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REPORT OF REVIEW THE REINFORCED EARTH® MECHANICALLY STABILIZED EARTH WITH PRECAST CONCRETE
FACING PANELS AND INEXTENSIBLE SOIL REINFORCEMENTS

October 2022

HIGHWAY INNOVATIONS, DEVELOPMENTS, ENHANCEMENTS AND ADVANCEMENTS (IDEA)

The Reinforced Earth® MSE Precast Concrete Facing and Inextensible Reinforcement Retaining Wall System has
been evaluated in accordance with the IDEA protocol. Key information regarding this system is presented in
this section of this final report of review. Important details of the system’s components, design, construction
and quality control measures are presented in the attached final submittal. Design parameters defined within
the submittal are summarized in the table located at the end of this IDEA report.

Applicant Information

The Reinforced Earth® Company
Attn: Keith Brabant, PE

45610 Woodland Road, Suite 200
Sterling, VA 20166

Ph: 703-547-8797
www.reinforcedearth.com

Review Summary

Following its initial review of the Reinforced Earth® Precast Concrete Facing and Inextensible Reinforcement
Retaining Wall System submittal, the review team provided the applicant with a series of comments, and
requests for clarification and additional analysis. The applicant has been thorough in its responses and the
review team finds that there are no outstanding issues that should be brought to the attention of the
transportation agencies. Rather, the agencies are encouraged to rely upon the Reinforced Earth® Precast
Concrete Facing and Inextensible Reinforcement Retaining Wall System submittal for projects where the
Reinforced Earth® (RECo) Retaining Wall System is proposed.

Submittal Checklist

The checklist used from the IDEA protocol for this evaluation is C4 — Initial Technical Evaluation Checklist for
Concrete Panel Paired with Inextensible Reinforcement. This is the first evaluation of the Reinforced Earth®
Precast Concrete Facing and Inextensible Reinforcement Retaining Wall System by either the IDEA, or the
predecessor HITEC, evaluation programs.

Confidential Information

The applicant has the option to omit information from the version of its submittal that is attached to the final
report if it believes that such information is confidential. In such instances, the applicant will notify the review
team. However, for the Reinforced Earth® Precast Concrete Facing and Inextensible Reinforcement Retaining
Wall System no information has been designated by the applicant as confidential.
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System Description

Components

The major components of the Reinforced Earth® Precast Concrete Facing and Inextensible Reinforcement
Retaining Wall System are precast concrete facing panels, inextensible steel soil reinforcements, and select
granular backfill. Other standard components include a concrete leveling pad, EPDM bearing pads, shims,
panel joint geotextile, adhesive, tie-strips and bolt sets for connecting soil reinforcement to panel tie strip
connections. The precast concrete facing that has a minimum thickness of 5 % inches. Standard precast panel
shapes include cruciform, square, hexagonal, and rectangular. The soil reinforcing consists of either discrete
steel ribbed strips (i.e., High Adherence (HA) Strip) or a ladder strip (i.e., High Adherence (HA) Ladder)
connected to the facing. The connector is embedded into the panel, has dual steel plates protruding from the
back of the panel, and facilitates a double-shear type bolted connection to the discrete steel soil reinforcement
strip/ladder.

System History

The Reinforced Earth system was developed during the 1950s and patented in 1963 by the inventor of modern
mechanically stabilized earth, Henri Vidal. He introduced the system to the United States in 1971. Continued
evolution and improvement of the facing, soil reinforcements, and other components have taken place. The
modern system with details and components as described in this document can be dated to 1979.

The first structure was built in 1971 for Caltrans and used a steel facing with flat steel reinforcing strips bolted
to the back face. The cruciform-shape concrete facing was used on the projects immediately following, while
the steel facing was phased out in the US during the 1970s.

The ribbed reinforcing strips were introduced in 1978. Further research and development led to optimizing and
adjustments of the strip dimensions and grade of steel to those presented in this document. Ladder soil
reinforcements were introduced in the 1980’s. HA ladders as described in this document were introduced in
2000. EPDM Bearing Pads were introduced in 1984.

The oldest structure in the U.S using the ribbed strip reinforcement was constructed in 1978 on |-66 at Glebe
Road, Arlington VA. The oldest structure using the HA Ladder was constructed in 2000 on I-65, Jeffersonville,
IN. The tallest structure was constructed in 2005 for the Seattle-Tacoma Airport and consists of three tiers with
a total height of 134.5 feet. Ribbed steel strips were used as the reinforcement. The tallest single tier wall was
constructed in 2018 as part of SoFi Stadium. The wall is 110 feet tall and uses ribbed steel strips.

System Properties

The following properties are reported by the applicant for Reinforced Earth® Precast Concrete Facing and
Inextensible Reinforcement Retaining Wall System.

Soil Reinforcement

The RECo HA ribbed steel strip soil reinforcements are discrete, inextensible steel strips with
transverse ribs formed in the top and bottom surface. The standard strips are 2 inches (50 mm) wide
and 0.157 inches (4 mm) thick. They are also available in 2 inch (50 mm) wide and 0.24 inch (6 mm)
thick strips. The HA ribbed strip is manufactured with low-carbon steel in conformance with ASTM
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A572 and are hot rolled from bars into the strips. This soil reinforcement is protected from corrosion
through the application of a zinc coating, applied by hot-dip galvanizing in conformance with ASTM
A123.

The RECo HA ladders are made up of two longitudinal W10 wires, welded to a connector plate on one
end, spaced 2-inches apart. Four-inch long transverse wires are welded to the longitudinal wires and
spaced every 6 inches over the length of the ladder. HA ladder Reinforcement is cold drawn W10 steel
wire milled to the required shape and dimensions. This soil reinforcement is protected from corrosion
through the application of a zinc coating, applied by hot-dip galvanizing in conformance with ASTM
A123.

Soil Reinforcement-Facing Panel Connection Capacity

Both strips and ladders are connected to the facing with a double shear type connection using a single
bolt to a tie strip protruding from the back face of the panel. The tie strip consists of two parallel
plates, with aligned 9/16-inch holes. The strips and ladders are provided with a 9/16-inch diameter
hole on one end and fit in between the two plates of the tie strip. The bolt is %2-inch in diameter. The
tie strip and bolt are protected from corrosion through the application of a zinc coating, applied by
hot-dip galvanizing in conformance with ASTM A123.

Soil Reinforcement Design Tensile Strength

The design tensile strength of the HA ribbed strip and HA ladder are controlled by the tensile strength
of the reinforcement. The HA ribbed strip soil reinforcement has tensile strengths of F, = 80 ksi and F,
= 65 ksi. The HA ladder soil reinforcement has tensile strengths of F, = 75 ksi and F, = 65 ksi. The
connection between the reinforcement and facing panel has been designed to have a higher tensile
resistance then the soil reinforcement.

Pullout Design Parameters

Based on the data available for AASHTO specified backfill gradations, RECo recommends the following
relationship for determining f* for RECo HA ribbed strips for granular backfills meeting AASHTO
requirements for gradation, shear strength and durability:

f*=1.5+In (Cy) <4.50 @ Overburden press up to 2,500 psf
f* =tan @ @ Overburden pressure greater than 2,500 psf (i.e., depth of 20 feet)
where: C, = coefficient of uniformity = Dgo/D1o
¢ = effective friction angle of reinforced fill

Retaining Wall Design

The design methodology of a Reinforced Earth wall considers both the external and internal stability of
the structure. Internal stability is determined using the Coherent Gravity Method (CGM). The CGM is
provided in Section 2.1.2 of the attached final submittal and in detail in the AASHTO LRFD 9th Edition
(2020).
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The design examples in this submittal were performed using both MSEW+ and a proprietary software
developed by RECo. The scope of this review did not provide for a comprehensive evaluation of the
RECo software. However, the applicant states that the design of the RECo MSE Precast Concrete Facing
and Inextensible Reinforcement Retaining Wall System is consistent with current AASHTO
specifications. This assertion is supported by the results of the analyses of example problems in the
submittal, performed with both the proprietary software and the computer program MSEW+.

Agencies may check designs with a commercial program, with the design properties listed in the table
attached to this review report.

System Innovations
This IDEA evaluation concurs with RECo that their system provides the following innovations:

Soil Reinforcement Splay Angle - The allowable splay angle of reinforcing strips has long been
designated as 15 degrees, based on early recommendations of Terre Armée (RECo’s parent company)
in the 1970’s. However, this recommendation was based on a simple reduction (cos 15° = 0.965, or
roughly a 3% reduction) and assuming all reinforcing strips in the zone of interest were splayed.

Recent full-scale pullout testing has shown that individual reinforcing strips may be splayed upwards of
30 degrees without a significant loss in pullout capacity. In addition, testing of panel tie strip
connections with splayed reinforcing strips show minimal reduction in capacity. For vertical
obstructions, the IDEA evaluation suggests that a maximum of one splayed reinforcing strip per row of
reinforcement for a nominal 5 ft wide panel and a maximum of two splayed reinforcing strips for a
nominal 10 wide panel be splayed up to 30 degrees.

Results from extensive pullout testing has been performed on both the HA Strip and the HA Ladder
indicate a distinct improvement of the friction factor, F*, compared to the default values provided for
steel ribbed reinforcement in the AASHTO LRFD Bridge Design Specifications and FHWA Design and
Construction of Mechanically Stabilized Earth Walls and Reinforced Soil Slopes — Vol 1 (Berg et al.
2009).

Acute Corner Design - Using a bin-wall design for arranging the facing and soil reinforcements to
accommodate an acute corner. RECo has performed numerical modeling that justifies a threshold of
<60 degrees for acute corner design, rather than AASHTO recommended 70 degrees..

Shored MSE Design — RECo often utilizes “sandwich” reinforcements for SMSE walls with aspect ratios
less than 0.5 in order to control deformation and provide reinforcements against potential compound
failure planes at the shoring wall and MSE fill interface.

MSE Walls on Marginal Soils - The inherent flexibility of MSE walls allows for construction on sites with
soft soils. In fact, the very first RE wall constructed in the US settled over 3 ft. Single-stage Reinforced
Earth walls can be constructed on marginal foundations with the use of phased construction,
surcharges, lightweight fills, ground improvement, or some combination of these methods; along with
engineering evaluation of anticipated total and differential settlements across the wall structure(s).
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Reviewer Comments
Following its initial review of the RECo MSE Precast Concrete Facing and Inextensible Reinforcement
Retaining Wall System submittal, the review team provided the applicant with 55 comments and requests
for clarification. The applicant has been thorough in its responses and the review team finds that there are
no outstanding issues that should be brought to the attention of the transportation agencies. Rather, the
agencies are encouraged to rely upon the final RECo MSE Precast Concrete Facing and Inextensible
Reinforcement Retaining Wall System submittal for projects where the RECo System is proposed.

