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EXECUTIVE SUMMARY

PERFORMANCE ASSESSMENT OF
MSE ABUTMENT WALLS IN INDIANA

Introduction

This report presents a numerical investigation of the behavior of

steel strip-reinforced mechanically stabilized earth (MSE) direct

bridge abutments under static loading. Finite element simulations

were performed using an advanced two-surface bounding plasti-

city model based on critical state soil mechanics. Results of the

simulations were found to be in good agreement with published

laboratory and field measurements, including horizontal-facing

displacements and tensile forces in the reinforcement.

A parametric study was then conducted to investigate the behav-

ior of a full-scale direct MSE bridge abutment. The parameters

considered were the horizontal distance of the footing behind the

wall facing, backfill compaction, reinforcement length and spac-

ing, and magnitude of bridge load. Results indicate that these

parameters have a significant influence on the horizontal-facing

displacements, bridge footing settlements, and axial strains in the

reinforcements.

A survey questionnaire on the current state-of-practice of direct

and mixed MSE abutments was prepared and distributed to all

departments of transportation (DOTs) in the United States.

Results obtained from the survey shed light on

N percentage of use of direct and mixed MSE abutments by

various DOTs;

N abutment height, type and dimensions of the facing element;

N type of reinforcement, proportioning of footing and pile in

direct and mixed MSE abutments, respectively; and

N common problems experienced by DOTs with respect to

construction and performance of MSE abutments in the

field.

Findings

N Results from the parametric study indicate that the horizontal

distance from the back of the facing to the front edge of the

footing, backfill compaction, reinforcement length and spacing,

and bridge load have significant influence on the horizontal-

facing displacements, bridge footing settlements, and axial strains

in the reinforcements. For a given bridge load, abutment move-

ments can be reduced by properly compacting backfill soil

(especially within the 1 m distance behind the wall facing), dec-

reasing reinforcement spacing, and increasing reinforcement length.

N Based on the results obtained from the finite element simula-

tions performed in this study, it is recommended that the clear

horizontal distance from the back of the wall facing to the front

edge of the footing be within 0.15 to 0.2 times the height H of

the wall facing measured from the ground surface to the top of

the facing, with a minimum of 0.1H.

N The depth of embedment of the footing is suggested to be

within 0.2 to 0.25 times the width of the footing. The minimum

vertical clearance between the base of the footing and the top

level of reinforcement should be 0.3 m. A reinforcement length

of 0.7H is suggested as a reasonable starting point for pre-

liminary design and internal stability analysis of a direct MSE

abutment.

N A DOT survey was carried out to obtain information on the

current state-of-practice of MSE abutments in various US

states. An email solicitation was distributed to all 50 DOTs, and

responses were received from 31. It was found that 83.9% of the

DOTs have constructed MSE abutments in their respective

states, while 16.1% reported on the contrary, and 63.9% and

69.2% of the DOTs have constructed direct and mixed MSE

abutments, respectively, with heights of 21 to 30 ft.

N 50% of the DOTs use only precast concrete panels as the facing

element for both direct as well as mixed MSE abutments. Steel

strips are the preferred choice of reinforcement by most DOTs

(used by 40% of them) for both direct and mixed MSE abutments.

N 46.4% of the DOTs reported the clear horizontal distance from

the back of the wall facing to the front edge of the footing to be

within 2 ft., while 39.3% of the DOTs reported it to be within

2.1 to 4.0 ft. The minimum requirement specified by FHWA

(2009) is 0.5 ft.

N 37.5% of the DOTs reported the depth of embedment of the

footing to be between 1.1 and 2.0 ft. However, no guidelines

have been specified by FHWA (2009) for the depth of embe-

dment of the footing in a direct MSE abutment.

N 46.2% of the DOTs reported the vertical clearance between the

base of the footing and the topmost reinforcement layer to be

within 0.6 to 1.0 ft. The minimum requirement specified by

FHWA (2009) is 1 ft.

N 50% of the piles used by DOTs in mixed MSE abutments

are partial-displacement piles, 31.25% are displacement piles

and 18.75% are non-displacement piles. 78.1% and 21.9% of

partial-displacement piles are H-piles and open-ended pipe

piles, respectively, whereas 80% and 20% of displacement piles

are closed-ended pipe piles and prestressed concrete piles, resp-

ectively. The non-displacement piles consist of drilled shafts.

N 53.8% of the DOTs reported the clear horizontal distance from

the back of the wall facing to the front edge of a driven pile

to be between 2.1 and 4.0 ft., while 28.2% reported it to be

between 4.1 and 6.0 ft. The minimum requirement specified by

FHWA (2009) is 1.5 ft.

N 61.5% of the DOTs reported the clear horizontal distance from

the back of the wall facing to the front edge of a drilled shaft to

be between 2.1 and 4.0 ft. while 23.1% reported it to be between

4.1 and 6.0 ft. The minimum requirement specified by FHWA

(2009) is 3 ft.

N The top five problems experienced by DOTs with respect to

construction and performance of MSE abutments are

1. loss of backfill material through the joints of the facing

(18.1%);

2. inadequate drainage system (12.5%);

3. unsatisfactory workmanship and QA/QC (12.5%);

4. growth of vegetation in the joints of the facing (11.1%);

and

5. inconsistent backfill compaction (11.1%).

Implementation

Based on the results obtained from the finite element simula-

tions performed in this study, the recommendations provided for

(a) the clear horizontal distance from the back of the wall facing to

the front edge of the footing, (b) the depth of embedment of the

footing, and (c) the length of the reinforcement can be taken into

account during design and construction of direct MSE abutments

in Indiana.



CONTENTS

1. INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2. Organization of Report . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2. LITERATURE REVIEW . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.1 Ratio of Coefficient of Lateral Earth Pressures Kr/Ka . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.2 Pullout Resistance of Reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
2.3 Interface Shear Between Reinforcement and Backfill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.4 FHWA Guidelines for MSE Abutments (FHWA 2009) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3
2.5 Tolerable Vertical and Horizontal Displacements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.6 MSE Abutments: Case Histories and Field Load Tests . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

3. FINITE ELEMENT ANALYSIS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1 Problem Definition. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.2 Backfill Constitutive Model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.3 Finite Element Mesh . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.4 Modeling of Reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

4. RESULTS AND DISCUSSION. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
4.1 Effect of Normalized Horizontal Distance of Footing Behind Wall Facing . . . . . . . . . . . . . . . . . . . . 9
4.2 Effect of Relative Density of Backfill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.3 Effect of Normalized Length of Reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
4.4 Effect of Vertical Spacing of Reinforcement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
4.5 Effect of Bridge Load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

5. VALIDATION WITH EXPERIMENTAL RESULTS. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.1. Laboratory Model Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
5.2. Full-Scale Test . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

6. STATE-OF-PRACTICE SURVEY. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
6.2 Results of Survey . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

7. CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
7.1 Summary of Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
7.2 Implementation Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
7.3 Scope for Further Study . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28



LIST OF TABLES

Table 2.1 Allowable angular distortion of bridge foundations 4

Table 2.2 MSE abutments: case histories and field load tests 5

Table 3.1 Sand model parameters 8

Table 6.1 Use of direct and mixed MSE abutments by various DOTs 20



LIST OF FIGURES

Figure 1.1 Schematic illustration of MSE abutments: (a) mixed and (b) direct 1

Figure 2.1 Kr/Ka vs. depth below top of wall facing for different types of reinforcement 2

Figure 2.2 Tolerable movements for bridge foundations 4

Figure 3.1 Schematic illustration of direct MSE abutment 7

Figure 3.2 Configuration of finite element mesh 8

Figure 4.1 Normalized horizontal displacement profiles of wall facing – effect of x/H 9

Figure 4.2 Optimum distance of footing behind wall facing 10

Figure 4.3 Compaction of backfill immediately behind the facing using plate compactor 11

Figure 4.4 Normalized horizontal displacement profiles of wall facing – effect of DR 11

Figure 4.5 Load-settlement response of footing – effect of DR 12

Figure 4.6 Normalized horizontal displacement profiles of wall facing – effect of L/H 12

Figure 4.7 Normalized horizontal displacement profiles of wall facing – effect of sv 13

Figure 4.8 Load-settlement response of footing – effect of sv 13

Figure 4.9 Reinforcement strain profiles – effect of sv 14

Figure 4.10 Normalized horizontal displacement profiles of wall facing – effect of qb 14

Figure 4.11 Reinforcement strain profiles – effect of qb 15

Figure 5.1 Test setup of reinforced soil retaining wall 16

Figure 5.2 Cross-section of reinforced soil wall model 16

Figure 5.3 Shape and structure of geogrid reinforcement 17

Figure 5.4 Comparison with measured reinforcement tension profiles of Hirakawa et al. (2004) 17

Figure 5.5 Configuration of Denver wall 18

Figure 5.6 Comparison with measured wall displacement profiles of Wu (1992) 19

Figure 6.1 Range of heights of direct and mixed MSE abutments 20

Figure 6.2 Percentages of different types of facing used in direct MSE abutments 21

