g /
» \, x " / 0.4
——Q/Qu=0 N /& 7 /
— %- - QIQu=0-idealized N AV AP / 05 o
AN / 2 / —
—o— QIQu=0.22 K o2\ / g N
— & - QIQu=0.22-idealized AN N P '
—=a— Q/Qu=0.30 L A s~ N 0.7
— & - Q/QU=0.30-idealized NI NN 4
_ SRS S \ 0.8
Q/Qu=0.59 S, ~E2 %\
LA ~
— B~ - Q/Qu=0.59-idealized %5 N <\ 0.9
_ & AQ\V’;—— - \\ .
—o— Q/Qu=0.84 e XY

— & - Q/Qu=0.84-idealized - ‘ 1
Pile Capacity-idealized

11
Figure 6.57 Normalized/Idealized pile load with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hn/H:=0.40
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Figure 6.58 Normalized/Idealized pile load with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hy/H=0.40
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Figure 6.59 Normalized/Idealized pile load with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hn/H:=0.40
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Q/Qu
1 0.9 0.8 0.7 0.6 0.5 04 0.3 0.2 0.1 0
4 0
: :
N n A 0.1
N N 4
\\ b 0.2
N y
AN - AN . 12 03
N \ K 04
—— Q/Qu=0 N \\ \
— % - Q/Qu=0-idealized N \ : 05 o
—e— QIQu=0.22 D SN | S
— @ - Q/Qu=0.22-idealized \\i :
—#—— Q/Qu=0.30 0.7
— & - Q/Qu=0.30-idealized
Q/QU=0.59 08
— B~ - Q/Qu=0.59-idealized 0.9
—— Q/Qu=0.84
— o - Q/Qu=0.84-idealized 1
Pile Capacity-idealized 11

Figure 6.60 Normalized/Idealized pile load with D,=18 in (460 mm), L,=35 ft (10.7 m), and Hy/H:=0.80
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Figure 6.61 Normalized/Idealized pile load with D,=18 in (460 mm), L,=45 ft (13.7 m), and Hw/H=0.80
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Figure 6.62 Normalized/Idealized pile load with D,=18 in (460 mm), L,=55 ft (16.8 m), and Hy/H=0.80
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Figure 6.63 Normalized/Idealized pile load with D,=12 in (305 mm), Lp=35 ft (10.7 m), and Hu/H=0.0
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Figure 6.64 Normalized/Idealized pile load with D,=12 in (305 mm), Lp=45 ft (13.7 m), and Hu/H=0.0
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Figure 6.65 Normalized/Idealized pile load with D,=12 in (305 mm), Lp=55 ft (16.8 m), and Hu/H=0.0
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Axial force distribution in pile
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Figure 6.66 Normalized/Idealized pile load with D,=12 in (305 mm), L,=35 ft (10.7 m), and Hy/H:=0.40
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Figure 6.67 Normalized/Idealized pile load with D,=12 in (305 mm), L,=45 ft (13.7 m), and Hp/H:=0.40
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Axial force distribution in pile
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Figure 6.68 Normalized/Idealized pile load with D,=12 in (305 mm), L,=55 ft (16.8 m), and Hy/H:=0.40
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Figure 6.69 Normalized/Idealized pile load with D,=12 in (305 mm), L,=35 ft (10.7 m), and Hn/H:=0.80
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Axial force distribution in pile
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Figure 6.70 Normalized/Idealized pile load with D,=12 in (305 mm), L,=45 ft (13.7 m), and Hy/H:=0.80
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Figure 6.71 Normalized/Idealized pile load with D,=12 in (305 mm), L,=55 ft (16.8 m), and Hw/H:=0.80
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Axial force distribution in pile
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Figure 6.72 Normalized/Idealized pile load with D,=6 in (152 mm), L,=35 ft (10.7 m), and Hs/H:=0.0

Axial force distribution in pile
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Figure 6.73 Normalized/Idealized pile load with D,=6 in (152 mm), L,=45 ft (13.7 m), and Hp/H:=0.0
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Axial force distribution in pile
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Figure 6.74 Normalized/Idealized pile load with D,=6 in (152 mm), L,=55 ft (16.8 m), and Hy/H:=0.0

Axial force distribution in pile
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Figure 6.75 Normalized/Idealized pile load with D,=6 in (152 mm), L,=35 ft (10.7 m), and Hy/H:=0.40
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Axial force distribution in pile
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Figure 6.76 Normalized/Idealized pile load with Dy=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H:=0.40

Axial force distribution in pile
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Figure 6.77 Normalized/Idealized pile load with D,=6 in (152 mm), L,=55 ft (16.8 m), and Hy/H:=0.40
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Axial force distribution in pile
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Figure 6.78 Normalized/Idealized pile load with Dy=6 in (152 mm), L,=35 ft (10.7 m), and Hy/H:=0.80

Axial force distribution in pile
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Figure 6.79 Normalized/Idealized pile load with D,=6 in (152 mm), L,=45 ft (13.7 m), and Hy/H:=0.80
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Axial force distribution in pile
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Figure 6.80 Normalized/Idealized pile load with Dy=6 in (152 mm), L,=55 ft (16.8 m), and Hy/H:=0.80

In the above figures, the distribution of the pile axial load was idealized into two linear

curves, one represents the downdrag zone, DDZ, with a slope of (@) and the other

dd

lines intersect is the neutral point, (%)
14

represents the positive skin friction zone, PSZ, with a slope of (%). The point where the two
ps

Accordingly, it was noted that the slopes of the two lines decreased as Q approached Q..

entire pile shaft would be subjected to Qps.

224

As Q increases, the slope of the DDZ lines approach zero. On the other hand, the slope of the
PSZ lines approach a slope similar to the pile capacity curve. At Qu, the axial load distribution of

the pile can be represented by the pile capacity curve. In that case, Qdd would be null and the



Additionally, it was noted that Qdd and Lqa were not only a function of Q, but also a
function of the consolidation level of the surrounding soil and the time of pile installation. This is
clearly shown in situations when (Hu/Hs >0) in which Lgq was never less than Hp. This indicates
that the pile was not subjected to Quq Within the backfill layer. The downdrag force in such cases
was a result of the consolidation (water dissipation) of the underneath embankment fill and
natural soil layers. When (Hw/Hf =0), the entire pile length could be subjected to downdrag force.
However, due to the installation time, part of the consolidation process could have undergone,
and thus low downdrag forces might be encountered in the top part of the pile (vicinity of the
surface of the soil). For the examined pile-soil parameters (see Tables 6.2 and 6.3), it was noted
that the piles were subjected to Qud up to about (0.9-0.95 He). This indicates that, by the time of

installation, 5-10% of the embankment fill layer was undergone the consolidation process.

An attempt was made to establish relationships in which predict the axial load
distribution along the pile shaft. Assuming that the pile axial load distribution can be idealized
into two distinguish lines, i.e. DDZ and PSZ, linear relationships were sought in this phase of
the study (see Figure 6.81) using the normalized/idealized lines shown in Figures 6.54 through

6.80.
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Figure 6.81 Development of axial load distribution in pile

In Figure 6.81, the DDZ lines can be establish utilizing the general form of a linear

relationship given as

Where

my = Slope of the DDZ lines.

c1 = Constant.

6-12



The slope of the DDZ line decreases as Q/Qu approaches 1.0. In such case the slope of

the DDZ line would become Mygq, = 0. Using two slope points of Migg, =0 and Migo=o =

(Qaa@q=0/Qu)

@ ) with an assumed linear interpolation, my can be written as:
dd@Q=0/"%p

Q Qdd@Q=0LPl
=(1-——]— -
m ( Qu) Ide@onQu 013

Where
Qdd@Q=0: Downdrag force when pile head load Q = 0 (equation 6-10)
Laagg-o= Length of downdrag (neutral point) when pile head load Q = 0 (equation 6-11)

In equation 6-12, when Ladd/Lp = 0, c1 becomes

€, == 6-14

Substituting equations 6-13 and 6-14 into 6-12 yields Qqq at any pile head load, Q, as

follows:

Yaa _ (1 - 3) IQdd@Q=°L’°l Laa 6-15
Qu Qu de@Q=0Qu Lp
Which reduces to
QadpyoLlda
Qua = (Q, — Q) LLl 6-16
dd@Q=0 Qu
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The Qud/Ldd line, shown in Figure 6.81, was introduced such that it passes through the

points (Qdd@o=o de@o=°> and (@ de@Qaa=°>
Qu ' Lp Qu ’ Ly '

Where

Ladaq, =0

- = The embedded length of the pile at which not subjected to downdrag force
4

(consolidation line shown in Figure 6.81).

Thus, a linear relationship was established as follows:

L
% = m2 <%> + C2 6'17
p

Where
m = Slope of the Qud/Lad line (see Figure 6.81).
c2 = Constant.

Since this line is passes through two fixed points, mz, can be written as follows:

. (Qutagmo/@u) = Qu/@)  (Qutges — Qu)ls .

(de@Q=0/Lp) - (de@Qdd=0/Lp> (de@Q=0 - de@Qdd=o) Qu

At (Q/Q,) =1.0, (Lga/Ly) = (de@odd=0/LP)' Therefore, ¢z, can be written as:
Cp = 1- m, (de@Qdd=0/Lp) 6-19

Substituting equations 6-18 and 6-19 into 6-17 gives the Qud/Lad line as follows:
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Qaa _ (Qdd@Q:o - Qu) Laa N (Qdd@Q:0 - Qu) Ladag -0 0

Qu (de@Q=0 - de@Qdd=0) Qu (de@Q=0 - de@Qdd=0) Q‘Ll,
Which can be reduced to

(Qdd@Q=0 B Qu) Laa + 1o, - (Qdd@o=o B Qu) de@Qdd:0 6-21

(batngeo = Litog, )

Now, setting equation 6-16 equals to equation 6-21, Lqa can be expressed in terms of my,

c1, mz and ¢ as follows:

aa m; —m, P )

Which can be expressed in terms of Q and L as follows:

1_[( (Qaagqes = @u) Ly (de@qddo>] Q

L —_——
de@Q=0 - de@Qdd=0) Qu p Qu

L 6-23

Lag = P

( B Q) Qdd@Q:oLp] 3 (Qdd@Q:0 — Qu) L,
(

L
Qu ddeg=0 Qu de@Q:o - de@Qdd=0) Qu

Equations 6-16 and 6-23 provide an estimation of the downdrag force, Qud, and neutral
point, L4d, respectively. Figure 6.82 and Figure 6.83 show the simulated versus predicted Qqq and

Lqq using these equations, which illustrates the accuracy of the proposed equation.
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It should be noted that the establish of the latter relationships requires the pre-calculation

of Qadag-o and Laagg-, (blue lines shown in Figure 6.81) which can be evaluated using

equations 6-10 and 6-11, respectively. It should also be noted that a good engineering judgment

should be made regarding the location of the consolidation line, de@Qdd=0 (see Figure 6.81). A

value between 0.0-0.20 L, appears to be a reasonable estimation for it. Table 6.7 shows different

values of assumed Ly, 0gq=0 VETSUS predicted Lyg.