Closing

An update technical evaluation should be performed for the RECo MSE Precast Concrete Facing and
Inextensible Reinforcement Retaining Wall System in five years (i.e., August 2027) or upon notice that a
significant modification of the system has been made. For details regarding update technical evaluations
and other guidance for the use of technical evaluations by transportation agencies, go to
https://www.geoinstitute.org/special-projects/idea.
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Summary Table MSEW+ Input Parameters for Reinforced Earth® Precast Concrete Facing and Inextensible Reinforcement Retaining Wall System

Reinforcement Design Fy b t (inches) a f* Factored
Life (ksi) (inches) Overburden Pressure | Overburden Pressure Rgs(??tsailr?ce
up to 2,500 psf 2500 psf (Kips)
HA ribbed strip (4 mm) 75 65 1.97 0.157 1.00 1.5+1In(Cy) < 4.50 tan @ 9.76
HA ribbed strip (4 mm) 100 65 1.97 0.157 1.00 1.5+1In(Cy) < 4.50 tan @ 7.50
HA ribbed strip (6 mm) 75 65 1.97 0.240 1.00 1.5+1In(Cy) < 4.50 tan @ 17.01
HA ribbed strip (6 mm) 100 65 1.97 0.240 1.00 1.5+1In(Cy) < 4.50 tan @ 14.73
Width Diameter
(inches) (inches)
HA ladder (W10) 75 65 4.00 0.357 1.00 1.2+log (Cu) < 3.0 tan @ 5.78
HA ladder (W10) 100 65 4.00 0.357 1.00 1.2+log (Cu) < 3.0 tan @ 6.95

1The factored tensile resistance considers metal loss over the design life due to corrosion
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Forward

The following information in this document is organized to adhere to the checklist in the IDEA Appendix
CA4 titled, “Initial Technical Evaluation Checklist for Precast Concrete Panel Paired with Inextensible
Reinforcement.”

This submittal specifically covers The Reinforced Earth Company’s (RECo) Mechanically Stabilized Earth
(MSE) retaining wall system, trademarked as Reinforced Earth®. This document will refer to the system
as “Reinforced Earth” or “RE.”

INTRODUCTION
The Reinforced Earth® MSE Wall System is composed of the following components:

1. Reinforced concrete facing panels
a. Cruciform Panels (Nominally 4.92'x4.92’)
b. Square Panels (Nominally 4.92’x4.92" or 5'x5’)
c. Rectangular Panels (Nominally 4.92’ x9.84’ or 5'x10’)
d. Hexagonal Panels (Nominally 5'x5’)
2. Galvanized steel tie strips with bolt sets
a. 10 gage standard tie strip thickness
b. 7 gage optional tie strip thickness
c. %" diameter x 1 %" long A449 bolt with nut and washer
3. Galvanized steel “HA” reinforcing strips or “HA” ladders
a. High Adherence (HA) Reinforcing Strips: 50mm wide x 4mm or 6mm thick
b. High Adherence (HA) Ladders: W10 Wire size (longitudinal and transverse), with
10 gage connector plate
4. Facing panel joint material (geotextile and bearing pads)

1.0 ERS Components

The major components of the Reinforced Earth wall are precast concrete facing panels, inextensible
steel soil reinforcements, and select granular backfill. Other standard components include a concrete
leveling pad, EPDM bearing pads, shims, panel joint geotextile, adhesive, tie-strips and bolt sets for
connecting soil reinforcement to panel tie strip connections

Traffic Barrier, coping, slip joints, corner elements, and added drainage components may also be
included depending on the requirements and criteria of the project.

All of these components will be described in the appropriate section of this document.
1.1 Facing Unit

Reinforced Earth® concrete panel facing units come in four basic shapes — Cruciform, Square, Hexagonal
and Rectangular. Each has a typical structural thickness of 5.5 inches to meet AASHTO requirements,
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however thinner panels are feasible, and we have successfully designed, fabricated and supplied panels

with 5-inch structural thickness. Each type has a standard “A” size, with varied height alternatives used

along the top and bottom of wall. Slip joint facing units and corner elements are also used where

required. In this document, the term “facing unit” may be interchanged with the term “panel.”

111

Concrete Facing Units may be cast with low carbon concrete.

1.1.2

Facing Unit Innovations

Facing Unit Types

The following types of standard facing units are used:

CORPORATE

Cruciform shaped “A” panel
Square shaped “A” panel
Hexagonal shaped “A” panel
Rectangular shaped “A” panel

Figure 1.1.2-1: Front face view showing relative size of each standard facing unit
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Figure 1.1.2-2: Isometric view of the back face of a cruciform shape “A” panel.

The facing panels are stacked in columns with the horizontal joints of adjacent columns staggered. Only
one of the four facing panel shapes are used on a single wall, except in rare special design conditions.
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Figure 1.1.2-3: Example of a typical Reinforced Earth highway wall using rectangular

shape facing units. North Tarrant Express Segment 3A.

Other standard facing unit types such as slip joints and corner elements are used when needed and are
discussed in Sections 1.1.11, 1.3.6, and 3.1.3.

1.1.3 Facing Unit Specifications
The specifications for each facing unit are included in Appendix A1.1.3.
1.1.4 Facing Unit Dimensions, Tolerances and Typical Steel Reinforcement Schedule

The dimensions, tolerances and typical steel reinforcement for the facing units listed above are included
in Appendix A1.1.4.

1.1.5 Compressive Strength

Concrete for panels shall have a minimum compressive strength after 28 days of 4,000 PSI in accordance
with AASHTO Class A requirements. Minimum strength will be increased if required by the specifications
of a particular project. Due to the need to cycle forms daily, most precast mixes used by RECo result in
28 day strengths exceeding 5,500 psi. As such, data and design values will be presented for both 4,000
psi and 5,000 psi design strengths.

Curing time depends on the local mix design, ambient temperature, and state DOT specifications.
Generally, a 12 hour cure time is adequate to reach stripping (form removal) strength and units may be
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shipped once reaching 28 day required strength (and in some cases sooner, on the order of 85% of 28
day strength) if mix design has proven to adequately reach strength under normal conditions.

Generally, for smooth form finish panels, the piece may be removed from the form after 12 hours and
after attaining a compressive strength of 2,000 psi.

Refer to Appendix A1.1.5 for more detailed information.

1.1.6 Air Entrainment

The percentage of air in the precast concrete will vary depending on project specifications. In general,
panels constructed in accordance with AASHTO Specification Class A (AE) require an air content range of
6 % +/- 1.5%.

1.1.7 Mix Design

The concrete mix design is developed to meet the requirements set by the Owner of the project, and
varies from plant to plant depending on the owner requirements and locally available cement and
aggregates. Typical Mix designs comply with AASHTO Class A or A(AE).

Per AASHTO LRFD Bridge Construction Specifications, Table 8.2.2-1:

Class of Min. Max. Water / Air Size of Course  Size Number Specified
Concrete  Cement Cementitious Content Aggregate Per | per AASHTO Compressive
Content = Material Ratio = Range AASHTO M43 M43 Strength at
28 days
lb /yd? Ib per Ib % Nominal Size Psi
A 611 0.49 - 1.0in.toNo.4 57 4,000
A(AE) 611 0.45 6+/-1.5 1.0in.toNo.4 57 4,000

Table 1.1.7-1: AASHTO Mix Design Requirements

Additional recommendations for Facing Unit Mix Design can be found at the National Precast Concrete
Association (NPCA): https://precast.org/wp-content/uploads/2014/09/Retaining-Wall-Best-Practices-
Manual.pdf

1.1.8 Shear, Alignment and Bearing Devices

Shear between the facing units is not a factor in the stability of the facing. Shear in this manner is
considered for segmental or large block facing, not the concrete panel facing used for the RE wall
system.

Both horizontal and vertical alignment of the facing is achieved by setting panels with a typical %-inch
open joint between units. All facing units form a shiplap or tongue and groove joint with adjacent panels
on all sides of the front face.

Bearing devices are in the form of 1-inch or %-inch thick EPDM r bearing pads ASTM D-2000 M2AA 807,
having a minimum durometer hardness of 80 (+/- 5) . Typically, two or four pads are set in notches on
the top of a panel, and the next course of panels is set on top of the bearing pads. The bearing pads
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ensure there is no concrete-to-concrete contact, assist in the alignment of panels during construction
and over the life of the wall, and allow the wall face to accommodate fill settlements.

Bearing Pads are designed to compress to assure the facing will compress compatibly with the elastic
compression of the select backfill, to allow the facing panels to be nearly as flexible as the MSE
embankment itself, and to prevent concrete to concrete point loading. The nature of bearing pad
compression is complex and is a function of bearing pad geometry and thickness, backfill type and
compression during compaction, and any settlement of the facing panels due to compression of the
foundation soils beneath the wall. There is a potential for minimal compression of bearing pads when
conditions are optimal, and more significant (i.e., approaching the design load and final design thickness)
when foundation conditions are poor and/or MSE wall fiil is sand.

RECo has developed various bearing pad geometries for our various facing systems and adjust the size
and quantity of bearing pads depending on the wall height and loading conditions.

See Appendix Al1.1.8 for bearing pad calculations and details.

There are no additional permanent devices used for alignment. However, there are temporary wedges,
clamps and braces and construction methods as outlined in RECo’s construction manual. Refer to
Section 3.0.

1.1.9 Migration of Fill Prevention

Migration of fill through the facing is prevented with the use of a geotextile spanning all joints between
facing units. Adhesive is used to adhere the geotextile to the back face of concrete facing units. The
shiplap or tongue and groove joints on the facing units prevent UV light from degrading the geotextile.

TR ]
ey

h"“"‘! il

S 2

Figure 1.1.9-1: Geotextile at Panel Joints

Generally, a 12” or 18” wide AASHTO Class 3 filtration non-woven geotextile is utilized for joints. In
submerged conditions where drawdown conditions are present, an AASHTO Class 1 woven
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monofilament geotextile is specified. Geotextiles utilized at joints are modified to comply with specific
owner specifications when required or where particular conditions of the structure will require it.

Details and Specifications for typical geotextile can be found in Appendix A1.1.9.

1.1.10 Aesthetics

Figure 1.1.10-1: An example of stone pattern.

There is a very wide range of aesthetic options for precast concrete facing panels, including plain
smooth concrete, repeating patterns, textures, and replicated materials such as stone, brick and wood.
Detailed custom designs can also be cast into the concrete. The architectural finish is cast using a form
liner that increases the thickness of the panel beyond the structural thickness. The front face of the
facing units can accommodate varying reliefs of a fraction of an inch to several inches. The concrete mix
can include integral color or the wall can be stained after installation. It is RECo’s opinion that stain

provides a more uniform color than integral color, as concrete color will vary over a typical production
period.

Refer to Appendix A1.1.10 for photos, details, and a marketing brochure.
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1.1.11 Curved Alignment Limitations

Figure 1.1.11-1: A pedestrian ramp wall on a curve.