Figure 6.3 Percentages of different types of facing used in mixed MSE abutments 21

Figure 6.4 Percentages of different types of reinforcement used in direct MSE abutments 22

Figure 6.5 Percentages of different types of reinforcement used in mixed MSE abutments 23

Figure 6.6 Horizontal distance between facing and footing in direct MSE abutments 23

Figure 6.7 Depth of embedment of footing in direct MSE abutments 24

Figure 6.8 Vertical clearance between base of footing and topmost reinforcement layer in direct MSE abutments 24

Figure 6.9 Percentages of different types of piles used in mixed MSE abutments based on method of pile installation 25

Figure 6.10 Horizontal distance from back of facing to front edge of piles in mixed MSE abutments: (a) driven pile and (b) drilled shaft 26

Figure 6.11 Problems experienced by DOTs with respect to MSE abutments 27



1. INTRODUCTION

1.1 Background

Retaining structures, such as conventional gravity
and cantilever retaining walls, mechanically stabilized
earth (MSE) walls and abutments, and deep excava-
tion diaphragm walls, constitute a vital part of highway
infrastructure projects that include flyovers, bridges
and underground metros. In the past, conventional
retaining walls (gravity or cantilever) were often the
first choice. However, with the advent of soil reinforce-
ment towards the latter half of the previous century,
MSE walls have often been selected for transportation
infrastructure projects in the United States because
of the many advantages they offer when compared to
conventional walls. In fact, the concept of earth rein-
forcement was proposed centuries ago and has since
been used in many different ways to enhance the behav-
ior of weak materials. Natural reinforcements, such as
straws, sticks and branches, were used to reinforce
natural building materials in order to produce a stiffer
composite material.

Soil reinforcement technology, first pioneered by
Henri Vidal in the 1960s, has been used in the U.S.
since the 1970s in various geotechnical applications,
such as reinforced soil retaining walls, reinforced slopes/
embankments, reinforced foundation beds, and rein-
forced pavements. MSE walls are flexible retaining
systems composed of facing units, backfill, and rein-
forcement. The facing units typically consist of either
precast concrete panels or modular blocks while the
backfill material is ideally coarse-grained in nature.
The reinforcement may be either inextensible (metallic
strips or grids) or extensible (geosynthetic) and is
connected to the wall facing units (Jones, 1996). MSE
walls accommodate larger differential and post-con-
struction settlements than their traditional counter-
parts, due to their ability to distribute deformations.
As illustrated in Figure 1.1(a) and (b), there are basic-
ally two types of MSE bridge abutment walls: (1) mixed
MSE abutment (MSE wall combined with pile found-
ations) and (2) direct MSE abutment.

A mixed MSE abutment is a pile-supported abut-
ment. The MSE wall only provides lateral support for
the approach embankment, whereas the piles support
mainly the loads from the bridge (Figure 1.1(a)). Piles
are either driven through the constructed MSE wall
or installed before construction of the MSE wall (Berg
& Vulova, 2007; Brabant, 2001). In the direct MSE
abutment design (Figure 1.1(b)), the bridge abutment
seat sits directly on a footing, which is built on top of
the MSE wall. The MSE wall retains the approach
embankment and supports the loads from the bridge
(Berg & Vulova, 2007; Zevgolis & Bourdeau, 2007).

Although the response of conventional MSE walls
has been well investigated, both experimentally (Allen
& Bathurst, 2014; Bathurst, Walters, Vlachopoulos,
Burgess, & Allen, 2000; Bathurst et al., 2009; Runser,
Fox, & Bourdeau, 2001; Stuedlein, Bailey, Lindquist,
Sankey, & Nelly, 2010) as well as numerically

(Abdelouhab, Dias, & Freitag, 2011; Cristelo, Felix,
Lopes, & Dias, 2016; Damians, Bathurst, Josa, &
Lloret, 2015; Huang, Bathurst, & Hatami, 2009;
Ling & Liu, 2009; Yu, Bathurst, & Allen, 2016; Yu,
Bathurst, & Miyata, 2015), comparatively less work
has been conducted to study the behavior of MSE
walls used as abutments for bridge support. Numerical
analyses (finite element and finite difference analyses)
of the behavior of MSE abutments (Helwany, Wu, &
Kitsabunnarat, 2007; Skinner & Rowe, 2005; Zheng &
Fox, 2016) have employed relatively simple constitu-
tive models for the backfill, such as Mohr-Coulomb
with non-associated flow rule and Duncan-Chang
hyperbolic relationship, and cap plasticity model with
Drucker-Prager failure criterion. In this study, finite
element simulations of direct MSE abutments are
performed using an advanced two-surface bounding
plasticity model based on critical state soil mechanics.

Figure 1.1 Schematic illustration of MSE abutments: (a)
mixed and (b) direct.

Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2017/06 1



1.2 Organization of Report

The report has been organized into 7 chapters.
Chapter 1 provides the introduction and background to
the study. Chapter 2 focuses on the literature review,
detailing the existing guidelines for the construction of
direct and mixed MSE abutments, case histories and
field load tests of MSE abutments. Chapter 3 explains
the finite element (FE) model used for simulating the
response of the MSE abutments. Chapter 4 presents the
results obtained from the FE simulations while Chapter
5 validates the predictions with measured data of inst-
rumented MSE abutments in the literature. Chapter 6
documents the responses received from the state-of-
practice survey of MSE abutments provided by various
Departments of Transportation in the United States.
Chapter 7 presents a summary of the entire work with
conclusions and recommendations for future research.

2. LITERATURE REVIEW

2.1 Ratio of Coefficient of Lateral Earth Pressures Kr/Ka

Research studies on MSE walls have indicated that
the maximum tensile force in the reinforcement is prim-
arily related to the type of reinforcement, which in turn
is a function of the modulus, extensibility and density of
reinforcement (Allen, Christopher, Elias, & DiMaggio,
2001; Christopher et al., 1990; Collin, 1986). Figure 2.1
shows the ratio Kr/Ka of the lateral earth pressure
coefficient to the Rankine active earth pressure coeffi-
cient to be used in the design of an MSE wall versus
depth below the top of the wall facing for different
types of reinforcement.

The Kr/Ka ratio for metallic reinforcement decreases
from values of 1.7 (for metal strips) and 2.5 (for metal
bar mats and welded wire grids) from the top of the
wall facing to a value of 1.2 at a depth of 6.1 m (20 ft)
below the top of the facing and remains constant
thereafter. On the other hand, the Kr/Ka ratio for
geosynthetic sheet reinforcement is independent of the
depth below the top of the wall facing and is equal to a
value of 1.0.

2.2 Pullout Resistance of Reinforcement

The pullout resistance of reinforcement is defined by
the ultimate tensile load required to generate outward
sliding of the reinforcement through the reinforced soil
mass. Several approaches and design equations have
been developed and are currently used to estimate the
pullout resistance of reinforcement by considering fric-
tional resistance, passive resistance, or a combination of
both. According to FHWA (2009), the pullout resis-
tance of reinforcement can be calculated as:

Pult~F�as0vLeBC ð2:1Þ

where
Pult 5 pullout resistance of reinforcement
F* 5 pullout resistance factor
a 5 scale effect correction factor to account for

nonlinear stress reduction over the embedded length of
the reinforcement (equal to 1.0 for metallic reinforce-
ment, 0.8 for geogrids and 0.6 for geotextiles)

s9v 5 vertical effective stress at the depth of the
reinforcement-soil interface

Figure 2.1 Kr/Ka vs. depth below top of wall facing for different types of reinforcement (modified after Elias & Christopher, 1997).
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Le 5 embedment length of reinforcement in the zone
of resistance beyond the slip surface

B 5 width of reinforcement
C 5 effective unit perimeter of the reinforcement

(equal to 2.0 for sheet, strip and grid reinforcements)
Le6C 5 total surface area per unit width of reinforce-

ment in the zone of resistance beyond the slip surface

In the absence of site-specific pullout test data,
FHWA (2009) suggests that the following semi-empirical
relationships should be used in conjunction with the sta-
ndard specifications for a reinforced backfill to provide
a conservative estimate of the pullout resistance of the
reinforcement. For ribbed steel strips, the pullout resis-
tance factor F* can be estimated as (FHWA, 2009):

F �~ tan r~1:2z log Cu at the top of the wall facing

~ 2:0 maximum ð2:2Þ

F�~ tanwp at a depth of 20 ft ð6mÞ and below ð2:3Þ

where r is the interfacial friction angle between the
backfill and the reinforcement, Cu is the coefficient of
uniformity of the backfill (5 D60/D10), and wp is the
peak friction angle of the backfill. If the specific value
of Cu for the backfill is unknown at the time of design,
FHWA (2009) recommends that a Cu value of 4 may be
assumed, which corresponds to an F* value of 1.8 at the
top of the wall facing.