Table 6.7 Estimated L, 0gg=0 VETSUS predicted Lag

Ldd
de@@dd=° R2 ﬂs(e;:)
0.0L, 0.970 1.03 (0.31)
0.1L, 0.971 1.02 (0.31)
02 L, 0.963 1.15 (0.35)
03L, 0.942 1.45 (0.44)
0.4 L, 0.896 1.93 (0.59)
05L, 0.810 2.62 (0.80)

Similarly, the PSZ lines can be establish utilizing the general form of a linear relationship

given as

L
< ms <ﬁ> +c5 6-24

Where
m3 = Slope of the PSZ lines.
cs = Constant.

As in Figure 6.81, the slope of the PSZ line decreases as Q/Qu approaches 1.0. In such

case the slope would be similar to the pile capacity slope given as
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_ (Qb/Qu) - (Qu/Qu) _ & .
Maq=q, = (L,/L,) =0, 1 6-25

Additionally, the slope of the PSZ line at Q = 0 can be expressed as follows:

m@Q:O — (Qb@Q=o/Qu) B (Qdd@Q=o/Qu) _ (Qb@Q=O - Qdd@on)Lp 6.26

(Lyp/Lp) = (de@Q=0 /Lp) (Lp - de@Q=0)Qu

Where

Qoo™ End-bearing when pile head load Q = 0.

Assuming a liner interpolation between mgo—¢ and meg-¢,,, the change in slope of PSZ

line can be expressed as follows:

m;z = (Mag=0, — Mag=0)(Q/Q) + (Mag=o) 6-27

Which can be expanded as follows:

0 l(& _1>_(Qb@Q=O —Qdd@@o)ﬂ &y -

"0 \Q (Lp _ de@Q=0)Qu Qu

AL(Q/Qu) = (Q + Qua)/Qur (Lps/Lp) = (Laagg, -0/ Lp - Therefore, cs, can be

expressed as

+ L
3 = @+ Qaa _ ms <ﬂ> 6-29

232



Substituting equations 6-27 and 6-29 into 6-24 and setting (i—” = 1.0) gives Qp at any
P

pile head load Q as follows:

+ L
0 =0y Im3 + (8 QQ‘”) —m, <%)l 6-30
u p

Finally, equilibrium of forces along the pile shaft can be used to evaluate the positive skin

friction force Qps as follows:

Qps = Q + Qaqa — Qp 6-31
Which can be expressed as
+ L
st =Q + Quga — Qu [m3 + (Q Qdd) —mg <ﬂ>l 6-32
Qu Ly,

Equations 6-30 and 6-32 provide an estimation of the end-bearing force Qp and positive
skin friction force Qps, respectively. Figure 6.84 and Figure 6.85 show the simulated versus
predicted Qb and Qps using these equations, which illustrates the accuracy of the proposed

equation.
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6.10 Chapter summary and conclusion

As soil underneath approach slab settles, deferential settlement develops between the
bridge and the approaching roadway causing bumps and affecting the riding quality. Settlement-
reducing piles could be introduced into the approach slab to control changes in slope and limit
stresses to acceptable levels. However, determining the appropriate location, spacing, length and
size of piles is a difficult task that requires further study. Since field testing of piles is rather
expensive and time-consuming, an analytical program is required to develop the information

needed for the design of pile supported approach slab for settlement control.

In this part of the study, a proposed layout of multi-segment pile-supported approach slab
was developed based on the relative angle change between various approach slab segments.
Accordingly, criterion of determining the number and lengths of needed approach slab segments

was provided (see Section 6.2).

Furthermore, finite element model was generated to quantify the pile head settlement and
the load distribution along the pile as a function of different pile-soil parameters (see Tables 6.2
and 6.3). As a result, design charts (Figures 6.16 through 6.18) were developed such that pile
head settlement can be evaluated as a function of the reduction of settlement, Rse. Moreover,
empirical relationship was developed to predict the pile head settlement (in semi-frictional piles).
Relationships were also developed, using numerical analyses, to predict the distribution of axial
load along the length of the pile. This includes the neutral point, Lqd, downdrag force, Qua,
positive skin friction, Qps, and end-bearing, Qb. Table 6.8 shows a summary of the developed

equations.
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Table 6.8 Summary of the developed pile head settlement/load distribution equations

Parameter Developed equations
Pile head settlement
APH = Apy — 166 Caa fa— s 4 2 -02
ApH Dpde Gavg—dd DprsGavg—ps D Eb
1 _ (Qdd@Q=0 - Qu) Lp <de@Qdd=0> _ i
Neutral point L (de@Q:(, - Laa@Qddzo) Qu Ly Qu L
dd =
Laa ( _Q ) [Qaa@Q olp ] (Qdd@Q=0 - Qu) L,
)z _
Qu’ [LadagmoQu (de@Q=o - de@Qdd=o) Qu
Downdrag force Qaa dd
Qaa = (Qu — Q) [L]
Qud Laago=oQu
Positive skin frictiont! 0 —040. -0 N Q+Q,, Laa
st ps dd u 3 Qu 3 Lp
End-bearing™ Q + Quq Laa
oo )= (2)
Qb b u 3 Qu 3 Lp

[1] Refer to equation 6-28 for ma.

All in all, the relationships developed to evaluate axial forces in the pile-soil system can
be used with any pile-soil parameters as they were expressed in a generalized linear fashion.
However, care must be taken to ensure accuracy, when evaluating Apn, if pile-soil parameters are

outside of the range used in the parametric study (see Tables 6.2 and 6.3).
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CHAPTER 7 - FULL-SCALE SIMULATION OF MULTI-

SEGMENT PILE-SUPPORTED APPROACH SLAB SYSTEM

In this phase of the study, a full-scale finite element model of bridge approach area was
generated. In this simulation, settlement-reducing piles were introduced to support the approach
slab segments in order to achieve a smooth transition between the bridge and the roadway. The
objective was to mitigate the roughness of the transition encountered in one of the examined soil

profiles (soil profile#1, see Table 5.10).

Additionally, comparison was made to evaluate the results from this simulation with the
developed equations for evaluating the longitudinal soil settlement profile (Chapter 5).
Afterwards, the pile head settlement design charts were used to estimate the size, length, and
spacing of piles that would achieve the required change of slope between various approach slab
segments. Ultimately, recommendations were provided regarding the design of the multi-

segment pile-supported approach slabs.

In this analysis, the bridge was 80 ft (24 m) wide (two-direction two-lanes highway
bridge) that is supported on stub abutments at its ends with height Ha = 5 ft (1.5 m) and thickness
Ta =2 ft (0.60 m). The bridge approach area consisted of a 90% granular backfill with slope Sy =
1:2 (1 vertical to 2 horizontal), highly compressible embankment fill with height He = 30 ft (9.1
m) and side slope Sse = 1:2 (1 vertical to 2 horizontal), and highly compressible natural soil with
height Hn = 30 ft (9.1 m). A one-span approach slab with length Ls = 20 ft (6.1 m) and thickness

Ts =12 in (305 mm) was used.

Similar geometry and boundary conditions of the transverse (see Section 5.4.2) and

longitudinal (see Section 5.6.2) models were used in the full-scale simulation. One-half of the
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full geometry were used, due to symmetry. Figures 7.1 and 7.2 show the geometry and boundary

conditions used in the full-scale simulation. Figure 7.3 shows the discretization of the finite

model.
Approach Slab Roadway Pavement . .
24 06m) 207 6.1m) FIQ in (305 mm)
/‘?L;mz/ .Pe‘rvtoussutface/......................._d
3£0.9m) . . R A Lo 307 00m)
"“roffm;"""' Y © B
’ |
o - . o . ...+ Natural Soil N o - dsaﬂmm)
o

S A~ A A A& AA//.AAAA

Impervious surface

007 27 m) 1807 (55 m)

Figure 7.1 Longitudinal cross section of the full-scale model
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Figure 7.3 Finite element discretization of the full-scale model

Two initial simulations were run. First, the model was run to assess the roughness of the

transition between the bridge and the roadway pavement by evaluating the resulting slope of the

approach slab. The information regarding the differential settlement of the approach slab, and

longitudinal soil settlement profile were obtained from this simulation. Accordingly, initial

estimation regarding the size, length, and spacing of piles, and number and length of the

approach slab segments were made using the pile head settlement design charts (see Section

6.7.2). Second, similar model was run with no approach slab/roadway pavement, and the
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longitudinal soil settlement profile was evaluated accordingly. This was to simulate similar pile-
soil conditions used to develop the pile head settlement design charts (see Section 6.6). The
initial estimation was refined accordingly. The results from the two initial simulations are
presented below. Figures 7.4 and 7.5 show the contour of the vertical deformation and excess

pore pressure at the end of the analysis, respectively.
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Figure 7.4 Vertical deformation contour of the full-scale simulation (ft)
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Figure 7.5 Excess pore pressure contour of the full-scale simulation (psf)

Figure 7.6 shows the soil settlement profiles along the center line of the longitudinal

direction with and without the approach slab/roadway pavement loads. The figure also shows the
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predicted longitudinal soil settlement profile using the developed equations (Chapter 5). The
predicted profile was in relatively good agreement with the simulated profile. The average error

between the predicted and simulated profiles was less than 0.25 in (6.4 mm).