The curvature of a Reinforced Earth wall is formed by a series of short chords, depending on the width
of the panels. If no special modifications to the facing are made, the RE wall system has the following
minimum radius for inside and outside curvature depending on facing unit type:

e Cruciform shaped panels: 50-ft minimum radius

e Square shaped panels: 50-ft minimum radius

e Rectangular shaped panels: 100-ft minimum radius
e Hexagonal shaped panels: 100 ft minimum radius

The minimum radius is typically limited by the allowable bend between two panels, which is controlled
by the recommended tolerance of the open vertical joint size and shiplap or tongue and grove
geometry.
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3/4" + 1/4”
Open Joint

e

Curved Radius

Front face of wall

—-LL— 3/4" Open Joint

Figure 1.1.11-2: Partial plan of 5-ft x 5-ft panels on a 50-ft radius vs. a straight line

No modifications are required to be made to the facing units to achieve the minimum curves. To form

curves with smaller radii, modifications to the facing units can be made, such as mitered and truncated
ends. RECo has successfully designed and supplied panels as narrow as 2 ft wide for curved alignments
and radii as small as 20 ft. Additional information on curved alignments can be found on our website:

https://reinforcedearth.com/blog/curved-retaining-walls/

The typical method of creating a corner in the wall is by using one of RECo’s standard corner element
units. The units are designed to accept a facing panel on either side, providing overlap on the back face
that functions as a shiplap joint. Tie strips are cast into the corner elements, and soil reinforcements are
attached in the field. The four corner element types each accommodate a range of angles:

e Type 1:63° to 89°

e Type2:90°to117°
o Type3:117°to 162°
e Type4:30°to62°
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Corner Element Type 1 Corner Element Type 2
63°-89° 90°-117°
Corner Element Type 3 Corner Element Type 4
117°-162° 30°-62°

Alternate Corner Element Type B
(Form adjusts for all angles)

Figure 1.1.11-3: Plan view of standard corner elements

For inside corners, angles smaller than 60 degrees require a special bin-wall design method, (see
Appendix A2.1). Since RECo uses discrete, inextensible reinforcements that may be splayed upwards of
30 degrees (with proper analysis), RECo can design walls with interior angles of 60 degrees or greater
without the need to tie across and create a tied bin structure. According to numerical analysis by RECo,
interior angles as low as 60 degrees can be constructed with skewed/splayed reinforcement rather than
a tied across bin design.

Reinforced Earth walls with acute angles as small as 20 degrees have been successfully constructed,
however in some cases acute angles less than 30 degrees may not be feasible depending on factors such
as wall height, loading, and obstructions in the backfill.

Outside corners generally have no limitations on the angle that can be achieved. Outside corners are
typically created by reversing a corner element or butting the end of a facing panel to the front face of
an adjacent panel. Refer to Appendix Al1.1.11 for standard corner details.
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1.2 Inextensible Reinforcement

Reinforced Earth walls are designed using discrete steel strip soil reinforcements or discrete steel ladder
soil reinforcements. Both types are inextensible and have advantages depending on a variety of factors

for a given wall.

Figure 1.2-1: Reinforced Earth High Adherence (HA) Strip.

Figure 1.2-2: Reinforced Earth High Adherence (HA) Ladder.
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1.2.1 Innovations
There are two specific innovations related to RECo’s inextensible steel reinforcement:

e The apparent coefficient of friction between the reinforcement and the soil (f*). RECo has
continually researched the interaction between soil reinforcements and backfill and improved
upon recommendations for the optimal f* value depending on the project criteria.
Recommended f* values, based upon research specific to these two RE reinforcements, are
greater than the default values used for generic steel strip reinforcements.

o See Section 1.2.16

o Refer to Appendix Al1.2.1 for RECo’s Tech Bulletin 2019-01, which describes the most up
to date practice for the use of f* for Ribbed Steel Strips.

o Refer to Appendix A1.2.1 for MSE Pullout Testing for RECo HA Ladder and HA Strip
Reinforcements, Texas Tech University, December 21, 2011

e The allowable splay angle of reinforcing strips has long been designated as 15 degrees, based on
early recommendations of Terre Armée (RECo’s parent company) in the 1970’s. However, this
recommendation was based on a simple reduction (cos 15° = 0.965, or roughly a 3% reduction)
and assuming all reinforcing strips in the zone of interest were splayed. Recent full-scale pullout
testing has shown that individual reinforcing strips may be splayed upwards of 30 degrees
without a significant loss in pullout capacity. In addition, testing of panel tie strip connections
with splayed reinforcing strips show minimal reduction in capacity, with an ultimate capacity
exceeding the factored design capacity.

o See Appendix Al1.2.1 for research paper by Jayawickrama, et al “Effect of Skewing and
Splaying on Pullout Capacity of Steel MSE Reinforcement”

o See Appendix A1.2.15 for report by SGI regarding Pullout Testing of RECo Tie Strip
Connectors.

e Based on the research by RECo and Jayawickrama, reinforcing strips may be splayed up to 30
degrees. See Sections 1.2.15 and 2.1.3 for additional information.

1.2.2 Types of Soil Reinforcements
There are two types of soil reinforcements commonly used for RE walls:

e High-Adherence (HA) Ribbed Strips, referred to in this document as “strips”.
o Strips are 50mm wide by 4 (or 6) mm thick in section. Elevated transverse ribs are
spaced along the top and bottom over the full length of the strip.
e High-Adherence Ladders, referred to in this document as “ladders”.
o Ladders are made up of two longitudinal W10 wires, welded to a connector plate on one
end, spaced 2-inches apart. Four-inch long transverse wires are welded to the
longitudinal wires and evenly spaced over the length of the ladder.

Refer to Appendix A1.2.2 for dimensions of each type of reinforcement.
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1.2.3 Physical Property Specifications

High Adherence (HA) Ribbed Reinforcement Strips shall be hot rolled from bars to the required shape
and dimensions. Their physical and mechanical properties shall conform to ASTM A572/A572M-15,
Table 1, Gr. 65, Tables 2 and 3 ‘Chemical Requirements / Alloy Content’, Type 1, 2 or 3 (discretion of the
manufacturer), and Table 4 minimum yield 65ksi, tensile 80ksi.

HA Ladder Reinforcement, shall be cold drawn W10 steel wire milled to the required shape and
dimensions. The physical and mechanical properties shall conform to ASTM A1064/A1064M-17,
(AASHTO M 32M/M 32) plain wire Gr. 65, Minimum yield 65ksi, tensile 75ksi, longitudinal and
transverse wires shall be of equal size. Welded into the finished ladder configuration in accordance with
Section 8.3.1, minimum shear strength of welds shall be 35ksi.

Connector plate material shall comply with ASTM A1011/A1011M-15, SS Type 1, Gr.50 or HSLAS Class 1,
Gr. 50, minimum yield 50ksi, tension 65ksi. Welded to the ladder configuration by a certified welder (as
detailed), type E70S-3 electrode, minimum yield 67ksi, tensile 79.2ksi, welding shall comply with
provisions listed within the latest edition of ANSI/AWS D1.1, A5.18.

HA Strips: Yield strength (F,) = 65 ksi; Ultimate strength (F,) = 80 ksi
HA Ladders: Yield strength (F,) = 65 ksi; Ultimate strength (F.) = 75 ksi
1.2.4 Corrosion Protection

Hot-dipped galvanization is the most common corrosion protection for strips and ladders. The minimum
galvanization thickness for permanent structures (typically 75 year design life) is 2 oz. per square foot
(3.4 mils) on all* surfaces.

For HA Strips, the hot-dipped galvanizing process follows ASTM A-123 specification, Section 6.1, Table 2,
Coating Grade 85, (mass) 2.0 oz/ft?, (thickness) 86um, 3.4 mils. (AASHTO M 111M/M 111).

For HA Ladders Hot-Dip Galvanized coating, shall be applied after the ladder and connector plate are
fabricated and shall conform to the minimum requirements of ASTM A641/A641M-09a (Reapproved
2014), Table 1, Class B, minimum weight (mass) 2 oz/ft? or (thickness) 3.4 mils., 86um, (AASHTO M
111M/M 111)".

1.2.5 Sacrificial Steel Thickness
Per AASHTO 11.10.6.4.2a — Steel Reinforcements:

The structural design of steel soil reinforcements and connections shall incorporate a thickness, E., as
follows:

Ec=E,-E; (11.10.6.4.2a-1)

Where:
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E. = thickness (mil.) of metal reinforcement at end of service life as shown in Figure 11.10.6.4.1-1.
E, = nominal thickness (mil.) of steel reinforcement at construction.

E; = sacrificial thickness (mil.) of metal expected to be lost by uniform corrosion during service life of
structure.

For structural design, sacrificial thicknesses shall be computed for each exposed surface as follows,
assuming that the soil backfill used is nonaggressive:

Loss of galvanizing=  0.58 mil./year (15 um) for first two years
0.16 mil./year (4 um) for subsequent years
Loss of carbon steel =  0.47 mil./year (12 um) after zinc depletion

These metal loss rates shall be considered applicable to hot-dip galvanized steel placed within wall fill
that meets AASHTO criteria for corrosivity, and not applicable to black steel or steel coated by any other
process. Other carbon steel loss rates shall be used for black steel and for steel coated by any other
material or process, or with fills that do not meet AASHTO criteria for corrosivity.

Soils shall typically be considered nonaggressive relative to corrosion of galvanized steel if they meet
the following criteria:

e pH=5to010

e Resistivity 33000 ohm-cm

e Chlorides €100 ppm

e Sulfates €200 ppm

e Organic Content <1 percent

The sacrificial steel thickness is based on the metal loss rates specified by AASHTO. For a 75-year design
life, the sacrificial steel thickness is 0.708mm (0.0278 in.) per side. For a 100-year design life, the
sacrificial steel thickness is 1.008mm (0.0397 in.) per side.

The sacrificial steel thickness is based on the metal loss rates specified by AASHTO. For a 75-year design
life, the sacrificial steel reduction in diameter is 1.416mm For a 100-year design life, the sacrificial steel
reduction in diameter is 2.016mm.

Reinforcement Design Fy b (inches) | t (inches) Sacrificial Factored Tensile
Life (ksi) (Ex) thickness (Es) Resistanlce (kips)
(2 sides) (in.)
HA ribbed strip (4 mm) 75 65 1.969 0.1575 0.0557 9.76
HA ribbed strip (4 mm) 100 65 1.969 0.1575 0.0794 7.50
HA ribbed strip (6 mm) 75 65 1.969 0.236 0.0557 17.01
HA ribbed strip (6 mm) 100 65 1.969 0.236 0.0794 14.73
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HA Ladders Width Diameter Sacrificial
(inches) (inches) thickness (Es)

(reduction in

diameter) in.
HA ladder (W10) 75 65 4.00 0.357 0.111 5.78
HA ladder (W10) 100 65 4.00 0.357 0.159 6.95

Table 1.2.5-1: Sacrificial Thickness and Factored Tensile Resistance
1The factored tensile resistance considers metal loss over the design life due to corrosion
1.2.6 Corrosion Test Results

For projects designed in accordance with AASHTO specifications, the metal loss rates specified in
11.10.6.4.2.a (noted in Section 1.2.5 above) are conservative for backfills meeting the electrochemical
criteria as specified by AASHTO (noted in Section 1.2.5 above).