For geotextiles and geogrids, the pullout resistance is
based on a reduction factor that operates on the peak
friction angle of the backfill. In the absence of pullout test
data, FHWA (2009) suggests that the value of F* for geo-
textiles and geogrids may conservatively be taken as:

F �~
2

3
tanwp ð2:4Þ

According to FHWA (2009), for MSE walls using
select granular backfill, the maximum value of wp to be
used in design is 34u unless project specific test data
substantiates higher values. A lower bound value of 28u
is suggested by FHWA (2009).

2.3 Interface Shear Between Reinforcement and Backfill

The interface shear between geosynthetic sheet rein-
forcement and backfill soil is often lower than the peak
friction angle of the soil itself and can hence form a slip
plane. According to FHWA (2009), the interface fric-
tion coefficient tan r should be determined from soil–
geosynthetic direct shear tests in order to evaluate slid-
ing along the geosynthetic interface with the backfill.
In the absence of test results, FHWA (2009) suggests
that r may conservatively be estimated as:

r~
2

3
tanwp ð2:5Þ

2.4 FHWA Guidelines for MSE Abutments
(FHWA, 2009)

MSE bridge abutments have been traditionally desig-
ned to support the bridge superstructure either on a
spread foundation constructed directly on the rein-
forced soil zone (direct MSE abutment), or on piles
constructed through the reinforced soil zone (mixed
MSE abutment). According to FHWA (2009), direct
MSE abutments may be more economical than mixed
MSE abutments and thus should be considered when
the anticipated settlement of the footing and reinforced
volume is rapid/small or essentially complete, prior to
the construction of the bridge beams. Based on field
studies, AASHTO (2012) specifies that tolerable angu-
lar distortions between abutments or between piers and
abutments be limited to 0.008 radians for simple spans
and 0.004 radians for continuous spans, to prevent
overstressing or causing damage to the superstructure
elements.

2.4.1 Direct MSE Abutment

FHWA (2009) suggests that the following important
guidelines be implemented during design and construc-
tion of direct MSE abutments:

1. The minimum horizontal distance from the front of the
wall facing to the centerline of the bridge bearing should
be 3.5 ft (1 m).

2. The minimum horizontal distance from the back of the
wall facing to the front edge of the footing should be
0.5 ft (0.15 m).

3. The minimum vertical clearance between the bottom of
the footing and the top level of reinforcement should be
1 ft (0.3 m).

4. The allowable pressure on the footing should be limited
to 4 ksf (200 kPa) and 7 ksf (335 kPa) (factored) from the
points of view of serviceability and strength, respectively.

5. The maximum horizontal force at the top reinforcement
level should be used for the design of facing–reinforce-
ment connections at all the other reinforcement levels.

2.4.2 Mixed MSE Abutment

In situations where it is not possible to construct
direct MSE abutments due to either unacceptable post-
construction settlements or other reasons, a mixed
MSE abutment can be constructed wherein the bridge
superstructure is placed on stub footings supported by
deep foundations, such as driven piles or drilled shafts
(Figure 1.1(a)). In this configuration, the vertical loads
from the bridge deck are not considered in the analy-
sis since they are transmitted directly to a deep and
competent bearing stratum by the piles. However, the
horizontal force on the wall facing is resisted by the
mobilized frictional resistance between the backfill and
the reinforcement.

FHWA (2009) suggests that the following important
guidelines be implemented during design and construc-
tion of mixed MSE abutments:
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1. The minimum horizontal distance from the back of the

wall facing to the front edge of a driven pile should be

1.5 ft (0.5 m).

2. The minimum horizontal distance from the back of the

wall facing to the front edge of a drilled shaft should be

3 ft (1 m) in order to have enough room for proper back-

fill compaction.

3. For steel-strip reinforced MSE abutments, the minimum

horizontal distance from the back of the wall facing to

the front edge of the pile should be equal to the diameter

of the pile but not less than 3 ft (1 m).

4. In situations where the pile is anticipated to interfere with

the reinforcement, specific methods for pile installation

must be developed to overcome this problem. Simple

cutting and bending of reinforcement to facilitate pile

installation should not be allowed.

2.5 Tolerable Vertical and Horizontal Displacements

2.5.1 Criteria for Tolerable Settlements and Angular
Distortions

The settlement of bridge foundations is typically exp-
ressed in terms of the angular distortion, which is defined

as the differential settlement divided by the span
length. Uneven settlements of bridge abutments and
piers can affect ride quality, functioning of deck drain-
age, structural integrity, and aesthetics of the bridge.
Such movements often lead to costly maintenance and
repair measures. Table 2.1 summarizes the allowable
angular distortions of simple span and continuous span
bridges from various studies and reports.

According to the bridge design guidelines of the
Arizona Department of Transportation (AZDOT, 2009),
the total settlement of a bridge foundation per 30 m
(100 ft) span should be limited to 13 mm (0.5 in).
AZDOT (2009) also states that: (1) higher total settle-
ment limits may be used if the superstructure is adeq-
uately designed for such settlements, (2) factors such
as rideability and aesthetics should be checked by the
designer, and (3) total settlement greater than 2.5 in
(63.5 mm) per 100 ft (30 m) span must be approved by
the state bridge division.

Based on tolerable movement analyses of 148 high-
way bridges supported by spread footings on compac-
ted backfill throughout Washington, Dimillio (1982)
found that no serious distress was observed for brid-
ges that experienced 1 to 3 in. (25.4 to 76.2 mm) of

Figure 2.2 Tolerable movements for bridge foundations (Bozozuk, 1978; adapted from Salgado, 2008).

TABLE 2.1
Allowable angular distortion of bridge foundations

Type of bridge

Reference

Moulton et al. (1982) and

Elias et al. (2001) Moulton et al. (1985) AASHTO (2012)

Simple span 0.005 0.007 0.008

Continuous span 0.004 0.004 0.004
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differential settlement. Based on field studies of 314
bridges and theoretical analyses, Moulton, Ganga Rao,
and Halvorsen (1982) concluded that the bridges that
performed acceptably experienced an average settle-
ment of 2 in. (50.8 mm).

2.5.2 Criteria for Tolerable Horizontal Displacements

Horizontal displacements cause more severe and wide-
spread problems for highway bridge structures than do
equal magnitudes of vertical movement. Figure 2.2
shows a compilation made by Bozozuk (1978) of acce-
ptable and unacceptable horizontal and vertical bridge
foundation movements. It can be observed that the

tolerable vertical displacement is as much as 100 mm
(3.9 in.), but the tolerable horizontal displacement is
only 50 mm (2 in.) in order to avoid major service-
ability problems.

According to Wahls (1983), horizontal displacements
in excess of 2 in. are likely to cause structural distress.
Moulton, Ganga Rao, and Halvorsen (1985) observed
that horizontal displacements cause more damage when
accompanied by vertical settlements than when occur-
ring alone. According to Moulton et al. (1985), horizontal
displacements of less than 1 in. (25 mm) were tolerable,
while those greater than 2 in. were considered to be into-
lerable. As a result, Moulton et al. (1985) suggested that
the horizontal displacement be limited to 1.5 in. (38 mm).

TABLE 2.2
MSE abutments: case histories and field load tests

Reference Location

Abutment

type and

height Facing details

Backfill type

and properties

Reinforcement type

and properties Footing/pile details

Miyata and

Kawasaki

(1994)

Japan Direct

(H 5 5 m)

Gabions Not reported FRP geogrid

(L 5 4.5 m,

sv 5 0.25–2 m,

Tu 5 49 kN/m)

Footing

(B 5 2.3 m, D 5 0,

x 5 1 m, qb 5 127 kPa)

Benigni et al.

(1996)

Trento, Italy Direct

(H 5 5 m)

Geotextile

wrapping

Sandy gravelly soil

(cd 5 19.6–20.4 kN/m3,

wc 5 2.4–5.5%

ctx 5 100 kPa, wtx 5 40u)

Polyfelt PEC 50/25

(L 5 2 m, sv 5 0.5 m,

Tu 5 27 kN/m)

Footing

(B 5 3 m, Lf 5 3 m, D 5 0,

x 5 0.6 m, qb 5 84 kPa)

Gotteland et al.