Figure 7.7 shows the simulated transition profile along the center line of the approach
slab/pavement. The figure shows that using one-span, 20 ft (6.1 m) long approach slab with these
abutment-soil parameters would result in a rough transition. The resulted slope of the approach
slab was 2.6/125. This would generate an abrupt slope change between the bridge and approach

slab, and between approach slab and roadway pavement (bumps).
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Figure 7.6 Simulated longitudinal soil settlement profile of the full-scale model
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Figure 7.7 Simulated transition profile of the full-scale model

Using the information obtained from the results of the initial simulations, the size, length,
and spacing of piles, as well as number and length of the approach slab segments were
determined (using the procedure explained in section 6.2 and pile settlement design chart shown
in Figure 7.8). Accordingly, two approach slab segments were found to be sufficient to produce
the smooth transition as follows: (a) a slope of 1/125 of the first segment could be achieved using

30 ft (9.1 m) approach slab segment. (b) a second segment of 20 ft (6.1 m) long was found to be

1

sufficient such that Lg,s_4 (Els) < Ar< (Lgps—a + Lgas—_g) (125

). (c) one pile line was used to

support the two segments. At that location, soil deformation (with no BAS/Pavement) was 4.3 in

(109 mm). Consequently, Rsett was estimated as 0.34.

Accordingly, load calculations were carried out to determine the size, length, and spacing

of piles in which provides the targeted Rseit. The pile line was assumed to support one-half of
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each approach slab segment. Accordingly, it was found (using trial and error method) that pile

size of 18 in (457 mm), 45 ft (13.7 m) long, spaced at 8 ft (2.4 m) would be sufficient to carry the

estimated load of Q/Qy = 0.33 and provide the targeted Rsett = 0.34. Figure 7.8 shows the

determination of pile configuration using the pile settlement design chart developed for this pile-

soil conditions.

Pile settlement design chart

QIQ,
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90
0.1
02
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= e
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5 A\ dB Piad - .
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c 04 &= Dp=18in(457mm) Lp=55ft(16.8m)
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0.6

Dp=6in(152mm) Lp=55ft(16.8m)

Figure 7.8 Determination of pile size and length

1.00

Figures 7.9 and 7.10 show the schematic layout of the proposed two-segment pile-

supported approach slab system. A pile cap of 3.0x2.5 ft (0.9x0.8 m) at top of pile line was

used. In the transverse direction, the piles were spaced 8 ft (2.4 m) center-to-center and were

distributed starting from the center of the approach slab toward the its edge. Three edge pile

spacing, Se-p, were used. The edge-pile (pile 6) was spaced at Se.p = 8 and 4.5 ft (2.4 and 1.4 m)

from pile 5. One configuration was also simulated with no edge-pile (without pile 6). The
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anticipated pile head load, Q, was 39 kips (173 kN). Figures 7.11 and 7.12 show the finite

element discretization of the full-scale multi-segment pile supported approach slab system.

Segmental approach slabs Roadway Pavement
A— 0f0Im)— 20/ (6] m)—

45 R (137 m) : Embankment Fill

: : N ?\Pi]es ’
_Natural Soil - N
) C A 18 in (475 mm)

Figure 7.9 Longitudinal cross section of the proposed two-segment pile-supported approach slabs
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Plane of symmetry

Pile 6 Pile 5 Pile 4 Pile 3 Pile 2 Pile 1

Figure 7.10 Transverse cross section of the proposed two-segment pile-supported approach slabs

Figure 7.11 Finite element discretization of the full-scale with two-segment pile-supported approach slabs
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®

(©

Figure 7.12 Finite element discretization of piles and cap (a) Se = 8 ft (b) Sep = 4.5 ft (c) No edge-pile
The nodes from the two approach slab segments were connected using shear coupling
connection. This connection was modeled to act as a joint in which restrains relative movement
while allows rotation between the two segments. In addition, the connection between the piles

and the pile cap was modeled as rigid connection.

The results from the simulations are presented below. Figures 7.13 and 7.14 show the
contour of the vertical deformation and excess pore pressure at the end of the analysis,

respectively.
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Figure 7.13 Vertical deformation contour of the full-scale model with two-segment pile-supported approach slabs
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Figure 7.14 Excess pore pressure contour of the full-scale model with two-segment pile-supported approach slabs
(psf)

Figure 7.15 shows the simulated transition profile along the center line of the two
approach slab segments. The simulated two-segment pile-supported approach slabs performed
best (distribution of load among piles) when Sep = 8 ft (2.4 m). The resulted slope of the

approach slab segments were 0.9/125 and 0.8/125, respectively.
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Figure 7.15 Simulated transition profile of the full-scale model with two-segment pile-supported approach slabs

Figures 7.16, 7.17, and 7.18 show the pile axial load distribution for the three pile
configurations. The figures show that when no edge-pile was used, the outer piles (piles 4 and 5)
experienced greater axial load than anticipated. This was attributed to the load-stiffness behavior
developed among the piles. As the middle piles (piles 1,2, and 3) lost stiffness, due to settlement,
the load was transferred to the outer piles (piles 4 and 5). The axial load was reduced
considerably when an edge-pile was introduced (Figures 7.17 and 7.18). Figure 7.19 shows the
pile head settlement along the transverse direction for the three pile configurations. The figure
shows the variation in load-stiffness behavior among the piles as a function of pile spacing.
Ultimately, it can be concluded that pile configuration (a) (Figure 7.12) would perform the best

in a real-case scenario.
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Figure 7.16 Axial load distribution in piles with Se., = 8 ft
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Figure 7.17 Axial load distribution in piles with Se., = 4.5 ft

249

10

20

30

40

50

10

20

30

40

50

Pile depth (ft)

Pile depth (ft)



Pile depth (m)

Vertical settlement (mm)

90

10.5
12
135

15
270

48

25

50

75
15

Axial load distribution in piles

Axial load (kips)

80 70 60 50 40 30 20 10
. Pile1
\. e
N Pile2
N Pile3
AN
r Pile4
\.
N — -~ — Pile5
N
N
NG
A
AN
A
225 180 135 90 45
Axial load (kN)

Figure 7.18 Axial load distribution in piles with no edge-pile
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Figure 7.19 Pile heads settlement in the transverse direction

250

10

20

30

40

50

Pile depth (ft)

Vertical settlement (in)



It is important to maintain the reaction forces on piles head (axial load). As live loads,
namely truck loads, could add a substantial amount of force when axle wheel load is directly on
the top of the pile head. This load, among others, shall be considered in the design stage to make

sure the capacity of the piles is sufficient.

Based on the results obtained from the full-scale simulation, recommendations regarding

the design of multi-segment pile-supported approach slabs were drawn as follows:

e Multi-segment pile-supported approach slabs can be an effective solution in cases
where significant soil settlements create rough transitions between the bridge and
the roadway pavement.

e Pile sizes, lengths, and spacings can be determined based on the recommended
settlement equations. For that, pile head settlement design charts were developed
for various pile-soil conditions.

e Along the transverse direction, piles shall be adequately spaced such that
reactions on pile heads are equally distributed to the extent possible. Stiffness-
load analyses could be conducted to determine possible transverse pile spacings.

e A joint should be provided between adjacent approach slab segments. This joint
can be saw-cut (partially), and rubber poured over the center of the pile cap. This
allows a crack to develop underneath the joint, and thus, would have the ability to
accommodate rotations (Figure 7.20).

e Non-corroding dowel bars should be provided between various approach slab
segments at the center of the slab thickness. This would help restrain the relative
movement between approach slab segments while allowing free rotation between
them (Figure 7.20).
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e A rubber bearing support should be provided under the approach slab over the
pile cap. This (or a similar arrangement) would be needed to accommodate the

relative angle change between the various approach slab segments (Figure 7.20).

Poured rubber

Slab Reinforcement
Expected Crack Joint Dowel Bar /
\‘- =
% BAS-A \ i BAS-B %
/ 3
Rubber Bearing Support——/ Pile Cap
Pile

Figure 7.20 Detailed connection between various approach slab segments
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CHAPTER 8 - SUMMARY, CONCLUSIONS AND

RECOMMENDATIONS

The approach slab is an important element in the bridge approach system as it is intended
to provide riders with a smooth transition as their vehicle travels from the roadway to the bridge
and vice versa. In addition, the approach slab provides some protection to the bridge structural
elements from excessive truck dynamic impact. As soil underneath the approach slab settles,
deferential settlement develops between the bridge and the approaching roadway. This may
negatively affect the ride quality for travelers and result in substantial long-term maintenance
costs. Because of the differential settlement, bumps could develop at the ends of the bridge when
abrupt changes in slope (exceeding 1/125) occur (Figure 8.1) (Abu-Farsakh and Chen 2014,
Long, et al. 1999). The bump at the ends of the bridge is a well-known problem that affects 25%
of the bridges in the United States, resulting in an estimated $100 million per year in

maintenance expenditures (Briaud, James and Hoffman 1997).

Bridge Deck / Bump 1

Abutment

)
Sleeperslab . ...

Figure 8.1 Bump formation mechanism at the end of the bridge

This study was aimed at mitigating the formation of bumps at the end of the bridge
through a new design concept for the approach area. The proposed design takes advantage of

settlement-reducing piles that would support various approach slab segments and control their
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settlement. These pile elements are intended to control the roughness of the transition such that
acceptable slope changes develop between various segments of the approach slab and thus

improve the performance of the approach slab system.

In this study, a comprehensive review of literature as well as a review of various state
practices regarding the approach area was performed. Information from the latest bridge design
manuals from various state departments of transportation were examined (Chapter 3). This
include the configuration of approach slab, connection of the approach slab to superstructure,
support type at the connection between the approach slab and pavement, backfill materials, and
side slope of the embankment fill. Data obtained from the bridge design manuals show that an
approach slab supported on a sleeper-slab resting on soil is mostly used. Furthermore, an

approach slab length of 15-30 ft (4.6-9.1 m) is commonly used.

A number of finite element models were developed, and parametric studies were
performed to evaluate the soil/approach slab settlement behind bridge abutments for various soil
conditions (Chapter 5), and to quantify the pile head settlement and load distribution along piles
as a function of pile-soil parameters (Chapter 6). From the results of these models, it is
concluded that an embankment fill height of greater than or equal to 20 ft ( 6.1 m) is more prone
to settlement issues in the transition zone. It has been determined that the degree of
compressibility of the embankment and natural soils, length of the approach slab, height of the
abutment, and height and side slope of the embankment influence the potential development of
bumps at approaches to bridges. Other factors such as the type of backfill material and the
erosion of backfill material were less significant and thus could be ignored when evaluating the

transition roughness.
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Empirical relationships were developed that relate various soil parameters to the
longitudinal soil deformation profile behind bridge abutments . The effect of the abutment wall
on soil deformation soil was modelled using a logistic function (Figure 5.73). As a result, a set of
equations were developed that define the various parameters of the logistic function. Table 8.1
shows a summary of the developed equations. Definitions of the various parameters used in

Table 8.1 are given in Chapter 5.