The Reinforced Earth Company has performed and/or participated in numerous corrosion test studies
over the past 50 years. Following is a brief bibliography of metal loss research:

AMSE: Reduced Zinc Loss Rate for Design of MSE Structures (https://www.amsewalls.org/wp-
content/uploads/2013/06/AMSE _Metal Loss White Paper.pdf)

Anderson, Gladstone, Fishman, Withiam “Durability of Reinforcing Strips 30+ Years Experience with
MSE”, 2006. TRB 2006 Annual Meeting

Earth Reinforcement Testing / McMahon&Mann “Condition and Durability Study for RECo
Reinforcements and Tie-Strip Connections Samples” Parts 1-5 (2011-2021). See Appendix A1.2.6 for an

excerpt from these reports.

American GeoTechnics. “Corrosion of Buried Steel Reinforcements, Glenns Ferry MSE Wall System”
December 23, 2020.

Additional research that includes data from in service Reinforced Earth walls as well as references to
dozens of technical papers on the subject can be found in the following publications:

FHWA NHI 09 087 — Corrosion/Degradation of Soil Reinforcements for Mechanically Stabilized Earth
Walls and Reinforced Soil Slopes. 2009.

Fishman K., Withiam J. NCHRP 24-28: LRFD Metal Loss and Service-Life Strength Reduction Factors for
Metal-Reinforced Systems in Geotechnical Applications. NCHRP Report 675. Transportation Research
Board. 2011

1.2.7 Dimensional Tolerances

The dimensional tolerances for strips and ladders are as follows. Details can be found in Appendix
Al.2.2.

Dimensional tolerances for strips:
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e Thickness: -0 mm (0 in.), +0.5 mm (1/64 in.)
e Width: £1.5 mm (1/64 in.)
e Length:-0 mm (0in.), +190.5 mm (7 % in.)

Dimensional tolerances for ladders:

e Wire lengths: +1/2-inch
e Connector plate length: +1/8-inch
e Connector plate width: +1/16-inch, -0”.

1.2.8 Reinforcement Connection to Facing Units

Both strips and ladders are connected to the facing with a double shear type connection using a single
bolt to a tie strip protruding from the back face of the panel. The tie strip consists of two parallel plates,
with aligned 9/16-inch holes. The strips and ladders are provided with a 9/16-inch diameter hole on one
end and fit in between the two plates of the tie strip. The bolt is %.-inch in diameter.

4” 31/2”

/\/ Tie Strip
/ 11/4” Long, 1/2” Dia.

ASTM A449 Bolt Set
Galvanized Per ASTM A153.

v/ ‘/—1
Galvanized Steel—J

50mm x 4mm Ribbed
Reinforcing Strips
(Connectin Field)

Front Face —
of Panel

51/2"

A
\

Figure 1.2.8-1: Tie Strip assembly with bolt, washer, nut and reinforcing strip. Ladder connection is
similar.

1.2.9 Connection Devices
For connecting the soil reinforcements to the facing units, the following connection devices are used:

e Tie strip cast in the panel, protruding from the back face.
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e One %-inch diameter x 1 %4” long bolt and nut set, with washer; all galvanized.

Embedded Portion
of Tie Strip

Nut
Washer
Tie Strip

Reinforcing Strip

Figure 1.2.9-1: Tie Strip assembly with bolt, washer, nut and reinforcing strip

For splice-connecting HA Strips to increase the length, two connection types are used depending on the
tension computed in the internal stability calculations:

e Lap splice connection.
e Splice plate connection.

11/4” Long, 1/2” Dia.
ASTM A449 Bolt Set
Galvanized Per ASTM A153.

Single Punched Reinf. Strip
Extended into Backfill

N |
1A\ N

% %

Double Punched Reinf. Strip
Connected to Facing Panel

Figure 1.2.9-2: Lap Splice Connection
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11/4” Long, 1/2” Dia.
ASTM A449 Bolt Set
Galvanized Per ASTM A153

Single Punched Reinf. Strip
Extended into Backfill

~

|Lv

N

Splice Plates (2)—\ '/
— : >

LL 11

Double Punched Reinf. Strip
Connected to Facing Panel

Figure 1.2.9-3: Splice Plate Connection

Case No. Connection Plate Tie Strip / Reinforcing = Max Design Design Life
(See Type Thickness = Splice Plate Strip Load on 75/100
Appendix) (ga) 3 Dimensions Thickness Assembly (years)
(in) (mm) % (Kips)

1 Tie Strip 10 2" x7 %" 4 9.76 75

2 Tie Strip 10 2" x7 W% 4 7.5 100

3 Tie Strip 2" x 7% 6 17.01 75

4 Tie Strip 7 2" x7 %" 6 14.73 100

Table 1.2.9-1a: Tie strip assembly with bolt, washer, nut and reinforcing strips — connection

strength.
Case No. Connection Plate Tie Strip / Reinforcing = Max Design = Design Life
(See Type Thickness = Splice Plate Strip Load on 75/100
Appendix) (ga) 3 Dimensions Thickness Assembly (years)
(in) (mm) ** (Kips)

5 Lap Splice N/A N/A 4 9.33 75

6 Lap Splice N/A N/A 4 7.5 100

7 Splice Plates 10 2" x6 %" 4 9.76 75

8 Splice Plates 10 2" x6 %" 4 7.5 100

9 Splice Plates 7 2" x6 %" 6 17.01 75

10 Splice Plates 2" x6 %" 6 14.73 100

Table 1.2.9-1b: Splice connection with bolt, washer, nut and reinforcing strips — connection
strength.
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Notes:
1. Design load based on 75 year and 100-year service life using AASHTO Carbon Steel
Corrosion Rates for MSE Walls.
10ga=3.42 mm (0.135in.)
7 ga=4.55mm (0.179in.)
4 mm =(0.157 in.)
6 mm = (0.236in.)
Tie Strip Pullout Capacity controls (See Section 1.2.15)
® =0.75
All Connections made with %” Diameter A449 Bolt Set
. Lap Splice Capacity Controlled by Bolt Shear
10. Strip yield limit state controls.

© O N AW

See Appendix Al1.2.9 for connection device (tie strip) fabrication details.

1.2.10 Connection Device Physical Property Specifications
The physical properties of the connection devices are as follows:

Tie strips and Splice Plates are made of hot rolled flat plate carbon steel. The standard tie strip and
splice plate is 10 gauge, ASTM A1011, Grade 50, Class 1 steel and is hot-dip galvanized after fabrication.
The overall dimensions are 7 %5” long x 4” deep x 2” wide. Fy = 50 ksi, Fu = 65 ksi. RECo also designs and
supplies tie strips and swith the following dimensions: 7 gauge, 7 %5” long x 4” deep x 2” wide and 10
gauge, 7 %" long x 4” deep x 4” wide.

The standard bolt is A449, ¥%-inch diameter and 1 %" long. Fy = 92 ksi, Fu = 120 ksi. Note, A449
specification is used for the bolt set due to the special thread length that allows for the threads to be
beyond the shear plane.

ASTM A449 covers headed bolts, rods, and anchor bolts in diameters ranging from 1/4"” through 3"
inclusive. It is a medium strength bolt manufactured from a medium carbon or alloy steel that develops
its mechanical values through a heat-treating process. It is intended for general engineering
applications.

ASTM A449 is virtually identical in chemistry and strength to ASTM A325 and SAE J429 grade 5.

However, A449 is more adaptable in the sense that it covers a larger diameter range and is not

restricted by a specific configuration. The components of the fastener include:

Heavy Duty Hex Head Structural Screw - conforming to minimum requirements of (ASTM F3125-15a),
ASTM A449/A449M-14, Material Gr. 1035MR, Core Hardness (RC) 30.4, dimensions per ASME B18.2.6-
2010.

Heavy Duty Hex nut - conforming to the minimum requirements of ASTM A563-07a, Material Gr. 1026L,
Core Hardness (RC) 28.1.

Heavy Duty Structural Washer - conforming to minimum requirements of ASTM F436-11, Material Gr.
F436, Core Hardness (RC) 36.6.
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Spliced Reinforcement Hardware

For the purpose of lengthening a soil reinforcement beyond its manufactured length, as well as repairing
damaged reinforcements and sections of RE walls, RECo has two splice connections (Single Shear and
Double Shear with Splice Plates). The determination of which splice detail is required is a function of the

stress in the reinforcement at the location of the splice.

15"
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REINFORCING STRIP SPLICE DETAIL

DOUBLE PUNCHED

REINFORCING STRIP

CONNECTED TO
WALL PANEL

SCALE: 6" = 1°-07

1

BOLT CONMNECTION (TvP.)
(ASTM A449 BOLTS)

— S0mm X 4mm

[* ’] r '] REINFORCING STRIP (TYP.)
et e
\— SPLICE PLATE
(TWO REQUIRED)
SECTION A—A
i SCALE: 6" = 1'-0"

USE SPLICE CONNECTION DETAIL (DOUBLE SHEAR) WHEN TOTAL STRIP

LENGTH IS GREATER THAM 40FT, OR WHEW OTHERWISE REQUIRED BY PLANS.

4

v

ASTM A449 BOLT COMNECTION
——-‘ 135" MIN,
DOUBLE—PUNCHED REIMFORCING SINGLE PUNCHED REINFORCING
STRIP CONNECTED TO WALL PANEL \ / STRIF, RUNNING INTO BACKFILL
)—‘-' I I
J

|

S0mm x 4mm
REINFORCING STRIPS

SPLICE CONNECTION DETAIL

SCALE: 6" = 1'-0"

Figure 1.2.10-1: Soil reinforcement splice details

1.2.11 Connection Device Corrosion Protection

Tie Strips and Splice Plates utilize Hot-dipped galvanization. The minimum galvanization thickness for
permanent structures (typically 75 year design life) is 2 oz. per square foot (3.4 mils, 86 um)) on all*
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surfaces. The hot-dipped galvanizing process follows ASTM A-123 specification, Section 6.1, Table 2,
Coating Grade 85.

For Bolt Sets, Zinc coated Hot-Dip Galvanizing shall conform to requirements of ASTM F2329-13,
minimum average thickness from 15 tests per batch 3.4 mils, 86um.

1.2.12 Connection Device Sacrificial Steel Thickness

See Section 1.2.5 for discussion. The sacrificial steel thickness is based on the metal loss rates specified
by AASHTO. For a 75-year design life, the sacrificial steel thickness is 0.708mm per exposed side. For a
100-year design life, the sacrificial steel thickness is 1.008mm per exposed side.