(1997)

France Direct

(H 5 4.4 m)

Segmental

concrete blocks

Fine sand (cd 5 16.6 kN/m3,

RC 5 100%,

c 5 2 kPa, w 5 30u)

Non-woven geotextile

(L 5 2.5 m,

sv 5 0.29 m,

Tu 5 25 kN/m)

Footing

(B 5 1 m, D 5 0,

x 5 1.5 m)

Ketchart and

Wu (1997)

Denver,

Colorado,

USA

Direct

(H 5 7.6 m)

Segmental

concrete blocks

Road base material

(cd 5 19.1 kN/m3,

RC 5 90%, wc 5 1.6%)

Woven PP geotextile

(sv 5 0.2 m,

Tu 5 38 kN/m)

Footing (B 5 2.4 m,

Lf 5 3.7 m, t 5 0.3 m,

D 5 0, x 5 0.2 m,

qb 5 130 kPa)

Abu-Hejleh

et al. (2000)

Denver,

Colorado,

USA

Direct

(H 5 6.4 m)

Mesa blocks

(45762796
203 mm,

fc 5 28 MPa)

CDOT class-1 backfill

SW-SM

(cd 5 21 kN/m3, RC 5 95%,

wc 5 5.6%, ctx 5 70 kPa,

wtx 5 40u)

UX-PE Geogrid

(L 5 7.8–13 m,

sv 5 0.4 m,

Tu 5 157.3 kN/m)

Footing (B 5 3.81 m,

t 5 0.61 m, x 5 1.35 m,

qb 5 150 kPa)

Keller and

Devin (2003)

Plumas

National

Forest,

California,

USA

Direct

(H 5 1.5

and

2.4 m)

Timber

(0.15 m6
0.15 m)

Onsite rocky soil

(RC 5 95%)

Woven polyester

geotextile

(L 5 2 m, sv 5 0.15 m,

Tu 5 52–70 kN/m)

Footing (B 5 0.3 m,

Lf 5 0.3 m, D 5 0.15 m,

x 5 0.3 m)

Berg and

Vulova (2007)

Expressway-

470,

Colorado,

USA

Mixed

(H 5 4.6 m)

Full-height

precast

concrete

panels

Silty sand

(properties not reported)

UX HDPE geogrid

(sv 5 0.9 m, FS for

connection strength

5 1.3–7.7)

H-pile

(HP12674, x 5 0.8–1.4 m)

Helwany et al.

(2007)

McLean,

Virginia, USA

Direct

(H 5 4.7 m)

Cinder blocks

(39761946
194 mm)

Non-plastic silty sand

SP-SM

(RC 5 99%, wc 5 13%,

ctx 5 20 kPa, wtx 5 37u)

Woven PP geotextile

(L 5 3.15 m,

sv 5 0.2 m,

Tu 5 21–70 kN/m)

Footing (B 5 0.9 m,

Lf 5 4.5 m, t 5 0.3 m,

D 5 0, x 5 0.15 m,

qb 5 200–800 kPa)

Nelson (2013) Provo, Utah,

USA

Mixed

(H 5 6.8 m)

WWM panels +
geofabric

(3 m61.5 m)

Sandy gravel A-1-a

(cd 5 14.1 kN/m3,

RC 5 97.4%, wc 5 4.8%)

Ribbed steel strips

(50 mm63 mm,

L 5 8.5 m,

sv 5 0.6 m)

CEP pile

(OD 5 324 mm,

tw 5 9.5 mm,

s 5 2.1 m, x 5 0.24–1.9 m)
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2.5.3 Tolerable Deformation Criteria for Reinforced
Bridge Support

MSE walls can tolerate larger total and differential
settlements than rigid walls. The amount of total and
differential settlements that can be tolerated depends on
the wall facing material, configuration, and timing of
facing construction (AASHTO, 2012). AASHTO (2012)
states that abutments should not be constructed on
MSE walls if the anticipated angular distortion is
greater than 50 percent of the values recommended by
Moulton et al. (1985), as shown in Table 2.1. Based on
the results of performance tests or mini-pier experi-
ments of geosynthetic-reinforced soil (GRS) abutm-
ents, FHWA (2012) states that the vertical strain of
the GRS mass should be limited to 0.5%, while the
horizontal strain should be limited to 1%.

2.6 MSE Abutments: Case Histories and
Field Load Tests

Table 2.2 lists some case histories and field load tests
pertaining to MSE abutments. The table provides
information about the abutment location and type
(direct or mixed), facing height H and type (gabions,
modular blocks, geotextile wrapping, precast panels,
and timber), backfill type and properties (compacted
dry unit weight cd, relative compaction RC, placement
water content wc, cohesive intercept ctx and peak fric-
tion angle wtx from triaxial tests performed on samples
compacted to the same RC value as that of the backfill),
type of reinforcement [woven/non-woven polypropy-
lene (PP) geotextiles, uniaxial (UX), high-density polye-
thylene (HDPE), fiberglass reinforced plastic (FRP)
geogrids, ribbed steel strips and welded wire (WW)
grids] and reinforcement properties (length L, vertical
spacing sv, horizontal spacing sh and tensile strength
Tu from wide-width tensile tests), footing details (width
B, length Lf, thickness t, depth of embedment D, hori-
zontal distance x from the back of the wall facing to the
front edge of the footing, and footing pressure qb), pile
type [closed-ended pipe (CEP) pile, open-ended pipe
(OEP) pile, and H-pile) and pile properties [outer
diameter (OD), wall thickness tw, horizontal distance x
from the back of the wall facing to the front edge of the
pile, and center-to-center spacing s between piles).

3. FINITE ELEMENT ANALYSIS

3.1 Problem Definition

A direct MSE abutment of height H retains backfill
soil that is reinforced with ribbed steel strips of length
L with vertical spacing sv and horizontal spacing sh, as
shown in Figure 3.1. A footing of width B is embedded
at a depth D within the backfill at a distance x behind
the back of the wall facing. In this study, the height of
the abutment is 9 m and the precast concrete facing
panels have dimensions of 3 m 6 1.5 m and thick-
ness of 150 mm. The cross-section of the reinforcement
is 50 mm 6 4 mm. The width and thickness of the

levelling pad are 0.3 m and 150 mm, respectively, and
those of the footing are 2 m and 150 mm, respectively.

3.2 Backfill Constitutive Model

The advanced two-surface bounding plasticity con-
stitutive model developed by Loukidis and Salgado
(2009) was used to model the mechanical response of
the backfill material. A user-defined model subroutine
VUMAT, which can be implemented in ABAQUS/
Explicit (ABAQUS, 2012), was coded in FORTRAN to
describe the constitutive relationships. Table 3.1 pro-
vides the model parameters for clean, dry-deposited/air-
pluviated Toyoura sand and slurry-deposited/water
pluviated Ottawa sand. Since the stiffness of the foot-
ing, precast facing elements, levelling pad, and steel
strip reinforcement are significantly higher than that
of the backfill, they have been simulated as linear-
elastic materials with modulus of elasticity and Pois-
son’s ratio of 25 GPa and 0.2 for the facing panels,
levelling pad and footing (Zevgolis & Bourdeau,
2007), and 200 GPa and 0.3 for the reinforcement
(Damians et al., 2015).

3.3 Finite Element Mesh

Figure 3.2 shows the configuration of the mesh
used for the finite element (FE) analyses performed
in Abaqus/CAE 6.12-1 (ABAQUS, 2012). The back-
fill and facing zones were discretized using 6-noded,
bi-quadratic triangular elements, while the reinforcement
was modeled using 3-noded, quadratic truss elements.

It is well known that analyses involving materials
that soften and follow a non-associative flow rule suffer
from the problem of solution non-uniqueness. As the
mesh gets refined, the results of the FE analysis change,
and convergence to a unique solution does not happen.
To overcome this problem, FE analyses should either
employ a regularization approach (such as Cosserat or
gradient plasticity) or use meshes with element sizes
that are consistent with the known shear band thickness
(Loukidis & Salgado, 2012). In this study, the mesh
around the vicinity of the footing was refined such that
the thickness of the elements was 10D50 of the backfill,
which is 2 mm for Toyoura sand and 4 mm for Ottawa
sand, in order to capture the formation of shear bands
(Abedi, Rechenmacher, & Chupin, 2010; Alshibli &
Sture, 1999; Loukidis & Salgado, 2008; Nemat-Nasser
& Okada, 2001).

Given the substantial roughness of the interface
between the base of the footing and the backfill due to
the pouring of concrete, shearing is assumed to happen
within the backfill surrounding the footing. Therefore,
perfect contact, which means the common nodes of the
footing and the backfill are tied to each other with
respect to all degrees of freedom, was assumed at the
footing-backfill interface. A similar approach was used
for the reinforcement-backfill interface assuming the
reinforcement elements to be perfectly bonded to the
backfill. This is consistent with measured pullout test
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data for ribbed steel strips and well-compacted gran-
ular soils reported in the literature (Balunaini, 2009;
Balunaini & Prezzi, 2010; Bathurst, Huang, & Allen,
2011; Miyata & Bathurst, 2012).

The lateral boundaries of the FE mesh were located
at distances of 4H behind the wall and H in front of the
wall (Zheng & Fox, 2016), and were fixed in the
horizontal direction but free to move in the vertical
direction via roller supports. The bottom boundary of
the FE mesh was fixed in both the horizontal and
vertical directions by means of hinges. After equili-
brium was achieved between the predefined stress
field and the gravity load applied to the whole domain
by means of a geostatic step, the footing was loaded
in increments until the desired vertical stress was
reached. The vertical stress due to the region of soil
below the approach slab was simulated by means of
a surcharge.