Table 8.1 Summary of the developed equation of longitudinal settlement profile parameters

General form/parameters Developed equations
General form of the
logistic function a
= vertical settlement at a R
/ Y =14 bee

distance of x from the
bridge abutment
Logistic function , .
parameter (a) a = 383 x 10-5H,e(275“V+386¢0) | 4980 x 1061, e(615 7 +23¢])
Maximum displacement.
Logistic function

parameter (b) H
Settlement at the interface b =0.38In (CC X —e) +2.26
between the abutment wall Hq

and the backfill soil.
Logistic function c = 0.172e70182a x

parameter (c)
Steepness of the curve.
*when (a) isin inches **when (a) is in millimeters

¢ = 0.172e70007a **

Another set of finite element models was generated to quantify the pile-head settlement
as well as the load distribution along the pile for various pile-soil parameters/conditions (Chapter
6). Accordingly, design charts were developed such that pile-head settlement and the
corresponding reduction of settlement, Rsett could be determined for piles subjected to downdrag
forces based upon various soil conditions (Figures 6.16 through 6.18). Relationships were also
developed, using numerical analyses, to predict the distribution of axial load along the length of

the pile. This includes the neutral point, total downdrag force, positive skin friction, and end-
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bearing. Table 8.2 shows a summary of the developed equations. The parameters shown in Table

8.2 are defined in Chapter 6.

Table 8.2 Summary of the developed pile head settlement/load distribution equations

Parameter Developed equations
. Q Q Q
Pile head settlement Apy= Ay, — 166 dd 441 ps +32 Zb — 02
ApH DPdeGavg—dd DprsGavg—ps DpEb
1 _ (Qdd@Q=0 - Qu) Lp <de@Qdd=0> _ i
Neutral point (de@Q:(, - Laa@Qddzo) Qu Ly Qu
L de = Lp
dd ( _ i) [Qdd@Q:OLP] _ (Qdd@Q:(, - Qu) Lp
Qu de@onQu de@Q:o — de@Qdd=o) Qu
Downdrag force Qaa
Qaa = (Qu— Q) [L@A]
Qdd dd@Q oQu
Positive skin friction Q+Qy Laq
=Q+Q,—Q [my+|—— | -my| —
st st Q Qdd Qu 3 Qu 3 Lp
End-bearing Q + Qua Lag
o= om+ (57) - ()
Qb b u 3 Qu 3 Lp

In addition, procedures were provided to estimate the length and number of approach slab

segments needed to achieve the desired transition profile (see Figure 8.2) as follows:
a) Determine the maximum longitudinal surface soil settlement, a or A, using either the
FEM analysis or the empirical equations provided in Chapter 5.
b) IfAr<Lpss_a (125> use a single-segment approach slab with Lgas_4 <
30ft (9.1m). Minimize Lg,s_4 to meet this requirement.
C) WAr> Lgas_a ( ) the settlement cannot be accommodated with a single-segment

approach slab. Use a multi-segment pile-supported approach slab based on the

following procedures:
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Select pile size, length, and pile spacing for the first line of piles such that the
expected pile head settlement Ay< Lgss_4 ( ) Charts that can be used for

this estimation are given Chapter 6. If the desired A4 cannot be achieved,
change Lpas_4, pile size, pile length, or pile spacing to satisfy the above

settlement requirement.

If Lgas— A( ) < Ar< (Lgps—a + Lpas— B)( ) try a two-segment
approach slab with one line of piles between the two segments. The end of the
second segment should be supported on a sleeper-slab on soil.

If Ar> (Lpas—a + Lpas— B)( ) the settlement cannot be accommodated

with a two-segment approach slab. Try a three-segment approach slab. The
end of the third segment should be supported on a sleeper-slab on soil.
Select the pile size, length, and pile spacing for the second line of piles (from

the charts) such that the expected pile head settlement A, + Ag<
(Lpas—a + Lpas—p) (125)

If Ar> (Lpas—a + 2Lgas—p + Lpas— C)( ) the settlement cannot be

accommodated with a three-segment approach slab. Try four-segment
approach slab. The end of the fourth segment could be supported on a sleeper-
slab on soil.

Repeat steps a-e as needed.
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Figure 8.2 Schematic of the proposed multi-segment pile-supported approach slab system

Ultimately, a full-scale simulation was conducted to verify the developed procedures and
relationships using a multi-segment pile-supported approach slab system (Chapter 7). The
number and length of the approach slab segments as well as the pile sizes, lengths and spacings

were estimated using the developed pile head settlement design charts.

Finally, the following conclusions can be made regarding the design of multi-segment

pile-supported approach slabs:

e Multi-segment pile-supported approach slabs can be an effective solution in cases
where significant soil settlements create rough transitions between the bridge and

the roadway pavement.
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Pile sizes, lengths, and spacings can be determined based on the recommended
settlement equations. For that, pile head settlement design charts were developed
for various pile-soil conditions.

Along the transverse direction, piles shall be adequately spaced such that
reactions on pile heads are equally distributed to the extent possible. Stiffness-
load analyses could be conducted to determine possible transverse pile spacings.
A joint should be provided between adjacent approach slab segments. This joint
can be saw-cut (partially), and rubber poured over the center of the pile cap. This
allows a crack to develop underneath the joint, and thus, would have the ability to
accommodate rotations (Figure 8.3).

Non-corroding dowel bars should be provided between various approach slab
segments at the center of the slab thickness. This would help restrain the relative
movement between approach slab segments while allowing free rotation between
them (Figure 8.3).

A rubber bearing support should be provided under the approach slab over the
pile cap. This (or a similar arrangement) would be needed to accommodate the

relative angle change between the various approach slab segments (Figure 8.3).
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Figure 8.3 Detailed connection between various approach slab segments

8.1 Recommendation for future research
The following recommendations are made for future work:

e Future research is needed to perform field testing to monitor and evaluate the
proposed multi-segment pile-supported approach slab system.

e Monte Carlo simulations can be used to assess the variability in predicted pile

head settlement.

e Future research can be conducted using different pile materials (such as steel)

and/or installation methods (driven piles instead of cast-in-place concrete piles).
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Appendix A - Settlement-induced slope of the approach slab

This appendix provides results indicating the slope of the approach slab that would result
from the differential settlement of the soil under a single 20 ft (6.1 m) approach slab segment.
These results were obtained from the parametric study on the longitudinal model (see Tables

5.10 and 5.11).

Table A.1 Summary of the resulting slope of the approach slab for soil profile No.1

Hn He . . Backfill Slope of .
| M| armsonpe | Enbenomen ol 05 | compacton | Gackil Ava | RS
(m) (m) Level (VtoH)
Wall Abutment
1lto2 2.4/125
0,
95% ltol 2.6/125
1lto2 2.6/125
0,
0% ltol 2.7/125
Stub Abutment (10 ft) (3.0 m)
1lto2 3.0/125
0,
(g’(i) (5’2) High High 95% 1101 3.0/125
' ' 90% 1lto2 3.0/125
ltol 3.0/125
Stub Abutment (5 ft) (1.5 m)
1lto2 3.2/125
0,
95% ltol 3.2/125
lto2 3.2/125
0
90% ltol 3.2/125
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Table A.2 Summary of the resulting slope of the approach slab for soil profile No.2

Hn He . . Backfill Slope of .
Natural soil type Embankment soil type : A Resulting
(rfrt]) (rfrt]) (compressibility degree) (compressibility degree) COTES::IW BaE:\I;f,:LI ﬁ)r ca Slope
Wall Abutment
1to?2 2.1/125
0,
95% ltol 2.2/125
1to?2 2.1/125
0,
0% ltol 2.2/125
Stub Abutment (10 ft) (3.0 m)
1to?2 2.3/125
0,
(Sci) (301) High Moderate 95% ltol 2.3/125
' ' 90% 1to?2 2.3/125
ltol 2.3/125
Stub Abutment (5 ft) (1.5 m)
1to?2 2.4/125
0,
95% ltol 2.4/125
1to?2 2.4/125
0,
0% ltol 2.4/125
Table A.3 Summary of the resulting slope of the approach slab for soil profile No.3
';'t" ':te Natural soil type Embankment soil type | ~ an?;i;::Itlilo Al B aill((;ﬂf z\frea Resulting
m) m) (compressibility degree) (compressibility degree) LAy (V to H) Slope
Wall Abutment
1to?2 1.9/125
0,
95% ltol 1.9/125
1to?2 2.0/125
0,
0% ltol 2.0/125
Stub Abutment (10 ft) (3.0 m)
lto?2 2.1/125
0,
(g’(i) (3% High Low 95% ltol 2.1/125
' ' 90% lto?2 2.1/125
ltol 2.1/125
Stub Abutment (5 ft) (1.5 m)
lto?2 2.1/125
0,
95% ltol 2.1/125
lto?2 2.1/125
0
0% ltol 2.1/125
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Table A.4 Summary of the resulting slope of the approach slab for soil profile No.4

Hn He . . Backfill Slope of .
|| e re ) | Soeankmentsolone | compacton | BacktilArea | "ES
m) | (m) P y deg P y 0eg Level (V to H) P
Wall Abutment
1to2 1.3/125
0,
95% 1tol 1.4/125
1to2 1.5/125
0,
0% 1tol 1.5/125
Stub Abutment (10 ft) (3.0 m)
1to2 1.6/125
0,
(S (i) (S 01) Moderate Moderate 95% 1tol 1.6/125
' ' 90% 1to2 1.6/125
1tol 1.6/125
Stub Abutment (5 ft) (1.5 m)
1to2 1.7/125
0,
95% 1tol 1.7/125
1to2 1.7/125
0,
90% 1tol 1.7/125
Table A.5 Summary of the resulting slope of the approach slab for soil profile No.5
Hn He . . Backfill Slope of .
| | et pe | Embankmetsolone | compacion | Backiil Ares | "o
(m) (m) Level (VtoH)
Wall Abutment
1to2 1.3/125
0,
95% 1tol 1.4/125
1to2 1.3/125
0,
90% 1tol 1.4/125
Stub Abutment (10 ft) (3.0 m)
1to2 1.5/125
0,
(5’ (i) (5’ 01) Moderate Low 95% ltol 1.5/125
' ' 90% 1to2 1.5/125
1tol 1.5/125
Stub Abutment (5 ft) (1.5 m)
1to2 1.5/125
0,
95% 1tol 1.5/125
1to2 1.5/125
0,
90% 1tol 1.5/125
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Table A.6 Summary of the resulting slope of the approach slab for soil profile No.6