1.2.13 Connection Device Corrosion Test Results
See Section 1.2.6 for discussion. In addition, FHWA NHI-09-087 section 2.4.c states the following:

“Some systems use tie strips embedded in precast concrete panels to connect the
reinforcements at the wall face. The tie strips have top and bottom plates that
sandwich the reinforcements; constituting a double shear connection. Within the tie-
strip/strip interface there is very little loss of thickness; negligible compared to that of
surfaces exposed to the soil. Thus, loss of thickness and sacrificial steel requirements
are applied the gross cross section.”

This means that metal losses from corrosion are not significant for the faying surfaces of the
reinforcements (within the connection), so only one side of a tie strip is exposed to the fill and subject to
metal loss. The beneficial effect of the “sandwich” has been observed on numerous extracted soil
reinforcement samples. Examples are included in Appendix A1.2.13.

1.2.14 Connection Device Dimensional Tolerances

See Appendix A1.2.9 for connection device dimensional tolerances.
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1.2.15 Facing Unit Connection Strength Test Results
RECo’s standard Tie Strip connections have been tested periodically since the 1980’s.

Following is a summary of 35 pullout test samples, conducted in 3 different labs between 1990 and

2021:
Test No. of f'c Average Confinement = Skew Nu, 5,000 Nu, 4,000 ¢Nu, ¢Nu,
Series Samples (psi) Failure (deg.) m V000 5,000 4,000
Load (lbs)
(9] (fo)
AEL 5 4437 17,624 N N 106% 95% 18,708 16,733 14,031 12,550
1990
STI 5 6270 17,397 N N 89% 80% 15,536 13,896 11,652 10,422
2020
STI 5 5360 16,676 N N 97% 86% 16,069 14,406 12,080 10,805
2020
SGI 5 7200 18,047 N N 83% 75% 15,039 13,451 11,279 10,088
2021
SGI 5 8020 17,640 Y N 79% 71% 13,928 12,458 10,446 9,343
2021
SGI 5 8040 16,052 Y 15 79% 71% 12,659 11,322 9,494 8,492
2021
SGI 5 8030 14,394 Y 30 79% 71% 11,358 10,159 8,519 7,619
2021
AVG
No 15,856 14,189 11,898 10,642
Skew

Table 1.2.15-1: Tie Strip Connection Pullout Strength Test Data

Notes:

1. Reports included in Appendix A1.2.15

2.0=0.75

3. ¢ Nu,s000 = Average Failure Load x _VS’OOO Xo
\/(f’c)
In summary, the ultimate pullout capacity of Tie Strip Connectors exceeds the design steel strength of
the connection assembly (accounting for metal losses) by a factor of 1.6 +/-.

Design Factored Factored Factored Factored

Life Limiting Design  Tie Strip  Tie Strip  Tie Strip
Tension Tensile Pullout Pullout
(Reinforcement) Capacity Capacity @ Capacity
(kips) (kips)!  *(Kips)  ** (Kips)

75 9.75 11.65 11.90 10.64

Years

100 7.50 8.16 11.90 10.64

Years

Table 1.2.15-2: Connection Strength Summary
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110 gage Tie Strip
*: Nu, 5,000
** Nu, 4,000

Note that pullout of the connection is not affected by metal loss, and as such the controlling factor for
connection design is the loss of strength due to loss of sacrificial thickness, and not pullout.

See Appendix A1.2.15 for connection unit test results, and design calculations.

Effect of splaying reinforcing strips and ladders on the pullout strength of connection

Results from skewed connection test program are summarized in Table 2.1.3-2.

21"

- |

Side Wall
Tie Strip Loading Cell
Connection
L -
\ —
Panel> N\ _ 7
Front Rigid —
Reaction Plate
30 deg.

Loading Harness

Side Wall

]

Figure 1.2.15-1: Pullout of Tie-Strip with splayed reinforcement. Schematic diagram of the confined
connection test setup with the concrete panel at a skew angle o (30° or 15°)

Excerpt from SGI report: SG1121015.2021.01:

“As proven by the testing at SGI in 2021, splaying of reinforcing strips up to angles of
30 degrees results in a minor decrease in tie strip pullout capacity, but the connection
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strength is governed by the Reinforcing Strip Tensile Capacity (accounting for metal

losses), and not the pullout strength.”

1.2.16 Soil Reinforcement Pullout Test Results

High Adherence (HA) Strips

The traditional design model used by RECo and AASHTO for High adherence (ribbed) steel strips is f* =
1.2+log Cu. This model was based on the data available in the 1980’s and included backfill types that do
not meet AASHTO MSE backfill requirements for durability, minimum shear strength (34 degrees),
maximum fines content (15% < #200), maximum percentage passing the No. 40 sieve (60%) and degree
of compaction (95% standard Proctor: AASHTO T-99). Since the time of the initial issue of the AASHTO
design specifications, RECo and other researchers have performed tests on hundreds of samples in

varying backfills that meet AASHTO specifications.

Stress (kPa)

APPARENT COEFFICIENT OF FRICTION (f*)

oL w® sAasm =
Grme g8 B_o
e_ e
L ¢ "8
+ Bl
e . D u

10

Figure 1.2.16-1 — f* for HA Strips

Based on the data available for AASHTO backfills, RECo recommends the following relationship for
determining f* for RECo High Adherence (aka ribbed)strips for granular backfills meeting AASHTO

requirements for gradation, shear strength and durability:
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The above relationship envelopes the 95% confidence limit of backfills meeting AASHTO specifications.

For Open Graded Coarse Aggregates: it was recognized early on by RECo that coarse aggregates with a
low Cu do not fit the 1.2 + log Cu model, and per RECo Tech Bulletin MSE-6 (1995) the recommended f*
value for coarse aggregates was 2.0 at the ground surface. Further testing has shown that the f* value
for coarse aggregates far exceeds this value, therefore the current Cu relationship does not apply. See
recommendations later in Tech Bulletin 2019-01 for Open Graded Coarse Aggregate backfills such as
AASHTO #1 thru #7 aggregates.

Cu Calculation Note: For the purposes of f* calculations, the smallest Sieve Size used for the D10
calculation is #200 (0.075mm), so if a backfill has 15% passing the #200 sieve and 10% passing the
0.05mm, 0.075mm is used in the calculation.

Note: Figure 11.10.6.3.2-2-Default Values for the Pullout Friction Factor, shows the inflection point on f*
=tan® to be at a depth of Z, = 20 ft. Research with conventional and light weight backfills has shown
that this inflection point is related to overburden pressure, not necessarily depth, and as such should be
~2500 psf or 120 kPa. Further discussion and data related to this topic can be found in RECo Tech
Bulletin 2019-01, located in Appendix A1.2.1.

Pullout test procedures and results are included in Technical Bulletin 2019-01 Appendix A1.2.1.

The pullout resistance of steel strip reinforcements has been studied since the early 1970’s and there
are numerous technical papers and articles dedicated to the subject. In addition to the test reports and
papers included herein, following is a list of some additional references with information on the subject.
These references may be provided upon request.

1978. Friction in Reinforced Earth. Schlosser and Elias. ASCE Symposium on Earth Reinforcement

1996. Comparative study and measurement of the pull-out capacity of extensible and inextensible
reinforcements. Segrestin & Bastick. Earth Reinforcement (Ochai, asufuku & Omine (eds) 1996 Belkema,
Rotterdam. ISBN 90 5410 833 9.

2013. Pullout Resistance of Mechanically Stabilized Reinforcements in Backfills Typically Used in Texas:
Volumes 1, 2 and 3. Texas Tech University Multidisciplinary Research in Transportation. Report #0-6493-
1.

2013. Pullout Resistance Factors for Steel Reinforcements Used in TXDOT MSE Walls. Lawson, et al. ASCE
GeoCongress 2013

2015. Pullout Resistance of Mechanically Stabilized Earth Wall Steel Strip Reinforcement in Uniform
Aggregate. University of Kansas Report No. K-TRAN: KU-14-7.

2016. Frictional Resistance of Closely Spaced Steel Reinforcement Strips used in MSE Walls. Strahler,
Walters and Stuedlein. ASCE Journal of Geotechnical and Geoenvironmental Engineering. April 1, 2016.

High Adherence (HA) Ladders
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The use of High Adherence ladder reinforcing strips (H.A. Ladders) to reinforce soil is an extension of
Reinforced Earth technology. The discrete strips of galvanized steel are made of welded wire,
manufactured into a ladder configuration. H.A. Ladders have two longitudinal wires spaced 2” apart
with cross bars (the rungs of the ladder) at 6” on center. Each of the cross bars are 4” long and

therefore the effective width of the H.A. Ladder is 4”.

RECo performed extensive pullout testing during the development of HA Ladders in the late 1990'’s.
Subsequent testing was performed by Texas Tech University in 2010 and the 2011 report is included in
Appendix A1.2.16. An excerpt of the report is shown below in Figure 1.2.16-2.

0.00 1.00
0.0 T

2.00

pullout resistance factor, F*

3.00 4.00 5.00 6.00 7.00 8.00 9.00
-
-
-
P @
.73 m Py ] ¢
¢

5.0 1

depth of fill, z (ft)
5
o

=
o
o

20.0 + T

B 4'-HA Ladders

[ 4'-HA Ladders - Rupture (<0.50in.)

[ 4'-HA Ladders - Rupture (>0.50in., <0.75in.)

¢ 8'-HA Ladders

<& 8'-HA Ladders - Rupture (<0.50in.)

<  8'-HA Ladders - Rupture (>0.50in., <0.75in.)

=== 95% Predictive Lower Bound

— AASHTO (2010) F* for Ribbed Strips

=« +AASHTO (2010) F* for Grids

25.0

Figure 1.2.16-2 — f* testing for HA Ladders (Texas Tech report figure 3.16)

Summary f* design values for HA Strips and HA Ladders:

Reinforcement b (inches) a f*
Overburden Pressure Overburden Pressure
up to 2,500 psf 2500 psf

HA ribbed strip (4 mm) 1.97 1.00 1.5+1In(Cy) < 4.50 tan ¢
HA ribbed strip (4 mm) 1.97 1.00 1.5+1In(Cy) < 4.50 tan @
HA ribbed strip (6 mm) 1.97 1.00 1.5 +In (C,) <4.50 tan @
HA ribbed strip (6 mm) 1.97 1.00 1.5 +In (C,) <4.50 tan @

Width

(inches)
HA ladder (W10) 4.00 1.00 1.2+log(Cu) < 3.0 tan @
HA ladder (W10) 4.00 1.00 1.2+log(Cu) < 3.0 tan @

Table 1.2.16-1 — Summary f* for HA Strips and HA Ladders
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1.2.17 Soil Reinforcement Interface Shear Test Results

N/A for discrete soil reinforcements.

13 Other Components

Included below are other components that are inherent to the wall system (reinforced soil and drainage
measures), as well as components that may not be required on all projects (coping and traffic barrier
top-outs, and slip joints).

1.3.1 Innovations

Low Density Cellular Concrete as MSE Wall backfill

The Reinforced Earth Company has extensive experience with the use of Low-Density Cellular Concrete
(LDCC) as MSE wall backfill. Some of the specification parameters below for granular fills do not apply
for LDCC. See Appendix Al.3.1 for additional information.