3.4 Modeling of Reinforcement

The reinforcement strip layers in the abutment were
modeled as continuous sheet elements. These elements
were assigned a constant axial stiffness EA based on the
elastic modulus E and cross-sectional area A of the steel
strips, and the number N of steel strips per length of the
facing (Damians et al., 2015; Zevgolis & Bourdeau,
2007). In order to model them properly, the equivalent

properties corresponding to a distinct strip of a sheet
were determined and then normalized per linear meter
of the facing. The axial stiffness S of one unique strip is
given by:

S~
EA

L
ð3:1Þ

For N distinct strips per linear meter, the combined
stiffness SN of the group of strips is given by:

SN~
XN

i~1

EiAi

Li

~N
EA

L
ð3:2Þ

Now, the equivalent stiffness of a continuous sheet
element Seq is given by:

Seq~
EeqAeq

Leq

ð3:3Þ

In order for the axial stiffness of an equivalent sheet
that has a width of one linear meter to be equal to the
summation of the axial stiffnesses of the individual steel
strips that are contained within that one linear meter,
the following condition needs to be satisfied.

SN~Sequ(EA)eq~N(EA) ð3:4Þ

Figure 3.1 Schematic illustration of direct MSE abutment.
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TABLE 3.1
Sand model parameters (Loukidis & Salgado, 2009)

Parameter symbol

Parameter value

Test used for calibrationToyoura sand Ottawa sand

Small-strain parameters n 0.15 0.15* Tests using local strain transd., or iso

comp. or 1-D comp. tests with

unloading path

Cg 900 611 Bender element or resonant column

tests

ng 0.40 0.437 Bender element or resonant column

tests

c1 0.001 0.00065 Resonant column tests or triaxial tests

with local strain measurements

a1 0.40 0.47 Undrained triaxial compression tests

Critical state Cc 0.934 0.78 Triaxial compression tests

l 0.019 0.081 Triaxial compression tests

j 0.70 0.20 Triaxial compression tests

Mcc 1.27 1.21 Triaxial compression tests

Bounding surface kb 1.5 1.9 Triaxial compression tests

Dilatancy D0 0.90 1.31 Triaxial compression tests

kd 2.8 2.2 Triaxial compression tests

Plastic modulus h1 1.62 2.20 Triaxial compression tests

h2 0.254 0.240 Triaxial compression tests

elim 1.00 0.81 Triaxial compression tests

m 2.0 1.2 Undrained triaxial compression tests

Stress-induced anisotropy c1 0.72 0.71 Triaxial extension tests

c2 0.78 0.78 Simple shear or other plane-strain tests

ns 0.35 0.35 Simple shear or other plane-strain tests

Inherent anisotropy a 0.29 0.31 Triaxial compression tests

kh 0.11 0.39 Triaxial compression tests

Yield surface m 0.05 0.05

*Assumed value.

Figure 3.2 Configuration of finite element mesh.
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If sh is the horizontal spacing of the strips, then N
will be equal to 1/sh, and thus equation (3.4) becomes:

(EA)eq~
1

sh

(EA) ð3:5Þ

For steel strips with a cross-section of 50 mm 6
4 mm, the equivalent thickness teq of the sheet is equal
to 0.2/sh (mm). In the FE analysis, the horizontal spac-
ing of the steel strips sh and the number N of strips per
linear meter of the facing were considered to be equal to
0.5 m and 2, respectively. Therefore, the thickness and
stiffness of the equivalent sheet works out to be 0.4 mm
(instead of 4 mm, which is the thickness of one strip)
and 806103 kN/m, respectively.

4. RESULTS AND DISCUSSION

A parametric study was conducted to investigate the
behavior of the direct MSE abutment, including the
effects of

a. normalized horizontal distance from the back of the wall
facing to the front edge of the footing (x/H 5 0.05, 0.1,
0.15, 0.2, 0.25, 0.3 and 0.5);

b. relative density of the backfill within a distance of 1 m
behind the wall facing (DR 5 50, 60, 70, 80 and 90%);

c. normalized length of reinforcement (L/H 5 0.5, 0.7, 0.9
and 1.1);

d. vertical spacing of reinforcement (sv 5 0.2, 0.4 and 0.6 m);
and

e. bridge load (qb 5 100, 200, 300, 400 and 500 kPa).

The backfill was considered to be Ottawa sand (SP),
a silica sand with grain sizes ranging from 0.1 to
0.6 mm, mean particle size D50 of 0.39 mm, uniformity

coefficient Cu of 1.43, specific gravity Gs of 2.65,
minimum void ratio emin of 0.48, maximum void ratio
emax of 0.78, and critical-state friction angle wc of 30.2u
(Murthy, Loukidis, Carraro, Prezzi, & Salgado, 2007).
Results are expressed in terms of horizontal displace-
ment profiles of the facing, reinforcement strain profiles
and load-settlement response curves of the footing.

4.1 Effect of Normalized Horizontal Distance of Footing
Behind Wall Facing

Figure 4.1 shows the effect of the normalized hori-
zontal distance x/H from the back of the wall facing
to the front edge of the footing on the profiles of
normalized horizontal displacement dh/H of the wall
facing, for B 5 2 m, D/B 5 0.25, L/H 5 0.7, sv 5 0.4 m,
sh 5 0.5 m, DR 5 90%, and qb 5 200 kPa. It is observed
that most of the horizontal displacements of the wall
facing are concentrated within the upper half of the
abutment. When the footing is located relatively close
to the facing (x/H 5 0.05), the maximum normalized
horizontal displacement of the facing is 0.3%, and
occurs at a normalized facing elevation z/H of 0.9,
which corresponds to the location where the footing is
embedded. As x/H increases, the footing moves farther
and farther away behind the wall facing and hence dh/H
decreases. For instance, at the top of the facing (z/H 5 1),
dh/H decreases by a relatively small amount (2.5%)
as x/H increases from 0.05 to 0.1, but decreases by as
much as 23% as x/H increases from 0.1 to 0.2. It is
interesting to note that as x/H increases, the facing
elevation corresponding to the maximum horizontal
displacement, shifts from z/H of 0.9 to somewhere
closer to the mid-height of the facing (z/H 5 0.5). This

Figure 4.1 Normalized horizontal displacement profiles of wall facing – effect of x/H.
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is because the influence of the footing on the horizontal
displacement of the wall facing decreases as the footing
moves farther behind the facing. However, it should be
noted that keeping the footing far away from the wall
facing in order to benefit from the reduced horizontal
displacement of the facing is not practically feasible
since it increases the overall span of the bridge. Hence,
the footing should be located at an optimum distance
behind the wall facing in order to minimize the hori-
zontal displacement of the facing as much as possible,
without significantly increasing the length of the bridge.

Figure 4.2 shows the variation of the normalized
settlement w/B of the footing with the normalized
distance x/H of the footing behind the wall facing for
B 5 2 m, D/B 5 0.25, L/H 5 0.7, sv 5 0.4 m, sh 5

0.5 m, DR 5 90%, and qb 5 200 kPa. Figure 4.2 indi-
cates that the optimum distance of the footing behind
the wall facing is between 0.15 and 0.2 times the height
of the wall facing, since the settlement of the footing
follows a decreasing path. Further, it is observed that
increasing the horizontal distance of the footing from
0.2 to 0.25 times the height of the wall facing does not
reduce the settlement of the footing by as much as that
when the distance is increased from 0.15 to 0.2 times the
height of the wall facing.

4.2 Effect of Relative Density of Backfill

The relative density of the backfill within 1 m behind
the wall facing was varied from 50% to 90% while keep-
ing the relative density of the backfill at other locations
equal to 90%. This was done in order to capture the use
of lighter compaction equipment, such as plate compac-
tors instead of conventional rollers, behind the wall

facing (see Figure 4.3). A similar approach was adopted
by Damians, Bathurst, Josa, Lloret, and Albuquerque
(2013) and Bathurst et al. (2015) to simulate the con-
struction of steel strip-reinforced MSE walls using the
finite element method.

Figure 4.4 shows the effect of the relative density DR

of the backfill within 1 m behind the wall facing on the
profiles of normalized horizontal displacement dh/H of
the wall facing for B 5 2 m, D/B 5 0.25, x/H 5 0.2,
L/H 5 0.7, sv 5 0.4 m, sh 5 0.5 m, and qb 5 200 kPa.
As expected, the normalized horizontal-facing displace-
ments decrease with increasing relative density of the
backfill. The maximum reduction was found to be 22%
at a normalized wall elevation z/H of 0.8 when DR was
increased from 50% to 90%.

Figure 4.5 shows the effect of the relative density
DR of the backfill within 1 m behind the wall facing on
the load-settlement response of the footing for B 5 2 m,
D/B 5 0.25, x/H 5 0.2, L/H 5 0.7, sv 5 0.4 m, and
sh 5 0.5 m. For a footing pressure of 200 kPa, the
normalized settlement w/B of the footing decreases by
17.5% as DR increases from 50% to 90%.