Hn He . . Backfill Slope of "
€| M| armsipe | Enbenonen ol 05 | compacton | Backtl v | RS
m) | (m) P y deg P y 0eg Level (V to H) P
Wall Abutment
lto2 1.2/125
0,
95% ltol 1.3/125
lto2 1.4/125
0,
0% ltol 1.4/125
Stub Abutment (10 ft) (3.0 m)
lto2 1.4/125
0,
(S (i) (S 01) Low Low 95% ltol 1.4/125
' ' 90% lto2 1.4/125
ltol 1.4/125
Stub Abutment (5 ft) (1.5 m)
lto2 1.4/125
0,
95% ltol 1.4/125
1lto2 1.4/125
0,
0% ltol 1.4/125
Table A.7 Summary of the resulting slope of the approach slab for soil profile No.7
Hn He . . Backfill Slope of "
€| M| qarmsipe | Enbenonensol 05 | compacton | macktl s | RS
(m) (m) Level (V to H)
Wall Abutment
lto2 1.1/125
0,
95% ltol 1.2/125
lto2 1.2/125
0,
90% ltol 1.3/125
Stub Abutment (10 ft) (3.0 m)
1to2 1.4/125
0,
(33) (éa) High High 95% ltol 15/125
' ' 90% 1lto?2 1.5/125
° 1tol 1.5/125
Stub Abutment (5 ft) (1.5 m)
1lto?2 1.6/125
0,
95% ltol 16/125
1lto?2 1.6/125
0,
90% ltol 16/125
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Table A.8 Summary of the resulting slope of the approach slab for soil profile No.8

Hn He . . Backfill Slope of "
€| | arnsaope | Embarknentsol 056 | Compacton | Backtll Area | "EiS
(m) | (m) i Ve . yee Level (V to H) P
Wall Abutment
1to2 0.9/125
0,
95% ltol 0.9/125
1to2 0.9/125
0,
0% ltol 0.9/125
Stub Abutment (10 ft) (3.0 m)
1to2 1/125
0,
(Sci) (gol) High Moderate 95% 1tol 1/125
' ' 90% 1to2 1/125
ltol 1/125
Stub Abutment (5 ft) (1.5 m)
1to2 1/125
0,
95% 1tol 1/125
1to2 1/125
0,
0% 1tol 1/125
Table A.9 Summary of the resulting slope of the approach slab for soil profile No.9
Hn He . . Backfill Slope of "
€| M| qarmsipe | Enbenonensol 05 | compacton | macktl s | RS
(m) (m) Level (V to H)
Wall Abutment
1to2 0.9/125
0,
95% ltol 0.9/125
1to2 0.9/125
0,
90% ltol 0.9/125
Stub Abutment (10 ft) (3.0 m)
1to2 1/125
0,
(32) (é%) High Low 95% ltol 1/125
' ' 90% 1to2 1/125
° 1tol 1/125
Stub Abutment (5 ft) (1.5 m)
1to2 1/125
0,
95% ltol 1/125
1to2 1/125
0,
90% ltol 1/125
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Appendix B - Longitudinal soil settlement profile

This appendix provides detailed results for the longitudinal soil settlement profile from

selected number of analyses conducted in the parametric study of the longitudinal model (see

Tables 5.10 and 5.11).

Table B.1 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.1, Analysis No.1)

slloge Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.0 (25)

3(1) 2.9 (714)

6 (2) 3.6 (91)

10 (3) 3.9 (100)

20 (6) 4.8 (121)

30 (9) 5.4 (138)

40 (12) 6.1 (154)

50 (15) 6.6 (168)

60 (18) 7.0 (179)

30 30 Highly Highly Wall 70 (21) 7.4 (188)
©.1) | (9.1) compressible | compressible | abutment/ 95% 1to?2 80 (24) 7.6 (194)
' ' clay clay Ha=He 90 (27) 7.8 (198)
100 (30) 7.9 (201)

110 (34) 8.0 (204)

120 (37) 8.1 (205)

130 (40) 8.1 (206)

140 (43) 8.1 (207)

150 (46) 8.2 (208)

160 (49) 8.2 (208)

170 (52) 8.2 (208)

180 (55) 8.2 (208)
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Table B.2 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.1, Analysis No.12)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.3(33)

3(1) 3.5 (88)

6 (2) 4.4 (111)

10 (3) 5.0 (127)

20 (6) 6.0 (154)

30 (9) 6.5 (166)

40 (12) 7.0 (178)

50 (15) 7.3 (186)

60 (18) 7.6 (193)

30 30 Highly Highly Stub 70 (21) 7.8 (198)
©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 7.9 (201)
' ' clay clay Ha =5 (1.5) 91 (28) 8.0 (204)
101 (31) 8.1 (205)

111 (34) 8.1 (207)

121 (37) 8.2 (207)

131 (40) 8.2 (208)

141 (43) 8.2 (209)

151 (46) 8.2 (209)

161 (49) 8.2 (209)

171 (52) 8.2 (209)

180 (55) 8.2 (209)
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Table B.3 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.2, Analysis No.1)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.4 (36)

3(1) 2.6 (67)

6 (2) 3.1 (80)

10 (3) 3.4 (87)

20 (6) 4.0 (102)

30 (9) 4.5 (114)

40 (12) 4.9 (125)

50 (15) 5.3 (134)

60 (18) 5.5 (140)

30 30 Highly Moderato_aly Wall 70 (21) 5.7 (145)
©.1) | 9.1) compressible | compressible | abutment/ 95% lto2 80 (24) 5.9 (149)
' ' clay clay Ha=He 90 (27) 6.0 (152)
100 (30) 6.1 (154)

110 (34) 6.1 (156)

120 (37) 6.2 (157)

130 (40) 6.2 (158)

140 (43) 6.2 (158)

150 (46) 6.2 (159)

160 (49) 6.3 (159)

170 (52) 6.3 (159)

180 (55) 6.3 (159)
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Table B.4 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.2, Analysis No.12)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.4 (36)

3(1) 2.9 (73)

6 (2) 3.6 (92)

10 (3) 4.0 (102)

20 (6) 4.8 (121)

30 (9) 5.1 (129)

40 (12) 5.4 (136)

50 (15) 5.6 (142)

60 (18) 5.8 (147)

30 30 Highly Moderato_aly Stub 70 (21) 5.9 (150)
©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 6.0 (153)
' ' clay clay Ha =5 (1.5) 90 (28) 6.1 (154)
101 (31) 6.1 (156)

111 (34) 6.2 (157)

121 (37) 6.2 (158)

131 (40) 6.2 (159)

141 (43) 6.3 (159)

151 (46) 6.3 (159)

161 (49) 6.3 (160)

170 (52) 6.3 (160)

180 (55) 6.3 (160)
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Table B.5 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.3, Analysis No.1)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.5 (37)

3(1) 2.4 (62)

6 (2) 2.9 (73)

10 (3) 3.1(79)

20 (6) 3.6 (93)

30 (9) 4.0 (102)

40 (12) 4.3 (109)

50 (15) 4.5 (116)

60 (18) 4.7 (120)

30 30 Highly Low Wall 70 (21) 4.8 (123)
©.1) | 9.1) compressible | compressible | abutment/ 95% lto2 80 (24) 4.9 (125)
' ' clay clay Ha=He 90 (27) 5.0 (126)
100 (30) 5.0 (127)

110 (34) 5.0 (128)

120 (37) 5.0 (128)

130 (40) 5.1 (129)

140 (43) 5.1 (129)

150 (46) 5.1 (129)

160 (49) 5.1 (129)

170 (52) 5.1 (129)

180 (55) 5.1 (129)
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Table B.6 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.3, Analysis No.12)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 2.1 (53)

3(1) 3.0 (76)

6 (2) 3.3(84)

10 (3) 3.5 (90)

20 (6) 4.1 (105)

30 (9) 4.3 (109)

40 (12) 4.5 (114)

50 (15) 4.6 (118)

60 (18) 4.8 (121)

30 30 Highly Low Stub 70 (21) 4.8 (123)
©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 4.9 (125)
' ' clay clay Ha =5 (1.5) 90 (28) 5.0 (126)
101 (31) 5.0 (127)

111 (34) 5.0 (127)

121 (37) 5.0 (128)

131 (40) 5.1 (128)

141 (43) 5.1 (129)

151 (46) 5.1 (129)

161 (49) 5.1 (129)

170 (52) 5.1 (129)

180 (55) 5.1 (129)
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Table B.7 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.4, Analysis No.1)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)
0 (0) 0.8 (21)
3(1) 1.6 (39)
6 (2) 1.9 (48)
10 (3) 2.1 (53)
20 (6) 2.6 (65)
30 (9) 2.8 (72)
40 (12) 3.1(78)
50 (15) 3.3(83)
60 (18) 3.4 (86)
30 30 Moderat_ely Moderato_aly Wall 70 (21) 3.5 (88)
©.1) | 9.1) compressible | compressible | abutment/ 95% lto2 80 (24) 3.5 (89)
' ' clay clay Ha=He 90 (27) 3.5 (89)
100 (30) 3.5 (90)
110 (34) 3.5 (90)
120 (37) 3.6 (90)
130 (40) 3.6 (91)
140 (43) 3.6 (91)
150 (46) 3.6 (91)
160 (49) 3.6 (91)
170 (52) 3.6 (91)
180 (55) 3.6 (91)
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Table B.8 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.4, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri

ridge settlement

(m) | (m) ft (m) Level Area ft (m) in (mm)

(VtoH)

0 (0) 1.4 (35)

3(1) 1.9 (48)

6 (2) 2.4 (60)

10 (3) 2.7 (68)

20 (6) 3.2 (81)