1.3.2 Reinforced Soil Properties

The typical ranges of backfill for Reinforced Earth are within the same gradations recommended in
AASHTO and FHWA for use with metallic reinforcement. Select granular backfill conforming to Contract
Specifications must be used within the reinforced volume.

What are the general performance requirements for select backfill?

Typically, select backfill is to be in accordance with AASHTO specifications. State and or Project
specifications for MSE select backfill are prepared by the Owner, or the Consultant, based on project-
specific requirements. Backfill selection also requires consideration of the relative economies of
imported versus locally available materials, previous experience with similar materials, and local
construction practice. Reinforced Earth select backfill may be a natural soil and rock material, a recycled
material, or an industrial by-product. All select backfill material, no matter what its origin, must meet
the following general performance requirements:

e The material must be well drained,

e The material must not be prone to post-construction movement due to creep,

e The material must be durable and not break down or change its properties during construction,
and

e The material must not be overly aggressive relative to corrosion of galvanized steel.

What are the minimum physio-chemical requirements for select backfill?

In general, select backfill materials should meet the requirements and conform to the specifications
shown in Tables 1.3.2-1 and 1.3.2-2. In very special circumstances, exceptions may be made to these

requirements after careful review by RECo and consultation with the owner’s engineering team.
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How does the behavior of a Reinforced Earth structure change if the amount of fines in the select
backfill increases?

Although the standard specification for Reinforced Earth select backfill requires less than or equal to
15% passing the 0.075 mm (No. 200) sieve, materials with greater fines passing the 0.075 mm (No. 200)
sieve may be considered under limited circumstances and after careful assessment.

The Owner/Consultant must weigh the potential cost advantage of using such fine-grained backfill
against the possibly significant increase in the number and length of steel reinforcements required, as
well as the resulting increase in the Reinforced Earth backfill volume. In order to justify using a soil with
greater than 15% fines as select backfill, the designer must evaluate short term stability factors,
including saturation/drainage behavior, and develop construction procedures appropriate to that
material.

The select granular backfill material used in the mechanically stabilized earth structure shall be
reasonably free from organic and otherwise deleterious materials and shall conform to the following
gradation limits as determined by AASHTO T-27:

Sieve Size Percent Passing
4 inches 100
3 inches 75-100
No. 40 0-60
No. 200 0-15
Table 1.3.2-1

(Reference AASHTO LRFD Bridge Construction Specifications section 7.3.6.3)

The friction angle of the select backfill used in the reinforced fill zone shall be 34° minimum, unless
shown otherwise on the Plans. The friction angle shall be determined by the standard direct shear test,
AASHTO T-236, utilizing a sample of the material compacted to 95 percent of AASHTO T-99, Methods C
or D (with oversize correction, as outlined in Note 7), at optimum moisture content

In addition, the backfill shall conform to all of the following requirements:
(a) Plasticity Index -- The Plasticity Index (P.l.), as determined by AASHTO T-90, shall not exceed 6.

(b) Soundness -- The material shall be substantially free of shale or other soft, poor durability
particles. The material shall have a magnesium sulfate soundness loss of less than 30 percent
after four (4) cycles, as determined by AASHTO T-104.

(c) Organic Content — The material shall have an organic content less than one percent as
determined by AASHTO T 267 on the portion of the material finer than the No. 10 sieve.

(d) Electrochemical Requirements -- The backfill material shall conform to the following
electrochemical requirements:
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Property Requirement Applicable Test Methods
Resistivity! Minimum AASHTO T-288-12

3000 ohm- ASTM G-187-12a

cm, at 100%

saturation
pH 5-10 AASHTO T-289-91
ASTM G-51-95(2012)
Water <100 ppm AASHTO T-291-94
Soluble ASTM D-512-12
Chlorides* ASTM D-4327-11
3
Water <200 ppm AASHTO T-290-95 (2012)
Soluble ASTM D-516-16
Sulfates®3 ASTM D-4327-11
Table 1.3.2-2

(Reference AASHTO LRFD Bridge Construction Specifications section 7.3.6.3 and AASHTO LRFD Bridge
Design Specification section C11.10.6.4.2a)

Notes:

1. Resistivity testing shall be performed up to and including, but not exceeding, 100 % soil
saturation. Note 6 of AASHTO T-288 (Note 5 in older editions) shall not be used.

2. If the minimum resistivity exceeds 5000 ohm-cm, at 100% saturation, the need for testing of
chlorides and sulfates is waived.

3. ASTM D-4327-11 (Standard Test Method for Anions in Water by Suppressed lon
Chromatography) may be used in lieu of AASHTO T-291/ASTM D-512 and AASHTO T-
290/ASTM D-516 for determining the concentration of Water-Soluble Chlorides and
Sulfates.

1.3.3 Drainage Measures
The following drainage measures are inherent to the wall system:

e Panel joints: The internal drainage with relation to the panel joints and geotextile is discussed in
Section 1.1.9.

e  Backfill: Backfill gradation is typically well draining (< 15% fines). For situations where the wall is
expected to be periodically inundated with water due to high water events from adjacent rivers,
streams, and reservoirs, a free draining backfill (with less than 5% fines) should be used.

The following drainage measures are often incorporated into the MSE wall design if site conditions
dictate and/or required by the Owner:

e Base drainage systems, specified and designed by the project Geotechnical Engineer, rather
than the wall system supplier.

e |tis highly recommended to direct any storm water away from the wall and into correctly
designed collection systems. Surface drainage elements are designed by the project Civil
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Engineer (and not the MSE wall system supplier). Surface drainage elements are not designed,
supplied or specified by wall system supplier.

The drainage design for MSE walls should be coordinated between the Civil Engineer, Geotechnical
Engineer and the MSE Wall Designer. External drainage features (swales, ditches, French drains, etc.)
should be clearly shown in the contract documents. Internal drainage requirements (backfill type, panel
joint geotextile types and any requirements for under-drains) should be specified in the contract
documents. Underdrain outlet locations and tie-ins to site drainage elements should be considered by
the Civil Engineer and coordinated between the Civil Engineer, Geotechnical Engineer, MSE Wall
Designer and the contractor depending on site conditions. Refer to FHWA-NHI-10-024 (2009) Section 5.3
for more information.

Although panel joints provide adequate weeping area, weep holes can be cast into the facing units.
Since the %” panel joints provide adequate weeping area, weep-holes are not typically specified unless
required by the Owner’s Engineer.

1.3.4 Coping Top-out

Figure 1.3.4-1: Precast Coping atop MSE Facing

Standard precast concrete coping units for RE walls are supplied in 10-ft lengths. In section, the coping
unit is 2-ft tall and typically 1’-4” wide (For plain finish panels or panels with a shallow architectural
relief). A 1’-3” deep “throat” in the bottom allows the unit to sit atop the facing units and leveling
concrete. Cast-in-place coping design can be provided to match the precast section as necessary. Typical
dimensions and details can be found in Appendix Al1.3.4.

When a fence or handrail is attached to the coping, a structural connection to the facing may be
required. With cast in place coping this is achieved using dowels protruding from the top of facing units,
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and for precast coping a steel connection angle or Z plate is bolted to the back face of MSE panel and
coping unit.

1.3.5 Traffic Barrier Top-out

A wide variety of traffic barrier sections can be applied to RECo’s RE walls. The most common precast
concrete option is shipped as a monolithically cast coping and parapet unit, with rebar protruding to
accommodate a cast-in-place moment slab. A 1’-3” deep “throat” in the bottom allows the unit to sit
atop the facing units and leveling concrete. All other dimensions of the traffic barrier unit are in
accordance with the Owner’s requirements. Cast-in-place coping design can be provided to match the
precast section as necessary.

CIP Moment Slab

--——— Precast Traffic Barrier Unit
Set on Facing Panel

Embedded Rebar Spliced
< with CIP Moment
Slab Rebar

Figure 1.3.5-2: Precast Traffic Barrier Unit
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Figure 1.3.5-3: Precast Half Connector Unit

RECo does not supply materials for a post and beam type traffic barrier, but this option is easily
accommodated by the RE wall. The Owner’s design for post size, spacing and depth is coordinated with
RECo to incorporate any necessary considerations into the design of the RE wall.

Dimensions and details for a typical concrete traffic barrier, as well as a typical post and beam
alternative can be found in Appendix A1.3.5.

1.3.6 Slip Joints

Slip joints are installed at specified facing columns along a wall to increase the wall’s capacity to handle
differential settlement under three primary cases:

e To provide additional facing flexibility for severe differential settlement due to foundation
conditions. (Design limiting differential settlement: 5’x5’ panels = 1%, 5’x10’ panels = 0.5%).
e To address the special case of differential settlement where wall foundation conditions change
abruptly:
o Rock foundation to soil.
o Reinforced Earth wing-wall "steps off" a rigid concrete foundation such as the heel of
the abutment onto the relatively more flexible soil foundation beyond the heel.
e To cover and add flexibility to the transition from a Reinforced Earth structure to a cast-in-place
concrete structure, as when a retaining wall abuts the headwall of a culvert or the concrete
wingwall of a bridge.

The slip joint consists of a gap in the facing units of up to 1’-6” wide, with a slip joint cover bridging the
gap in the wall. RECo’s standard slip joint covers are 1’-10” wide on the front face and include a narrow
stem on the back face. The configuration allows for additional movement and rotation of the panel
columns on either side of the slip joint cover in relation to each other. For typical slip joint details, refer
to Appendix Al1.3.6.
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2.0 ERS Design
2.1 Design Methodology

The design methodology of a Reinforced Earth wall considers both the external and internal stability of
the structure. Internal stability is determined using the Coherent Gravity Method (CGM). The CGM is
provided in Section 2.1.2 and in detail in the AASHTO LRFD 9*" Edition (2020) and the 2022 FHWA MSE
Wall Manual.

2.1.1 Innovations
Four innovations are claimed by RECo regarding design methodology:

Increased Pullout Resistance

Acute Corner Design

Shored MSE Walls

MSE Wall construction on marginal foundations (phased and 2 Stage Construction)

W

Note on Overall Design Methodology:

Reinforced Earth® was invented in 1957 by French engineer and architect Henri Vidal, who first
published results of his research in 1963. After a brief period of skepticism by practicing engineers, the
first significant structures were constructed in Europe in 1967. The new, patented technology was so
versatile and cost effective that its use spread rapidly in the early 1970’s to more than 30 countries
throughout the world.

Vidal brought his technology to the United States in 1971, at the invitation of the Federal Highway
Administration (FHWA), to solve a difficult landslide problem. With the encouragement of financial
support from a Federal Highway demonstration project, several states constructed additional Reinforced
Earth structures as slide buttresses and slide repair walls in mountainous areas, as bridge abutments,
high retaining walls, and even a foundation reinforcement slab over a sinkhole-prone area. From these
first experiences, it was recognized that this technology, with its unique high strength and flexibility,
could be used to support extremely heavy loads, even on marginal foundation conditions. The Coherent
Gravity Design Method was developed by The Reinforced Earth Company based on data from
instrumented structures, and further validated by numerical modeling in the early 1980’s.