4.3 Effect of Normalized Length of Reinforcement

Figure 4.6 shows the effect of the normalized length
L/H of the reinforcement on the profiles of normalized
horizontal displacement dh/H of the wall facing, for B 5

2 m, D/B 5 0.25, x/H 5 0.2, sv 5 0.4 m, sh 5 0.5 m,
DR 5 90%, and qb 5 200 kPa. At a normalized wall
elevation z/H of 0.5, it is observed that the normalized
horizontal displacement of the wall facing decreases
by 28%, 15%, and 12% as L/H increases from 0.5
to 0.7, 0.7 to 0.9, and 0.9 to 1.1, respectively. Thus,

Figure 4.2 Optimum distance of footing behind wall facing.
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Figure 4.6 indicates that, for the conditions investi-
gated, the industry default value of 0.7H for the reinfor-
cement length is a good starting point for preliminary
design of direct MSE abutments under static load-
ing. The length of the reinforcement may be increased
beyond 0.7H depending on the magnitude of the bridge
load and the height of the abutment.

4.4 Effect of Vertical Spacing of Reinforcement

Figure 4.7 shows the effect of the vertical spacing sv

of the reinforcement on the profiles of normalized
horizontal displacement dh/H of the wall facing, for
B 5 2 m, D/B 5 0.25, x/H 5 0.2, L/H 5 0.7, sh 5 0.5 m,
DR 5 90%, and qb 5 200 kPa. The closer the spacing of

Figure 4.3 Compaction of backfill immediately behind the facing using plate compactor.

Figure 4.4 Normalized horizontal displacement profiles of wall facing – effect of DR.
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the reinforcement, the smaller the horizontal displace-
ment of the facing is. At a normalized wall elevation
z/H of 0.8, the normalized horizontal displacement of
the facing decreases by as much as 20% as sv decreases
from 0.6 to 0.2 m.

Figure 4.8 shows the effect of the vertical spacing sv

of the reinforcement on the load-settlement response of

the footing for B 5 2 m, D/B 5 0.25, x/H 5 0.2,
L/H 5 0.7, sh 5 0.5 m, and DR 5 90%. For a footing
pressure of 200 kPa, it is observed that the normalized
settlement w/B of the footing decreases by 20.5% as sv

decreases from 0.6 to 0.2 m.
Figure 4.9 shows the distribution of axial strains

in the reinforcement for vertical spacings of 0.2, 0.4

Figure 4.5 Load-settlement response of footing – effect of DR.

Figure 4.6 Normalized horizontal displacement profiles of wall facing – effect of L/H.

12 Joint Transportation Research Program Technical Report FHWA/IN/JTRP-2017/06



and 0.6 m with B 5 2 m, D/B 5 0.25, x/H 5 0.2,
L/H 5 0.7, sh 5 0.5 m, and DR 5 90%. The specific
reinforcement layer under consideration is located at
the mid-height of the wall facing. It should be noted
that x/H is the normalized horizontal distance from the
back of the wall facing to the front edge of the footing,

whereas X/H is the normalized horizontal distance
measured from the back of the wall facing to any point
located within the backfill. Referring to Figure 4.9, it is
observed that for a given vertical spacing of the rein-
forcement, the axial strain in the reinforcement is max-
imum at the reinforcement-panel connection (X/H 5 0)

Figure 4.7 Normalized horizontal displacement profiles of wall facing – effect of sv.

Figure 4.8 Load-settlement response of footing – effect of sv.
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and decreases as we go farther away behind the wall
facing. Moreover, the axial strain in the reinforcement
decreases with the vertical spacing of the reinforce-
ment. For instance, at the reinforcement-panel connec-
tion (X/H 5 0), the axial strain in the reinforcement
decreases by 19% as sv decreases from 0.6 to 0.2 m.

4.5 Effect of Bridge Load

Figure 4.10 shows the effect of the magnitude of
bridge load qb on the profiles of normalized horizontal
displacement dh/H of the wall facing, for B 5 2 m,
D/B 5 0.25, x/H 5 0.2, L/H 5 0.7, sv 5 0.4 m,

Figure 4.9 Reinforcement strain profiles – effect of sv.

Figure 4.10 Normalized horizontal displacement profiles of wall facing – effect of qb.
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sh 5 0.5 m, and DR 5 90%. It is observed that the magni-
tude and location of the maximum horizontal displace-
ment of the wall facing, and the deflected shape of the
facing, depend on the magnitude of the bridge load. For
relatively small magnitudes of bridge load (qb 5 100 kPa),
the maximum normalized horizontal displacement of
the wall facing is 0.22% at a normalized wall elevation
z/H of about 0.6. The corresponding deflected shape of
the facing resembles somewhat like a concave/convex
shape due to the relatively small magnitude of the load.
On the other hand, for relatively large magnitudes of
bridge load (qb 5 500 kPa), the maximum normalized
horizontal displacement of the wall facing is 0.46%

(which is 2.1 times that of the value for qb equal to
100 kPa) and occurs at the top of the wall (z/H 5 1).
The wall facing deflects away from the backfill due to
the lateral displacement of the soil below the footing.

Figure 4.11 shows the effect of the magnitude of
bridge load qb on the distribution of axial strains in the
reinforcement layer located at mid-height of the wall
facing, for B 5 2 m, D/B 5 0.25, x/H 5 0.2, L/H 5 0.7,
sv 5 0.4 m, sh 5 0.5 m, and DR 5 90%. The axial
strain in the reinforcement increases by 27.6% at the
reinforcement-panel connection (X/H 5 0) and by
20.4% at the free end of the reinforcement (X/H 5 0.7)
as qb increases from 100 to 500 kPa.

5. VALIDATION WITH EXPERIMENTAL
RESULTS

5.1 Laboratory Model Test (Hirakawa et al., 2004)

Hirakawa, Takaoka, Tatsuoka, and Uchimura (2004)
performed a series of laboratory model tests on a

45-cm-high, geogrid-reinforced soil retaining wall loaded
on the crest over a 10-cm-wide rigid strip footing
(Figure 5.1 and Figure 5.2). Air-dried Toyoura sand
with specific gravity Gs of 2.65, dry unit weight cd of
16 kN/m3, maximum void ratio emax of 0.933, and mini-
mum void ratio emin of 0.624, was compacted at a
relative density DR of 90% to serve as the backfill.
The backfill was reinforced with 8 layers of 40-cm-long
polyester geogrids placed at a vertical spacing of 5 cm
(Figure 5.2).

Figure 5.3 depicts the shape and structure of the
geogrid reinforcement that was used in the tests. The
geogrid consists of 1-mm-wide longitudinal and trans-
verse members with an aperture size of 1.8 6 1.8 cm.
The ultimate tensile strength of the geogrid measured at
a strain rate of 1%/min is 39.2 kN/m at a failure strain
less than 22% in both the longitudinal and transverse
directions. The footing was located at a setback of 10 cm
from the back of the facing. Figure 5.4 compares the
predicted reinforcement tension profiles obtained from
the FE analysis with those measured by Hirakawa et al.
(2004) for the 5th geogrid layer measured from the top
of the wall. Comparisons are made for footing pressures
of 50, 100 and 200 kPa. It is observed that the simula-
tion results compare reasonably well with the test data.

5.2 Full-Scale Test (Wu, 1992)

Wu (1992) presented results from a full-scale test of a
3-m-high geosynthetic-reinforced soil wall in Denver.
Figure 5.5 shows the configuration of the Denver wall.
The wall facing was comprised of inter-connected timber
logs with plywood packing.

Figure 4.11 Reinforcement strain profiles – effect of qb.
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Figure 5.1 Test setup of reinforced soil retaining wall (Hirakawa et al., 2004).

Figure 5.2 Cross-section of reinforced soil wall model (Hirakawa et al., 2004).
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The elastic modulus and shear modulus of the
beam section of the timber facing were 36 MPa and
13.9 MPa, respectively. Air-dried Ottawa sand with
specific gravity of 2.65, maximum and minimum unit
weights of 17.7 kN/m3 and 15.3 kN/m3, respectively,
was used as the backfill and placed using the air
pluviation method at a unit weight of 16.8 kN/m3.
Lightweight, nonwoven, heat-bonded, polypropy-
lene geotextile with modulus at 10% elongation of
4.45 kN, and 60% elongation at break, was used as
the reinforcement. The length and vertical spacing of
the reinforcement were 1.67 m and 0.28 m, respec-
tively. After construction of the wall, a surcharge
was applied to the top surface of the backfill using a
pair of air bags. Figure 5.6 compares the predicted
horizontal displacement profiles of the wall facing
with those measured by Wu (1992) for surcharge
pressures of 100 and 200 kPa. Predictions are in good
agreement with the measured response of the wall
and thus validate the FE results obtained.

Figure 5.3 Shape and structure of geogrid reinforcement
(Hirakawa et al., 2004).

Figure 5.4 Comparison with measured reinforcement tension profiles of Hirakawa et al. (2004).
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Figure 5.5 Configuration of Denver wall (Wu, 1992).
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6. STATE-OF-PRACTICE SURVEY

6.1 Introduction

An agency survey was carried out to obtain inf-
ormation on the current state-of-practice of MSE
abutments in various States in the U.S. An email
solicitation was distributed to all the 50 Departments
of Transportation (DOTs). The following informa-
tion was requested:

1. The percentage of construction, and height, of direct and
mixed MSE abutments.

2. The type and dimensions of the facing and the rein-

forcement used in direct and mixed MSE abutments.