30 (9) 3.3(83)

40 (12) 3.4 (85)

50 (15) 3.4 (87)

60 (18) 3.5 (88)

30 30 Moderat_ely Moderato_aly Stub 70 (21) 3.5 (89)

©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 3.5 (89)

' ' clay clay Ha =5 (1.5) 90 (28) 3.5 (90)

101 (31) 3.5 (90)

111 (34) 3.6 (90)

121 (37) 3.6 (91)

131 (40) 3.6 (91)

141 (43) 3.6 (91)

151 (46) 3.6 (91)

161 (49) 3.6 (91)

170 (52) 3.6 (91)

180 (55) 3.6 (91)
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Table B.9 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.5, Analysis No.1)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.9 (23)

3(1) 1.5 (38)

6 (2) 1.8 (47)

10 (3) 2.0 (51)

20 (6) 2.4 (62)

30 (9) 2.6 (67)

40 (12) 2.8 (72)

50 (15) 3.0 (75)

60 (18) 3.0 (77)

30 30 Moderat_ely Low _ Wall 70 (21) 3.1(78)

©.1) | 9.1) compressible | compressible | abutment/ 95% lto2 80 (24) 3.1(78)

' ' clay clay Ha=He 90 (27) 3.1(78)

100 (30) 3.1(78)

110 (34) 3.1(78)

120 (37) 3.1(78)

130 (40) 3.1(78)

140 (43) 3.1(78)

150 (46) 3.1(78)

160 (49) 3.1(78)

170 (52) 3.1(78)

180 (55) 3.1(78)
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Table B.10 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.5, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 2.1 (54)

3(1) 2.2 (57)

6 (2) 2.3 (59)

10 (3) 2.5 (63)

20 (6) 2.9 (73)

30 (9) 2.9 (714)

40 (12) 3.0 (76)

50 (15) 3.0 (77)

60 (18) 3.0 (77)

30 30 Moderat_ely Low _ Stub 70 (21) 3.1(78)

©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 3.1(78)

' ' clay clay Ha =5 (1.5) 90 (28) 3.1(78)

101 (31) 3.1(78)

111 (34) 3.1(78)

121 (37) 3.1(78)

131 (40) 3.1(78)

141 (43) 3.1(78)

151 (46) 3.1(78)

161 (49) 3.1(78)

170 (52) 3.1(78)

180 (55) 3.1(78)
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Table B.11 Longitudinal soil settlement profile behind bridge abutment

Soil profile No.6, Analysis No.1)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 1.1(27)

3(1) 1.6 (39)

6 (2) 1.8 (47)

10 (3) 2.0 (51)

20 (6) 2.3 (60)

30 (9) 2.5 (63)

40 (12) 2.6 (66)

50 (15) 2.7 (69)

60 (18) 2.7 (70)

30 30 Low Low Wall 70 (21) 2.7 (70)

©.1) | 9.1) compressible | compressible | abutment/ 95% lto2 80 (24) 2.7 (70)

' ' clay clay Ha=He 90 (27) 2.7 (69)

100 (30) 2.7 (69)

110 (34) 2.7 (69)

120 (37) 2.7 (69)

130 (40) 2.7 (69)

140 (43) 2.7 (69)

150 (46) 2.7 (69)

160 (49) 2.7 (69)

170 (52) 2.7 (69)

180 (55) 2.7 (69)
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Table B.12 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.6, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 2.1 (53)

3(1) 2.2 (55)

6 (2) 2.3 (58)

10 (3) 2.4 (61)

20 (6) 2.7 (69)

30 (9) 2.7 (69)

40 (12) 2.7 (70)

50 (15) 2.8 (70)

60 (18) 2.8 (70)

30 30 Low Low Stub 70 (21) 2.7 (70)

©.1) | 9.1) compressible | compressible | abutment/ 90% ltol 80 (25) 2.7 (70)

' ' clay clay Ha =5 (1.5) 90 (28) 2.7 (69)

101 (31) 2.7 (69)

111 (34) 2.7 (69)

121 (37) 2.7 (69)

131 (40) 2.7 (69)

141 (43) 2.7 (69)

151 (46) 2.7 (69)

161 (49) 2.7 (69)

170 (52) 2.7 (69)

180 (55) 2.7 (69)
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Table B.13 Longitudinal soil settlement profile behind bridge abutment

Soil profile No.7, Analysis No.1)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.1(2)

3(1) 1.0 (25)

6 (2) 1.3 (34)

10 (3) 1.6 (40)

20 (6) 2.2 (57)

30 (9) 2.6 (66)

40 (12) 2.9 (75)

50 (15) 3.2 (80)

60 (18) 3.3(83)

20 20 Highly Highly Wall 70 (21) 3.3 (85)

©.1) | (6.1) compressible | compressible | abutment/ 95% lto2 80 (24) 3.4 (86)

' ' clay clay Ha=He 90 (27) 3.4 (86)

100 (30) 3.4 (87)

110 (34) 3.4 (87)

120 (37) 3.4 (87)

130 (40) 3.4 (87)

140 (43) 3.4 (87)

150 (46) 3.4 (87)

160 (49) 3.4 (87)

170 (52) 3.4 (87)

180 (55) 3.4 (87)
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Table B.14 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.7, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.6 (16)

3(1) 1.5 (37)

6 (2) 1.9 (48)

10 (3) 2.3 (57)

20 (6) 3.0 (75)

30 (9) 3.1(79)

40 (12) 3.2 (82)

50 (15) 3.3(84)

60 (18) 3.3 (85)

20 20 Highly Highly Stub 70 (21) 3.4 (86)

©.1) | (6.1) compressible | compressible | abutment/ 90% ltol 80 (25) 3.4 (86)

' ' clay clay Ha =5 (1.5) 90 (28) 3.4 (87)

101 (31) 3.4 (87)

111 (34) 3.4 (87)

121 (37) 3.4 (87)

131 (40) 3.4 (87)

141 (43) 3.4 (87)

151 (46) 3.4 (87)

161 (49) 3.4 (87)

170 (52) 3.4 (87)

180 (55) 3.4 (87)
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Table B.15 Longitudinal soil settlement profile behind bridge abutment

Soil profile No.8, Analysis No.1)

sllege Distance Soil
Hn He Natural Embankment | Abutment Backfill of from the vertical
ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)
0 (0) 0.3(9)
3(1) 0.9 (22)
6 (2) 1.1(27)
10 (3) 1.2 (31)
20 (6) 1.7 (43)
30 (9) 1.9 (47)
40 (12) 2.0 (51)
50 (15) 2.1 (53)
60 (18) 2.1 (54)
20 20 Highly Moderato_aly Wall 70 (21) 2.1 (54)
©.1) | (6.1) compressible | compressible | abutment/ 95% lto2 80 (24) 2.2 (55)
' ' clay clay Ha=He 90 (27) 2.2 (55)
100 (30) 2.2 (55)
110 (34) 2.2 (55)
120 (37) 2.2 (55)
130 (40) 2.2 (55)
140 (43) 2.2 (55)
150 (46) 2.2 (55)
160 (49) 2.2 (55)
170 (52) 2.2 (55)
180 (55) 2.2 (55)
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Table B.16 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.8, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.8 (20)

3(1) 1.1 (29)

6 (2) 1.4 (36)

10 (3) 1.6 (41)

20 (6) 2.0 (52)

30 (9) 2.1 (52)

40 (12) 2.1 (53)

50 (15) 2.1 (54)

60 (18) 2.1 (55)

20 20 Highly Moderato_aly Stub 70 (21) 2.2 (55)

©.1) | (6.1) compressible | compressible | abutment/ 90% ltol 80 (25) 2.2 (55)

' ' clay clay Ha =5 (1.5) 90 (28) 2.2 (55)

101 (31) 2.2 (55)

111 (34) 2.2 (55)

121 (37) 2.2 (55)

131 (40) 2.2 (55)

141 (43) 2.2 (55)

151 (46) 2.2 (55)

161 (49) 2.2 (55)

170 (52) 2.2 (55)

180 (55) 2.2 (55)
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Table B.17 Longitudinal soil settlement profile behind bridge abutment

Soil profile No.9, Analysis No.1)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.4 (10)

3(1) 0.9 (23)

6 (2) 1.1 (29)

10 (3) 1.3(33)

20 (6) 1.7 (43)

30 (9) 1.8 (47)

40 (12) 2.0 (50)

50 (15) 2.0 (51)

60 (18) 2.0 (52)

20 20 Highly Low Wall 70 (21) 2.1 (52)

©.1) | (6.1) compressible | compressible | abutment/ 95% lto2 80 (24) 2.1(52)

' ' clay clay Ha=He 90 (27) 2.1 (52)

100 (30) 2.1 (52)

110 (34) 2.1 (52)

120 (37) 2.1 (52)

130 (40) 2.1 (52)

140 (43) 2.1 (52)

150 (46) 2.1 (52)

160 (49) 2.1 (52)

170 (52) 2.1 (52)

180 (55) 2.1 (52)
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Table B.18 Longitudinal soil settlement profile behind bridge abutment (Soil profile No.9, Analysis No.12)

sllege Distance Soil

Hn He Natural Embankment | Abutment Backfill of from the vertical

ft ft soil type soil type type/height | Compaction | Backfill bri
ridge settlement
(m) | (m) ft (m) Level Area ft (m) in (mm)
(VtoH)

0 (0) 0.9 (24)

3(1) 1.3(33)

6 (2) 1.5 (37)

10 (3) 1.6 (40)

20 (6) 2.0 (50)

30 (9) 2.0 (50)

40 (12) 2.0 (51)

50 (15) 2.0 (52)

60 (18) 2.0 (52)

20 20 Highly Low Stub 70 (21) 2.1 (52)

©.1) | (6.1) compressible | compressible | abutment/ 90% ltol 80 (25) 2.1(52)

' ' clay clay Ha =5 (1.5) 90 (28) 2.1 (52)

101 (31) 2.1 (52)

111 (34) 2.1 (52)

121 (37) 2.1 (52)

131 (40) 2.1 (52)

141 (43) 2.1 (52)

151 (46) 2.1 (52)

161 (49) 2.1 (52)

170 (52) 2.1 (52)

180 (55) 2.1 (52)
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Appendix C - Pile-soil model results

This appendix provides detailed results for the pile head settlement, and load distribution

along the pile conducted in the parametric study of the pile-soil model (see Tables 6.2 and 6.3).