Increased Pullout Resistance (f*):
The use of a higher f* compared to AASHTO default values (see Section 1.2.16).
Acute Corner Design:

Using a bin-wall design for arranging the facing and soil reinforcements to accommodate an acute
corner. RECo has performed numerical modeling that justifies a threshold of <60 degrees for acute
corner design, rather than AASHTO recommended 70 degrees. Refer to “Acute Corner Design” in
Appendix A2.1 for more information.
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MSE walls on marginal foundations:

The inherent flexibility of Reinforced Earth MSE walls allow for construction on sites with soft soils. In
fact, the very first RE wall constructed in the US settled over 3 ft. Single-stage Reinforced Earth walls can
be constructed on marginal foundations with the use of phased construction, surcharges, lightweight
fills, ground improvement, or some combination of these methods.

More information can be seen at https://reinforcedearth.com/blog/accommodating-foundation-soil-

settlement-with-retaining-walls/

Refer to RECo Technical Memo 2020-01 in Appendix A2.1 for further discussion.
Shored MSE Walls:

Since the 1970’s RECo has provided unique solutions for non-conventional applications. Locations where
reinforcement lengths less than 70% of the wall height have been employed in various applications.
More recently, a specific sub-set of this technique has been designated as Shored MSE (SMSE) by FHWA.
RECo follows the general recommendations of the FHWA SMSE Manual (February 2006), with some
specific modifications and variations in design and detailing based on the use of inextensible
reinforcements (rather than extensible reinforcements as researched for the FHWA SMSE manual).

Most notably, RECo often utilizes “sandwich” reinforcements for SMSE walls with aspect ratios less than
0.5 in order to control deformation and provide reinforcements against potential compound failure plane
at the shoring wall and MSE fill interface.

2.1.2 Design Methodology Description
Definitions:

Internal Stability

“Internal Stability” shall mean check of design plans and drawings aiming at preventing the occurrence
of purely internal failure of the structure, i.e., failure modes not engaging outside the volume limited by
the foundation level at the bottom, the facing elements in the front and the end of the soil
reinforcement or stems at the back. This check is limited to i) soil reinforcement tensile capacity; ii) soil
reinforcement pull-out capacity; iii) facing elements structural capacity; and iv) structural capacity of
connectors between soil reinforcement and facing elements.

External Stability

“Local External Stability” shall mean i) simple sliding along the base of MSE wall backfill at the interface
with soils below the wall (top of leveling pad elevation), ii) determination of applied bearing pressure,
and iii) overturning (limiting eccentricity).

“External Stability” shall mean the geotechnical design aimed at preventing the occurrence of failures
engaging volumes at least partially outside the Structure. External Stability shall include without
limitation i) sliding on the base; ii) bearing capacity of the foundation soil; iii) overturning, where
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applicable; iv) compound sliding failure (failure surface engaging volumes both outside and inside the
structure); and v) global sliding failure (failure surface engaging only volumes outside the structure).

These checks are carried out based on the geometry and design parameters provided by the Owner and
assuming a correct execution of the works, in compliance with local regulations and the provisions of
the Construction Manual.

Design Responsibilities

The external stability (bearing capacity, settlement, sliding, compound and global stability) analyses are
performed by the Owner’s or Design Builder’s geotechnical engineer of record (GER), unless specified
otherwise. Global stability is an important consideration based on characteristics of the deeper strata
affecting both the MSE wall itself and surrounding area and should be investigated by the owner in the
project scoping phase to confirm that the site is suitable for supporting the loads of a MSE wall. The
External Stability Design of a MSE structure is performed utilizing the AASHTO LRFD 2020 specifications.

The Internal Stability design of a Reinforced Earth MSE structure is typically performed by RECo utilizing
the Coherent Gravity Method detailed in the AASHTO LRFD 2020 specifications (Section C11.10.6.2.1).
Where project specifications require, the Simplified Method (AASHTO LRFD 2020 specifications
Appendix B11) is utilized for Internal Stability design.

Although it is not part of Internal Stability, Local External Stability (Sliding, Overturning/Limiting
Eccentricity and Applied Bearing Pressure) is checked by RECo, using the parameters specified by the GER.

Coherent Gravity Method

Per “State of the Practice of MSE Wall Design for Highway Structures” (Anderson, Gladstone and Sankey,
2013),

“The Coherent Gravity Method was developed by postulating MSE structure behavior,
observing actual structures, and interpreting observations in terms of the
fundamentals of statics and soil mechanics (Anderson, et al., 2010). Three
international symposia on soil reinforcement in 1978 and 1979, followed by
publication of “Reinforced Earth Structures, Recommendations and Rules of the Art”
(French Ministry of Transport, 1979), presented a substantial body of knowledge and
defined the Coherent Gravity Method for the design of MISE structures. The method
includes a bilinear envelope of maximum reinforcement tension, a state of stress
varying with depth within the structure, high-pullout-resistance reinforcements
(originally ribbed strips, with data becoming available later for welded wire mesh
reinforcements), and minimal reinforcement movement and elongation. Design
characteristics of the Coherent Gravity Method, as shown in Figure 2 [Figure 2.1.2-1],
are listed below.
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Figure 2.1.2-1

e A rectangular cross section (“block”) defined by the structure height, H, and
the reinforcement length, L;

e Application of vertical and horizontal forces to the block, creating eccentric
loading;

e A Meyerhof bearing pressure distribution at the base of the structure to
determine foundation reactions and the repeated use of Meyerhof to
determine the vertical earth pressure at each reinforcement level (Meyerhof,
1953);

e A state of stress decreasing from at rest (Ko) at the top of the structure to
active (K,) at a depth beyond 6 meters ;

e The resulting tensile forces in the reinforcements, determined from the
horizontal earth pressure multiplied by the tributary area of the wall face
restrained by the reinforcement at that level;

e The bilinear envelope of maximum reinforcement tension that separates the
active from the resistive zone; and

e The inextensibility and high pullout resistance of the reinforcements which
maintain the internal stability of the block.

The effects of externally applied loads on the reinforced soil mass, and the tendency
of those loads to increase vertical and horizontal stresses within the structure, were
confirmed by and extensive finite element study of 6 meter and 10.5 meter high walls
(Anderson, et al., 1983). The Coherent Gravity Method was reported in its entirety,
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including worked example calculations, by Mitchell, et al., in NCHRP Report 290
(NCHRP, 1987).

Additional information regarding the Coherent Gravity Method can be found in the technical paper,
Anderson, Gladstone and Withiam: “Coherent Gravity: The Correct Design Method for Steel Reinforced
MSE Walls”, ASCE Earth Retention Conference Proceedings, ER 2010.

The Coherent Gravity Method has been utilized by RECo since the 1980’s. However, as LRFD methods
evolved, the application of load and resistance factors has confused the fundamental design hypothesis
that externally applied loads create eccentricity within the reinforced soil volume. The eccentricity that
is calculated must be based on service loads. The resulting calculated vertical earth pressure be factored
by the appropriate load factors to result in a factored design load that correlates to a factored earth
pressure ().

Internal Stability — Coherent Gravity Method- Desigh Summary
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pullout resistance)

‘vz PRI i
\J ‘ g (bearingand reinforcement tensile resistance)
Pvbiediid

Pio bbb bbb e by bbbty

I

|

|

' F
7. b ¢V1 | . - 2H

|

|

LN VL W

H| PointA + DF1H

|
_BUID ﬁuul___ﬂ

Fiqure 2.1.2-2

Vertical Soil Stress, oy, at Reinforcement Level:

Based on local equilibrium of all forces acting above that level (i).
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ov=2xV/(L-2e)

The eccentricity is calculated based on service loads and the resulting vertical earth pressure is factored
to result in a factored design load that correlates to a factored earth pressure .

Horizontal Soil Stress, 0, at Reinforcement Level:

Product of vertical soil stress and the appropriate K value for the overburden height at reinforcement
level.

Oh=0yXxK
Pullout Calculations
Consider only the effective length of reinforcement beyond the line of maximum tension.

Exclude any traffic surcharge applied above the reinforced soil mass in calculating the vertical stress and
overburden for pullout resistance

For strip reinforcement, use:

R=2by Zf*Le @ Where:

R = Factored Pullout Resistance of Reinforcing Strip

2 b = Two times the width of reinforcing strip (i.e. Top and Bottom)
¥ = Unit Weight of Soil

Z = Depth to Reinforcing Strip Level

f* = Apparent Coefficient of Friction between reinforcement and soil
Le = Effective Length of Reinforcing Strip Beyond Line of Max Tension
@ =0.9 (Reduction Factor for Pullout Resistance)

Reinforcing Strip Pullout CHECK

Effective Length Overdesign Factor =R N / (Thb At ) Where:

N = Number of Reinforcing Strips Across Tributary Width

A: = Tributary Area = Tributary Width x Reinforcing Strip Vertical Spacing
R = Factored Pullout Resistance of Reinforcing Strips

Ohb = Factored Horizontal Soil Stress at reinforcement layer
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Maximum Reinforcement Tension

The procedure for determining earth pressures at each level of reinforcement within the structure is the
same as for reinforcing strip pullout, except that the live load surcharge directly over the reinforced
zone is included in the calculation.

Once the horizontal stress is determined at each reinforcement level, the number of strips required at
each level is calculated by the following equation:

N=(0htxAt)/T
Where:
N = Number of strips per tributary wall area (rounded up to the nearest integer)

O ht = Factored Horizontal earth pressure at that level

A: = Tributary wall area resisted by N strips
T = Factored reinforcing strip tensile resistance

The tributary area used in the calculations above is typically 2.46’ x 9.84’ (24.2 sq ft) for Reinforced Earth
structures using standard precast concrete panels. This corresponds to vertical reinforcing strip spacing
times [9.84 ft]. The number of strips required per tributary area is then provided across that area on the
panels.
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Internal Stability — Distribution of Reinforcements

Figure 2.1.2-3: Isometric showing active and resistive zones

For a selected design section, the tension on all strips at a given level is equal because:

e The active zone is not acting over one panel width, but rather a continuous wedge acting over
many panels along the length of wall.

e Since the width, length and coefficient of interaction for all of the strips on a given level resisting
the active zone from moving out is the same, then the tension on all those reinforcements must
also be the same, regardless of their spacing.

e The tension on the reinforcements is a result of the displacement of the active wedge

Internal Stability — Tributary Area

How is the number of strips per panel determined?
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Once the horizontal stress transfer at a reinforcement level is determined, the number of strips required
at that level is calculated for the applicable tributary area.