3. The depth of embedment of the footing, the horizontal

distance from the back of the facing to the front edge of
the footing, and the vertical clearance between the bot-

tom of the footing and the top level of the reinforcement
in direct MSE abutments.

4. The type, dimensions, and center-to-center spacing of
piles and the horizontal distance from the back of the

facing to the front edge of the piles in mixed MSE
abutments.

5. The problems observed with regard to construction and

performance of MSE abutments.

Replies were received from 31 DOTs, which provided
answers for the above points, thus providing complete
data. This chapter presents and discusses the informa-
tion provided by these DOTs.

6.2 Results of Survey

Thirty-one DOTs responded to the survey ques-
tionnaire: Arizona, California, Colorado, Connecticut,
Delaware, Florida, Georgia, Idaho, Indiana, Illinois,
Louisiana, Maine, Maryland, Massachusetts, Michigan,
Missouri, Montana, Nebraska, Nevada, New Jersey,
New York, North Carolina, North Dakota, Ohio,
Oklahoma, Oregon, South Carolina, South Dakota,
Virginia, West Virginia and Wisconsin. 83.9% of the
DOTs reported to have constructed MSE abutments in
their respective States while 16.1% reported on the
contrary. The respondent from California reported
that only two sets of steel strip-reinforced MSE abut-
ments (one direct and one mixed) are currently in
service as part of demonstration projects. The mixed
MSE abutment has a vertical face with 5 ft square
facing panels while the direct MSE abutment has a
stepped block facing with planting on the steps in a
landscaped urban interchange.

The respondent from Connecticut reported to have
not used traditional MSE abutments, but is currently
piloting geosynthetic-reinforced soil integrated bridge
system (GRS-IBS) abutments designed according to
FHWA (2012). The respondents from North Dakota
and Oklahoma mentioned no construction of MSE
abutments in their States. However, Oklahoma DOT
mentioned that they are considering the use of MSE
abutments to supplement their existing methodology of

Figure 5.6 Comparison with measured wall displacement profiles of Wu (1992).
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using pile-supported abutments with cast-in-place walls
for soil retention. Table 6.1 shows the percentage of use
of direct and mixed MSE abutments given by the other
respondents. It is observed that mixed MSE abutments

have been constructed more often than direct MSE
abutments in the United States.

Figure 6.1 shows the range of heights of direct and
mixed MSE abutments and their relative percentages.

TABLE 6.1
Use of direct and mixed MSE abutments by various DOTs

DOT Direct abutment (%) Mixed abutment (%) Other (%)

Arizona 0 100 _

Colorado ,10 , 60 38 (deep foundation with slope pavement)

Florida 5 95 _

Georgia 1 99 _

Idaho 10 90 _

Indiana 0 100 _

Illinois 3 97 _

Louisiana 5 95 _

Maine 45 55 _

Maryland 0 100 _

Massachusetts ,1 ,1 4 GRS-IBS bridges

Michigan 1 5 _

Missouri 1 99 _

Montana 0 100 _

Nebraska 5 95 _

Nevada 0 100 _

New Jersey 1 5 _

North Carolina 1 99 _

Ohio 0 100 _

Oregon 2 98 _

South Carolina 0 100 _

South Dakota 5 95 _

Virginia 1 99 _

West Virginia 1 99 _

Wisconsin 2 98 _

Figure 6.1 Range of heights of direct and mixed MSE abutments.
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It is observed that the heights of most MSE abutments
in the United States fall within the range of 21–30 ft.
In fact, 63.9% and 69.2% of the DOTs have constructed
direct and mixed MSE abutments, respectively, with
heights of 21–30 ft., while 30.6% and 21.2% of the
DOTs have constructed direct and mixed MSE abut-
ments, respectively, with heights of 10–20 ft. A few
MSE abutments have been constructed with heights of

31–40 ft. (5.6% and 7.7% of the DOTs for direct and
mixed MSE abutments, respectively). It can also be
observed that none of the DOTs have constructed
direct MSE abutments in the 41–50 ft. height category,
however, 1.9% of the DOTs have constructed mixed
MSE abutments with heights of 41–50 ft.

Figure 6.2 and Figure 6.3 show the percentages of
different types of facing used in direct and mixed MSE

Figure 6.2 Percentages of different types of facing used in direct MSE abutments.

Figure 6.3 Percentages of different types of facing used in mixed MSE abutments.
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abutments, respectively. Precast panels are indicated in
blue color, modular blocks in brown color, geotextile
in green color, and other types of facing (such as sheet
pile, gabion, welded wire face) in yellow color. It is
observed that nine out of eighteen DOTs use only
precast panel facing for direct MSE abutments, while
the rest of the DOTs use a combination of the aforesaid
types of facing. For instance, 50% of the direct MSE
abutments in Colorado consist of precast panels as the
facing element, 40% with modular blocks, 8% with
geotextile wrap-around and 2% with sheet piles. In the
case of mixed MSE abutments, 13 out of 26 DOTs
use only precast panels for the facing while the rest use
mostly precast panels with small percentages of the
other types of facing listed. The typical dimensions
(length 6 width 6 thickness) of precast panels used by
the DOTs are 109659660 and 59659660, while those
of modular blocks are 46062806180, 2206120680,
1606100680 and 160680680.

Figure 6.4 and Figure 6.5 show the percentages of
different types of reinforcement used in direct and
mixed MSE abutments, respectively. Steel strips are
indicated in blue color, wire mesh in brown color,
woven geotextile in green color, and uniaxial geogrid in
yellow color. It can be seen that steel strips are the
preferred choice of reinforcement by most DOTs for
both direct and mixed MSE abutments. The typical
cross-section of the steel strips used by the DOTs is
50 mm 6 4 mm thick, while the length of the strips
ranges from 0.7–0.8 times the height of the abutment.

Figure 6.6 shows the ranges of the clear horizontal
distance from the back of the facing to the front edge of
the footing in a direct MSE abutment (denoted by x in

Figure 3.1). 46.4% of the DOTs reported the distance
to be within 2 ft., while 39.3% reported it to be within
2.1–4.0 ft. A small percentage of the DOTs (14.3%)
reported having used a relatively higher distance of
4.1–6.0 ft. between the back of the facing and the front
edge of the footing. The minimum requirement speci-
fied by FHWA (2009) is 0.5 ft.

Figure 6.7 shows the ranges of the depth of emb-
edment of the footing in a direct MSE abutment
(denoted by D in Figure 3.1). 37.5% of the DOTs
reported the depth of embedment of the footing to be
between 1.1 and 2.0 ft., followed by 29.2% for 2.1–3.0 ft.,
16.7% for 3.1–4.0 ft., and 8.3% for both the 0.0–1.0 ft.
and greater than 4.0 ft. categories. It should be noted
that FHWA (2009) does not specify any guidelines for
the depth of embedment of the footing.

Figure 6.8 shows the ranges of the vertical clearance
between the base of the footing and the topmost rein-
forcement layer in a direct MSE abutment. 46.2% of
the DOTs reported the vertical clearance to be between
0.6 and 1.0 ft., followed by 26.9% for 0.0–0.5 ft., 19.2%
for 1.1–1.5 ft., and 7.7% for the 1.6–2.0 ft. category.
The minimum vertical clearance between the bottom of
the footing and the top level of reinforcement is 1 ft. as
per FHWA (2009).

Figure 6.9 shows that 50% of the piles used by the
respondents in mixed MSE abutments are partial-
displacement piles (PDP), 31.25% are displacement piles
(DP) and 18.75% are non-displacement piles (NDP).
The partial-displacement piles consist of H-piles (78.1%)
and open-ended pipe piles (21.9%), the displacement piles
consist of closed-ended pipe piles (80%) and prestressed
concrete piles (20%), and the non-displacement piles

Figure 6.4 Percentages of different types of reinforcement used in direct MSE abutments.
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comprise drilled shafts. The typical cross-sections
of H-piles used by the DOTs are 10642, 12653,
12673, 14673, 12689, and 14689 (in.6lb/ft.). The
outer diameter of open- and closed-ended pipe piles
vary from 100 to 200. The diameter of drilled shafts
ranges from 240 to 600. The spacing of the piles varies

from 39 to 109 for H-piles and 2 to 3 times the pile
diameter for pipe piles and drilled shafts.

Figure 6.10(a) and (b) show the ranges of the
clear horizontal distance from the back of the facing
to the front edge of the pile in a mixed MSE abut-
ment for driven piles and drilled shafts, respectively.

Figure 6.6 Horizontal distance between facing and footing in direct MSE abutments.

Figure 6.5 Percentages of different types of reinforcement used in mixed MSE abutments.
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Referring to Figure 6.10(a) for driven piles, it is
observed that 53.8% of the DOTs reported the
distance to be between 2.1 and 4.0 ft., followed
by 28.2% for 4.1–6.0 ft., 7.7% for 0.0–2.0 ft., and

5.1% each for 6.1–8.0 ft. and greater than 8.0 ft.
categories. According to FHWA (2009), the mini-
mum clear horizontal distance between the back of
the facing and the front edge of a driven pile is 1.5 ft.