Table C.1 Pile head settlement and load distribution along the pile [Dy = 18 in (458 mm), L, = 35 ft (10.7 m)]

Pile spacing PLlle embedLment Iengith Ao A, 0 Qua Lug O Qs
ft ftb ﬂe ﬂ" in in kips | kips ft kips kips
(m) (m) m) m) (mm) | (mm) | (kN) | (kN) (m) (kN) (kN)
o 3.8 00 21.0 | 30.1 12.9 8.1
(97) ~ 1(93.2) | 9.2) | (57.3) | (35.9)
4.5 4.3 14 179 | 26.1 20.9 10.4
(1.4) (110) (60) | (79.6) | (7.9) | (93.2) | (46.5)
6.0 00 30.0 4.5 6.4 18 15.7 | 24.1 224 11.3
(1.8) ' (9.1) (113) | (163) | (80) | (70.0) | (7.3) | (99.8) | (50.3)
12.0 4.7 36 3.6 16.1 26.9 12.7
(3.7) (120) (160) | (15.9) | (4.9) | (119.4) | (56.6)
17 .0 4.9 51 00 00 37.3 13.7
(5.2) (124) 27 | ~ | (166.0) | (61.0)
o 3.4 00 20.0 | 29.1 12.5 7.5
(86) ' (89.0) | (8.9) | (55.6) | (33.5)
45 3.7 14 16.2 | 25.1 20.3 9.4
(1.4) (93) (60) | (72.1) | (7.6) | (90.3) | (41.9
6.0 12.0 18.0 5.0 3.8 5.9 18 136 | 24.1 21.9 9.7
(1.8) (3.7) (5.5) (1.5) | (95) | (150) | (80) | (60.5) | (7.3) | (97.4) | (43.2)
12.0 3.9 36 0.0 0.0 25.8 10.2
(3.7) (99) (160) ' ) (114.8) | (45.5)
17 .0 4.1 51 0.0 00 40.1 10.9
(5.2) (103) (227) ) ' (178.4) | (48.5)
- 2.9 00 11.0 | 28.1 5.4 5.6
(73) ' (48.8) | (8.6) | (24.0) | (24.8)
45 2.9 14 2.4 27.1 9.6 6.3
(1.4) (75) (60) | (10.7) | (8.3) | (42.5) | (28.2)
6.0 24.0 6.0 3.0 5.4 18 00 00 11.4 6.6
(1.8) (73) | (1.8) (75) | (137) | (80) ' ~ | (50.8) | (29.3)
12.0 3.1 36 00 00 28.4 7.6
(3.7) (78) (160) | ~ 1 (126.3) | (33.8)
17 .0 3.4 51 00 00 41.3 9.7
(5.2) (86) 27| ~ | (183.7) | (43.2)
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Table C.2 Pile head settlement and load distribution along the pile [D, = 18 in (458 mm), L, = 45 ft (13.7 m)]

Pile spacing PLlle embedLment Iengl;_th Ao A Q Qs Lug Qs o)
ft ﬁb ﬂe ﬂ" in in kips kips ft kips kips
(m) (m) i) o (mm) | (mm) (kN) (kN) (m) (kN) (kN)
B 36 oo | 308 | 361 | 210 | 98

(90) O | (136.9) | 11.0) | (93.3) | (43.6)
45 3.7 o) | 22 | 331 | 263 | 104
(1.4) (94) (103.1) | (10.1) | (117.0) | (46.2)
6.0 0o | 300 38 | 64 [ oen | 219 [ 311 | 202 | 107
(L8) : ©9.1) (96) | (163) 97.2) | (9.5) | (129.9) | (47.9)
12.0 43 26160 | 175 | 261 | %02 | 143
3.7) (110) 778) | 7.9) | 174.2) | (63.7)
17 .0 47 s1@zn | 90 | 211 | 436 | 164
(5.2) (119) (40.0) | (6.4) | (194.2) | 72.7)
— 3.2 oo | 291 | 361 | 197 | 94

(80) O | (1205) | Loy | 87.8) | (41.7)
45 33 a0y | 246 | 331 [ 252 | 99
(1.4) (84) 96.2) | (10.0) | (112.3) | (44.0)
6.0 120 | 180 | 150 [ 33 | 58 [ o007 207 | 301 | 286 | 101
(18) 37) | G5 | “6) | (8) | @150 92.2) | 0.2) | (127.49) | (44.9)
12.0 3.7 36 (160) | 156 | 261 | 386 | 120
(3.7) (94) 69.4) | (8.0) | (176.0) | (53.6)
17 0 3.9 45 | 221 | 424 | 130
(5.2) (98) 51(221) | (198) | (6.7 | (188.7) | (58.0)
— 28 oo | 275 | 371 [ 185 | 90

(70) 0 | 225 | a13) | 824) | (40.0)
45 2.9 1a(e0) | 183 | 31 [ 224 | 93
(1.4) (73) (81.3) | (104) | (99.8) | (415)
6.0 240 | 6.0 29 | 54 [ oo | 160 | 311 | 236 | 04
(18) 7.3) | (18) 73) | @37) 66.8) | (95) | (105.1) | (418)
12.0 3.0 60 | 37 | 281 | 300 | o7
(3.7) (75) (16.3) | (86) | (133.4) | (43.0)
17.0 3.0 411 | 99
(5.2) (77) 51(227) | 00 | 00 | g0 g) | (44.2)
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Table C.3 Pile head settlement and load distribution along the pile [D, = 18 in (458 mm), L, = 55 ft (16.8 m)]

Pile embedment length

Pile spacing L S 3 Apn As Q Qud Lad Qps Qb
ft ﬁb ﬂe ﬂ” in in kips kips ft kips kips
(m) @ o i) (mm) (mm) (kN) | (kN) (m) (kN) (kN)
B 3.2 00 | 424 | 410 | 258 | 166
(81) ™ | (188.6) | (12.5) | (114.9) | (73.6)
45 3.4 14 | 355 | 381 | 314 | 17.6
(1.4) (86) (60) | (158.1) | (11.6) | (139.7) | (78.9)
6.0 30.0 35 18 | 331 | 371 | 332 | 179
(1.8) 00 | (91 @8) | 4183 | g0y | aar.1) | 113) | (475) | (79.6)
12.0 3.7 36 | 228 | 331 | 401 | 187
(3.7) (93) (160) | (101.5) | (10.1) | (178.4) | (83.2)
17.0 4.0 51 | 19.7 | 281 | 508 | 19.9
(5.2) (101) (227) | (87.5) | (8.6) | (225.9) | (88.5)
B 2.9 0o | 416 [ 410 | 262 | 154
(74) 1 (184.9) | (12.5) | (116.4) | (68.5)
45 3.1 14 | 343 | 381 | 314 | 164
(1.4) (78) (60) | (152.6) | (11.6) | (139.7) | (72.9)
6.0 120 | 180 | 250 | 31 | g, | 18 | 314 | 371 | 328 | 166
(1.8) B7) | 65 | (76) | 80) | (80) | (139.8) | (11.3) | (145.9) | (74.0)
12.0 3.3 36 | 212 | 311 | 398 | 174
(3.7) (84) (160) | (94.2) | (9.5) | (176.9) | (77.4)
17 .0 3.5 51 | 189 | 28.1 | 515 | 184
(5.2) (89) (227) | (83.9) | (8.6) | (229.1) | (81.6)
B 2.6 00 | 4L3 | 411} 270 | 143
(65) ~ | (183.7) | (12.5) | (120.0) | (63.7)
45 2.7 14 | 328 | 381 | 311 | 151
(1.4) (69) (60) | (145.7) | (11.6) | (138.5) | (67.3)
6.0 24.0 6.0 27 | oy (137) 18 | 296 | 371 | 323 | 153
(1.8) (7.3) | (1.8) 70 | > (80) | (131.6) | (11.3) | (143.5) | (68.1)
12.0 2.9 36 | 167 | 341 | 368 | 159
(3.7) (73) (160) | (74.5) | (10.4) | (163.8) | (70.7)
17.0 2.9 51 6.8 | 281 | 416 | 16.2
(5.2) (74) (227) | (30.4) | (8.6) | (185.1) | (72.1)
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Table C.4 Pile head settlement and load distribution along the pile [Dy = 12 in (305 mm), L, = 35 ft (10.7 m)]

Pile spacing PLlle embedLment Iengl;_th Ao A, Q Qua Lug Qs Qb
ft ﬁb ﬂe ﬂ" in in | kips | kips ft kips | kips
(m) (m) i) o (mm) | (mm) | (kN) | (kN) | (m) | (kN) | (kN)

B 4.2 00 | 139 |301 | 80 5.9
(106) Y 1(62.0) | (9.2) | (35.7) | (26.3)

3.0 0.0 30.0 44 | 6.4 9 111 | 251 | 123 | 7.8
(0.9) ' (9.1) (112) | (163) | (40) | (49.2) | (7.6) | (54.5) | (34.7)

6.0 4.6 18 | 59 |201| 149 | 90
(1.8) (118) (80) | (26.3) | (6.1) | (66.2) | (40.2)
o 34 0o | 135|291 81 5.4
(86) ©1(59.9) | (8.9) | (35.9) | (24.0

3.0 12.0 18.0 5.0 3.7 | 59 9 103 | 241 | 124 | 6.9
(0.9) (3.7) (5.5) (1.5) | (94) | (150) | (40) | (45.6) | (7.3) | (55.0) | (30.7)

6.0 3.8 18 | 30 |211| 139 | 71
(1.8) (97) (80) | (13.2) | (6.4) | (61.9) | (31.4)

- 2.8 0o | 83 281 46 3.7
(71) ~ [ (37.1) | (8.6) | (20.6) | (16.4)

3.0 24.0 6.0 29 | 54 9 24 | 211 | 7.2 4.3
(0.9) (7.3) (1.8) (72) | (137) | (40) | (10.9) | (8.3) | (31.8) | (19.1)

6.0 2.9 18 | 40 | 0o | 181 | 49
(1.8) (74) (80) ' 1 (58.1) | (22.0)
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Table C.5 Pile head settlement and load distribution along the pile [Dy = 12 in (305 mm), L, =45 ft (13.7 m)]