Figure 6.8 Vertical clearance between base of footing and topmost reinforcement layer in direct MSE abutments.

Figure 6.7 Depth of embedment of footing in direct MSE abutments.
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Similarly, referring to Figure 6.10(b) for drilled
shafts, it is observed that 61.5% of the DOTs
reported the distance to be between 2.1 and 4.0 ft.,
followed by 23.1% for 4.1–6.0 ft. and 15.4% for the
6.1–8.0 ft. category. According to FHWA (2009),
the minimum clear horizontal distance between the
back of the facing and the front edge of a drilled
shaft is 3 ft.

Figure 6.11 shows the problems experienced by DOTs
with respect to MSE abutments in the field. The various
problems reported by the DOTs expressed as a percent-
age in descending order are

a. loss of backfill material through the joints of the facing (18.1%);

b. inadequate drainage system (12.5%);

c. unsatisfactory workmanship and QA/QC (12.5%);

d. growth of vegetation in the joints of the facing (11.1%);

e. inconsistent backfill compaction (11.1%);

f. excessive settlement at bridge approach joint (11.1%);

g. cracking/deterioration of facing (6.9%);

h. exposure of levelling pad due to scour or erosion of soil

cover (6.9%);

i. non-availability of good quality, free-draining backfill soil

locally (5.6%);

j. corrosion of metallic reinforcement (2.8%); and

k. improper design of abutment components (1.4%).

Figure 6.9 Percentages of different types of piles used in mixed MSE abutments based on method of pile installation.
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Figure 6.10 Horizontal distance from back of facing to front edge of piles in mixed MSE abutments: (a) driven pile and
(b) drilled shaft.
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7. CONCLUSIONS

7.1 Summary of Work

Reinforced soil structures are cost-effective alterna-
tives for most applications where reinforced concrete or
gravity type walls have traditionally been used to retain
soil. These include bridge abutments and wing walls, as
well as areas where the right-of-way is restricted, such
that an embankment or excavation with stable side
slopes cannot be constructed. MSE walls have been
used extensively for highway infrastructure and provide
several advantages over traditional retaining walls,
including lower cost, rapid construction, and good per-
formance under static and seismic loading. In addition,
MSE walls have been developed as bridge abutments
with loads applied either directly to the top of the rein-
forced soil mass through a shallow footing (direct MSE
abutment) or onto piles that are either driven through
the reinforced backfill or preinstalled before construc-
tion of the MSE wall (mixed MSE abutment).

Although the response of conventional MSE walls
has been investigated, both experimentally as well as
numerically, by various researchers, comparatively less
work has been conducted to study the behavior of MSE
walls used as abutments. Numerical analyses (finite ele-
ment and finite difference analyses) of the behavior of
MSE abutments have so far employed relatively simple
constitutive models for the backfill such as, Mohr-
Coulomb with non-associated flow rule and Duncan-
Chang hyperbolic relationship, or cap plasticity model
with Drucker-Prager failure criterion. In this study, an
advanced two-surface bounding plasticity model based

on critical state soil mechanics has been used to simu-
late the mechanical response of the backfill.

Finite element analyses were performed for a 9-m-
high, steel-strip reinforced direct MSE abutment, using
clean Ottawa sand as the backfill material. Ottawa sand
was modeled using the Loukidis-Salgado constitutive
model and the steel strip reinforcement was modeled as
a sheet with equivalent dimensions and stiffness using
linear-elastic truss elements. The numerical simulations
closely followed the field construction sequence of an
MSE abutment. This was done by activating the
elements of the facing, backfill, reinforcement, and
footing in stages. Simulation results were first validated
with laboratory model and full-scale test results of
direct MSE abutments available in the literature. The
predicted horizontal displacement profiles of the wall
facing and reinforcement tension profiles were found to
be in good agreement with the measured data.

Results from the parametric study indicate that the
horizontal distance from the back of the facing to the
front edge of the footing, backfill compaction, reinfor-
cement length and spacing, and bridge load, have
significant influence on the horizontal-facing displace-
ments, bridge footing settlements, and axial strains in
the reinforcements. For a given bridge load, abutment
movements can be reduced by properly compacting
backfill soil (especially within the 1 m distance behind
the wall facing), decreasing reinforcement spacing, and
increasing reinforcement length. Based on the results
obtained from the finite element simulations performed
in this study, it is recommended that the clear hori-
zontal distance from the back of the wall facing to the

Figure 6.11 Problems experienced by DOTs with respect to MSE abutments.
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front edge of the footing be within 0.15 to 0.2 times the
height H of the wall facing measured from the ground
surface to the top of the facing, with a minimum of
0.1H. The depth of embedment of the footing is sug-
gested to be within 0.2 to 0.25 times the width of the
footing. The minimum vertical clearance between the
base of the footing and the top level of reinforcement
should be 0.3 m. A reinforcement length of 0.7H is
suggested as a reasonable starting point for preliminary
design and internal stability analysis of a direct MSE
abutment.

A DOT survey was carried out to obtain informa-
tion on the current state-of-practice of MSE abutments
in various States in USA. An email solicitation was
distributed to all 50 DOTs, however, responses were
received from 31 DOTs. The following are the findings
from the survey:

1. 83.9% of the DOTs have constructed MSE abutments in
their respective States while 16.1% reported on the
contrary.

2. 63.9% and 69.2% of the DOTs have constructed direct
and mixed MSE abutments, respectively, with heights of
21–30 ft.

3. 50% of the DOTs use only precast concrete panels as the
facing element for both direct as well as mixed MSE
abutments.

4. Steel strips are the preferred choice of reinforcement by
most DOTs (used by 40% of them) for both direct as well
as mixed MSE abutments.

5. 46.4% of the DOTs reported the clear horizontal distance
from the back of the wall facing to the front edge of the
footing to be within 2 ft., while 39.3% of the DOTs
reported it to be within 2.1–4.0 ft. The minimum require-
ment specified by FHWA (2009) is 0.5 ft.

6. 37.5% of the DOTs reported the depth of embedment of
the footing to be between 1.1 and 2.0 ft. However, no
guidelines have been specified by FHWA (2009) for the
depth of embedment of the footing in a direct MSE
abutment.

7. 46.2% of the DOTs reported the vertical clearance
between the base of the footing and the topmost rein-
forcement layer to be within 0.6–1.0 ft. The minimum
requirement specified by FHWA (2009) is 1 ft.

8. 50% of the piles used by DOTs in mixed MSE abutments
are partial-displacement piles, 31.25% are displacement
piles and 18.75% are non-displacement piles.

9. 78.1% and 21.9% of partial-displacement piles are
H-piles and open-ended pipe piles, respectively, whereas
80% and 20% of displacement piles are closed-ended
pipe piles and prestressed concrete piles, respectively.
The non-displacement piles consist of drilled shafts.

10. 53.8% of the DOTs reported the clear horizontal distance
from the back of the wall facing to the front edge of a
driven pile to be between 2.1 and 4.0 ft. while 28.2% rep-
orted it to be within 4.1–6.0 ft. The minimum require-
ment specified by FHWA (2009) is 1.5 ft.

11. 61.5% of the DOTs reported the clear horizontal distance
from the back of the wall facing to the front edge of a
drilled shaft to be between 2.1 and 4.0 ft. while 23.1%

reported it to be within 4.1–6.0 ft. The minimum require-
ment specified by FHWA (2009) is 3 ft.

12. The top five problems experienced by DOTs with respect
to construction and performance of MSE abutments are

a. loss of backfill material through the joints of the
facing (18.1%);

b. inadequate drainage system (12.5%);

c. unsatisfactory workmanship and QA/QC (12.5%);

d. growth of vegetation in the joints of the facing
(11.1%); and

e. inconsistent backfill compaction (11.1%).

7.2 Implementation Plan

The recommendations provided for the clear hor-
izontal distance from the back of the wall facing to the
front edge of the footing, the depth of embedment of
the footing, and the length of the reinforcement, can be
taken into account during design and construction of
direct MSE abutments.

It should be noted that these recommendations are
based on results obtained from two-dimensional finite
element simulations performed by modelling the steel
strips as sheet reinforcements with equivalent geometry
and stiffness. The recommendations may be further
improved by performing more sophisticated and com-
plex three-dimensional finite element simulations that
consider the discrete nature of the steel strips.

7.3 Scope for Further Study

1. The FE simulations may be extended to investigate the
behavior of mixed MSE abutments in order to shed light
on the response of the facing-backfill-pile systems along
with pile group effects.

2. Field instrumentation of a direct and a mixed MSE
abutment with geosynthetic or steel reinforcement could
be performed in order to evaluate, monitor and assess
their long-term performance. The resulting data would be
very useful for design validation as well as for building
confidence on the design and performance of MSE abut-
ments for bridge support.
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