Pile embedment

Pile spacing length Apy As Q Qud Lgd Qps Qb
ft Ly Le Ln in in kips kips ft kips kips
(m) ft ft ft (mm) | (mm) | (kN) | (kN) (m) (kN) (kN)

(m) (m) (m)

o 3.6 0.0 199 | 351 12.9 7.0
(91) ' (88.7) | (10.7) | (57.4) | (3L.3)

3.0 3.7 9 149 | 321 16.5 7.4
(0.9) 0.0 30.0 (94 6.4 | (40) | (66.4) | (9.8) | (73.6) | (32.9

6.0 ' (9.2) 40 | (163) | 18 134 | 28.1 22.6 8.8
(1.8) (102) (80) | (59.6) | (8.6) | (100.4) | (39.2)
12.0 4.7 36 3.8 18.1 28.1 11.7
(3.7 (120) (160) | (16.8) | (5.5) | (124.8) | (52.1)

o 3.2 0.0 19.2 | 36.1 12.4 6.8
(81) ' (85.6) | (11.0) | (55.2) | (30.4)

3.0 3.3 9 142 | 311 16.2 7.0
(0.9) 12.0 | 180 | 15.0 | (84) | 5.9 (40) | (63.2) | (95 | (719 | (3L.3)

6.0 (3.7) | (55) | 46) | 35 | (150) | 18 12.7 | 28.1 22.9 7.8
(1.8) (89) (80) | (56.6) | (8.6) | (102.0) | (34.7)

12.0 3.9 36 0.7 20.1 27.1 9.7
(3.7 (98) (160) | (3.3) | (6.1) | (120.3) | (43.1)

. 2.7 0.0 18.4 | 36.1 11.7 6.7
(69) ' (81.6) | (11.0) | (52.0) | (29.6)

3.0 2.8 9 12.8 | 30.1 15.0 6.8
(0.9) 24.0 6.0 (71) | 5.4 | (40) | (56.8) | (9.2) | (66.6) | (30.3)

6.0 (7.3) | (1.8) 28 | (137) | 18 6.8 28.1 18.0 6.9
(1.8) (72) (80) | (30.4) | (8.6) | (79.9) | (30.6)

12.0 2.9 36 0.0 0.0 29.0 7.1
3.7 (75) (160) ' ' (128.8) | (31.4)
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Table C.6 Pile head settlement and load distribution along the pile [Dy = 12 in (305 mm), L, = 55 ft (16.8 m)]

Pile embedment
Pile spacing length Apy As Q Quad Lgd Qps Qb
ft Ly Le Ln in in kips kips ft kips kips
(m) ft ft ft (mm) | (mm) | (kN) | (kN) (m) (kN) (kN)
(m) (m) (m)

- 3.4 0.0 27.4 40.0 15.9 115
(85) ' (121.7) | (12.2) | (70.6) | (51.2)

3.0 3.5 9 22.9 37.1 19.8 12.1
(0.9 0.0 30.0 (89) | 6.4 (40) | (102.0) | (11.3) | (88.0) | (54.0)
6.0 ' (9.2) 3.6 | (163) | 18 17.7 34.1 23.1 12.6
(1.8) (93) (80) | (78.8) | (10.4) | (102.7) | (56.1)
12.0 4.2 36 10.9 26.1 32.8 14.1
(3.7 (106) (160) | (48.7) | (7.9) | (146.0) | (62.8)
o 29 0.0 27.2 40.1 16.1 11.0
(75) ' (120.8) | (12.2) | (71.8) | (49.0)

3.0 3.1 9 224 37.1 19.9 11.4
0.9 120 | 180 | 250 | (79) | 5.9 (40) | (99.5) | (11.3) | (88.6) | (50.9)
6.0 (37 | 65) | (76) | 3.2 | (150) | 18 16.5 35.1 22.8 11.7
(1.8) (82) (80) | (73.4) | (10.7) | (101.4) | (52.1)
12.0 3.6 36 9.7 27.1 32.7 12.9
(3.7 (91 (160) | (43.0) | (8.3) | (145.6) | (57.6)
o 2.6 0.0 27.3 40.1 16.8 10.5
(65) ' (121.5) | (12.2) | (74.9) | (46.6)

3.0 2.7 9 21.7 37.1 19.8 10.9
0.9 24.0 6.0 (68) | 5.4 (40) | (96.5) | (11.3) | (88.2) | (48.3)
6.0 (7.3) | (1.8) 28 | (137) | 18 15.6 35.1 22.5 11.1
(1.8) (70) (80) | (69.2) | (10.7) | (100.0) | (49.3)
12.0 2.9 36 3.6 28.1 28.3 11.3
(3.7 (73) (160) | (16.1) | (8.6) | (126.0) | (50.3)
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Table C.7 Pile head settlement and load distribution along the pile [D, = 6 in (152 mm), L, = 35 ft (10.7 m)]

Pile embedment

Pile spacing length Apy As Q Qud Lgd Qps Qb
ft Ly Le Ln in in kips kips ft kips kips
(m) ft ft ft | (mm) | (mm) | (kN) | (kN) | (m) | (kN) | (kN)

(m) (m) (m)

- 4.2 00 6.9 29.1 3.5 3.4
(107) ) (30.7) | (8.9) | (15.6) | (15.1)

15 00 30.0 4.5 6.4 5 5.3 24.1 5.4 4.4
(0.5) ' (9.2) (114) | (163) | (20) | (23.5) | (7.3) | (23.9) | (19.6)

3.0 4.7 9 25 18.1 6.8 4.7
(0.9 (118) (40) | (11.3) | (5.5) | (30.3) | (21.0)

o 3.4 00 6.7 29.1 3.6 3.1
(86) ' (29.9) | (8.9) | (16.2) | (13.8)

15 12.0 | 18.0 5.0 3.7 5.9 5 4.8 23.1 55 3.8
(0.5) (3.7) | (5.5) | (1.5) | (95) | (150) | (20) | (21.3) | (7.0) | (24.6) | (16.7)

3.0 3.8 9 11 21.1 6.2 3.9
(0.9 (97) (40) | (49) | (6.4) | (275) | (179

L 2.9 00 5.6 28.1 3.4 2.2
(73) ) (25.1) | (8.6) | (15.3) | (9.8)

1.5 24.0 6.0 2.9 54 5 2.0 27.1 3.9 2.6
(0.5) (7.3) | (1.8) (74) | (137) [ (20) | (8.9) | (8.3) | (17.5) | (119

3.0 3.0 9 00 00 6.2 2.8
(0.9) (75) (40) ' ) (27.5) | (12.5)

Table C.8 Pile head settlement and load distribution along the pile [D, = 6 in (152 mm), L, = 45 ft (13.7 m)]

Pile embedment

Pile spacing length Apy As Q Quad Lad Qps Qb

ft Ly Le Ly in in kips | kips ft kips kips

(m) ft ft ft | (mm) | (mm) | (kN) | (kN) (m) | (kN) | (kN)

(m) (m | (m)

- 3.6 00 10.0 | 35.1 5.9 4.1
(91) ' (44.5) | (10.7) | (26.3) | (18.2)

15 00 30.0 3.7 6.4 5 7.5 32.1 7.7 4.3
(0.5 ' (9.2) (94) | (163) | (20) | (33.3) | (9.8) | (34.9) | (19.0)

3.0 4.1 9 6.4 27.1 10.4 4.9
(0.9 (104) (40) | (28.3) | (8.3) | (46.4) | (22.0)

o 3.2 00 9.6 35.1 5.8 3.8
(81) ' (42.9) | (10.7) | (25.9) | (17.0)

15 12.0 | 18.0 | 15.0 3.3 5.9 5 7.1 31.1 7.6 4.0
(0.5) (3.7) | (655) | (46) | (84) | (150) | (20) | (31.8) | (9.5) [ (339 | (179

3.0 3.6 9 6.1 27.1 10.7 45
(0.9) (90) (40) | (27.2) | (8.3) | (47.4) | (19.8)

- 2.8 0.0 9.1 35.1 5.6 3.6
(71) ' (40.6) | (10.7) | (24.8) | (15.9)

15 24.0 6.0 2.9 54 5 7.0 30.1 7.8 3.7
(0.5) (7.3) | (1.8) (73) | (137) | (20) | (31.1) | (9.2) | (34.6) | (16.5)

3.0 2.9 9 4.3 28.1 94 3.8
(0.9) (74) (40) | (18.9) | (8.6) | (42.0) | (16.9
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Table C.9 Pile head settlement and load distribution along the pile [D, = 6 in (152 mm), L, = 55 ft (16.8 m)]

Pile embedment
Pile spacing length Apy As Q Qud Lgd Qps Qb
ft Ly Le Ln in in kips kips ft kips kips
(m) ft ft ft | (mm) | (mm) | (kN) | (kN) (m) | (kN) | (kN)
(m) (m) (m)

- 3.4 0.0 13.1 | 39.0 7.5 5.6
(86) ' (58.4) | (11.9) | (33.4) | (25.0)

15 0.0 30.0 3.6 6.4 5 109 | 36.1 9.6 5.8
(0.5) ' 9.2) (90) | (163) | (20) | (48.6) | (11.0) | (42.6) | (26.0)

3.0 3.7 9 8.4 331 | 11.3 6.0
0.9 (94) (40) | (37.2) | (10.2) | (50.4) | (26.8)

o 3.0 0.0 13.0 | 40.0 7.6 5.4
(76) ' (57.9) | (12.2) | (33.8) | (24.1)

15 120 | 180 | 150 | 3.2 5.9 5 10.7 | 36.1 9.7 5.6
(0.5) (3.7) | (65) | (4.6) | (81) | (150) | (20) | (47.7) | (11.0) | (43.0) | (24.7)

3.0 3.3 9 7.9 33.1 | 112 5.7
(0.9) (83) (40) | (35.1) | (10.2) | (49.9) | (25.2)

o 2.6 0.0 13.2 | 39.1 7.9 5.3
(67) ' (58.7) | (11.9) | (35.2) | (23.5)

5 24.0 6.0 2.8 5.4 5 106 | 36.1 9.7 5.4
(0.5) (7.3) | (1.8) (70) | (137) | (20) | (47.1) | (11.0) | (43.2) | (23.9

3.0 29 9 7.5 33.1 | 111 5.4
(0.9) (72) (40) | (33.3) | (10.2) | (49.2) | (24.0)
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