The tributary wall area used in the calculation above is typically 2.46" x 9.84’ (24.2 sq ft) for Reinforced
Earth structures using standard cruciform (4.92’ x4.92'92’), square (4.92’ x 4.92’) or rectangular (4.92’ x
9.84’) panels. This corresponds to half a panel high (0.75 m [2.46 ft]), by two (4.92’) panels, or one 9.84’
wide [9.84 ft]. The number of strips required per tributary area is then provided across that area. Thus,
as shown in Figure 2.1.2-3, a required number of strips N = 5 results in 3 reinforcements at the bottom
of an A-5 panel and 2 across the top of an A-5 panel. For other panel types, the number of strips
provided per panel is determined as the ratio of the actual panel area to the 24.2 SF tributary area.

Max. applicable depth, D, of

zoned design density measured
from top of design height (typ.)
A
] 8 8 8 3
8 [} 8 8
8 8 8 8 8 8 8 8 8 8 3
8 8 ] ] ] ] ] ] 8 3
— — —_v—_ - T =

___g___a__s-——e——-a—‘r—?—_a 8 8 8 8 4
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Figure 2.1.2-4: Reinforcing strip density based on tributary area
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Figure 2.1.2-5: Reinforcing strip vertical spacing example

Obstructions in the Reinforced Soil Zone

Vertical and horizontal obstructions in the reinforced zone are accommodated in a variety of ways,
depending on the type and geometry of the obstruction. Some common obstructions include:

e Drainage structures (inlets, pipes, etc.)
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e Foundation elements (footings, piles, etc.)
e Railing, barrier, or fence posts behind the top of the wall.

Some typical methods of avoiding the above obstructions include:

e Splaying the soil reinforcement horizontally to the left or right. The single-bolt connection of the
strips and ladders allow for a simple rotation of the reinforcement away from perpendicular to
the wall face. If a significant number of strips or ladders are splayed, design calculations are
provided to ensure that the wall’s internal stability is maintained.

e Skewing the soil reinforcement vertically above or below the obstruction.

e (Casting tie strips in non-standard locations on the facing units.

e Field-installing steel angles or “clip angles” on the back face of the panels.

Obstructions should be limited in size (whenever possible) as follows:

e Horizontal Obstructions (Pipes)
o Limit outside diameter to 30”. Keep in mind that AASHTO requires soil reinforcements
to be spaced at a maximum vertical spacing of 33”, so when pipes are greater than 30”
in diameter, the presence of the pipe results in a conflict in reinforcement
requirements.
e Vertical Obstructions
o Deep Foundation Elements
= Limit outside diameter to 36”
=  Provide a minimum of 18” (or 1.0 D), whichever is greater minimum clearance
to back face of MSE wall
o Inlet Structures
= Limit Width to 6 ft

Obstructions with dimensions exceeding the above limits may be accommodated on a case by case
basis, but should be avoided whenever possible.

Refer to Appendix A2.1.3 for examples and additional details of the methods described in this section.

Effect of Splay Angle

In theory, splaying the soil reinforcement decreases the allowable tension that can be carried by the
soil reinforcement . However, recent testing has shown that reinforcing strip splay up to 30 degrees has
little effect on the capacity of the reinforcing strip and connection.

Historically, the splay of soil reinforcements has been limited to a maximum of 15 degrees with little
effect. For larger splaying of the soil reinforcement, the allowable tension capacity is decreased. The
allowable tension load is 9.76 Kips (75 year service Life) for soil reinforcements placed perpendicular to
the panel. However, for a splayed soil reinforcements of 30 degees, the maximum allowable tension is
decreased to 7.9 Kips. This value was determined from actual testing of the connection subject to loads
from splayed soil reinforcement. The maximum tension load of 7.9 Kips is limited by the metal tie strip
connection and not from a reduced pullout resistance of the reinforcement. In fact, data suggests that
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skewing of reinforcements up to 30 degrees has little effect on the pullout resistance of the
reinforcement.

Typically one soil reinforcement may be splayed up to 30 degrees per row (on a 5’x5’ panel, or two per
row on a 5’x10’ panel), the remaining soil reinforcement should be placed perpendicular to the panel
(see below):

Reinforcing Strip Skewed to
Avoid Drilled Shaft

\

Skew
Angle .| 30"
\ Drilled Shaft
n n n " n
\ | ' b
Facing Panel

Figure 2.1.3-1: Reinforcing strip skew at drilled shaft

Per AASHTO 11.10.10.4:

3) If the soil reinforcements consist of discrete strips and depending on the size and
location of the obstruction, it may be possible to splay the reinforcements around the
obstruction.....For the third alternative, the splay angle, measured from a line
perpendicular to the wall face, shall be small enough that the splaying does not
generate moment in the reinforcement or the connection of the reinforcement to the
wall face. The tensile resistance of the splayed reinforcement shall be reduced by the
cosine of the splay angle.

C11.10.10.4 Typically, the splay of reinforcements is limited to a maximum of 15
degrees

Pullout capacity of Splayed Reinforcing Strips from backfill

Based on research by RECo and at the Texas Tech University (See Appendix A1.2.1), the reduction in

pullout capacity for reinforcing strips skewed at 15 degrees or less does not need to be considered. In
fact, due to passive resistance on the edge of the reinforcement, the pullout resistance often increases
when a reinforcing strip is skewed. Data also suggests that skewing of reinforcements up to 30 degrees
has little effect on the pullout resistance of the reinforcement.
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DOF (ft)
5
12
20
40

No
21
14
12
10

Pullout Resistance Factor, f* (Ribbed Reinforcement) - Summary of Test Results

Skew =0 deg.
Mean
4.87
3.02
1.98
1.14

Skew =15 deg. Skew =30 deg.
S.D. No Mean S.D. No Mean S.D.
0.8 3 9.7 1.01 3 6.16 1.02
0.41 5 3.82 0.72 4 2.04 0.56
0.53 - - - - - -
0.31 - - - - - -

Table 2.1.3-1: Pullout Resistance of Straight and Skewed Strips (Ref: Effect of Skewing and Splaying on
Pullout Capacity of Steel MSE Reinforcement, Jayawikrama, et al, 2011)

Depth of Fill, DOF (feet)

F*
0.0 2.0 4.0 6.0 8.0 10.0 12.0
0 - —
-7 .- -
= L~
-7 - -
5 Soodo- o (-€0—e s »
- . -~ v -
R -
10 - - -
/- o Cowmo & b »
15 d £
N /s
.-’{ Q ,"’
20 oSty
’ /
i ;
i /
25 : 7
!
30 r f
:'r ! —AASHTO Reference Line for F*
i |
35 , / © Straight, F* @ 0.75
: ! u Skewed, F* @ 0.75" skew=15-deg
40 @ o g
| i + Skewed, F* @ 0.75", skew=30-deg
15 | |

FIGURE 9. F~* versus Depth of Fill: Ribbed Steel Strip Reinforcement

Figure 2.1.3-2: Pullout Resistance of Straight and Skewed Strips (Ref: Effect of Skewing and Splaying on
Pullout Capacity of Steel MSE Reinforcement, Jayawikrama, et al, 2011)
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Pullout capacity of Tie Strips from Concrete Panels — considering Splayed Reinforcing Strips

Avg.
Te'st No. of fc‘ Failure Confinement = Skew V5,000 4,000 Ny, 5000 | Nuy,4,000 N, ONe,
Series Samples (psi) Load n 7 5,000 4,000
(f'o fo)
(Ibs)
SGI 5 7200 18047 N N 83% 75% 15039 13451 11279 10088
2021
SGI 5 8020 17640 Y N 79% 71% 13928 12458 10446 9343
2021
SGI 5 8040 16052 Y 15 79% 71% 12659 11322 9494 8492
2021
SGI 5 8030 14394 Y 30 79% 71% 11358 10159 8519 7619
2021

Table 2.1.3-2: Pullout Resistance of Tie Strips for Straight and Splayed Reinforcing Strips

Based on test results, the ultimate pullout capacity of the tie strip is reduced by 9% when the reinforcing
strip is skewed 15° (16,052/17,640) and 18% when the reinforcing strip is splayed 30° (14,394/17,640).
Based on these test results, the effect of splayed reinforcements on pullout capacity of the tie strip only
needs to be evaluated when the skew exceeds 15° and 28 day compressive strength of concrete is less
than 5,000 psi. Note that RECo has conducted an audit of concrete mix designs used throughout the
United States and approximately 90% exceed 5,000 psi 28 day compressive strength.

Potential for Bending Moment in Tie Strips due to Splayed Reinforcing Strips

With regard to the potential for a moment to be induced on the tie strip due to the splay of the
reinforcement, additional tests were performed by SGI with special samples of tie strips where the
exposed section was ground to a thickness of 1.8mm +/- per flange. The results of the pullout test show
that the failure loads at 30-degree splay angle was only 2% less than the straight pull, which is within the
range of variation associated with testing and thus a significant moment was not induced.

Test No. of Average Confinement Skew Comments
Series Samples Failure Load
(Ibs)

SGI 5 10940 Y N Failure of

2021 Steel
Section

SGI 5 10698 Y 30  Failure of

2021 Steel
Section

Table 2.1.3-3: Tie Strip Failure Loading — 1.8mm flange thickness
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Straight Pull Failure at 10.9 kips 30 Degree Splay Failure at 10.7 kips

Figure 2.1.3-3: 1.8mm flange thickness with straight and 30 degree splayed reinforcing strips

Check Failure Stress — Net Section:

10.9 k /0.20in? = 54.5 ksi. This is reasonable given that the grinding operation was not exact and some
parts of the section may have been less than 0.07” thick. A variation of 1/16” would lead to the reduced
thickness that equates to a failure at 65 ksi.

Check Effect of Splayed Strip and Induced Bending:

Calculate the capacity of a tie strip with 1.8mm (0.07 in.) flange thickness, subject to a 30 degree splayed
strip with 10.7 kips applied force. The following simplified approach for calculating the bending stress
does not incorporate the effects of soil confining pressure on the connection and treats the bolted
connection as fixed:
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CORPORATE

—| |—2"

Figure 2.1.3-4

T+ =10.7 Cos 30° =9.27 kips

T, =10.7 sin 30° = 5.35 kips

Tension = 9.27 kips; Shear = 5.35 kips

Moment at Failure= M¢ = 5.35 kips x 2.25” * = 12.0 k-in.

Gross Sectional Area Asg = 0.07 in x 2” x 2 Plates = 0.28 in?

Net Sectional Area Asp = 0.07 in x (2”- 9/16”) x 2 Plates = 0.20 in?
b = plate thickness = 0.07”

2
00727 2 = 0.093in?

b 2
Section Modulus =S = % x 2 plates =

. T M 927 120
Stress at extreme fibers = g = " + < =

=—+4 —— =163 ksi > 50 ksi
0.28 0.093

Check Plastic Moment: Mn=Mp=FyZ < 1.6My (AASHTO LRFD 6.12.2.2.7-1)

_bt? _0.07x22

z x2=0.14in

Mp = 50 ksi x 0.14 in® = 7 k-in < Calculated Moment at Failure (12.0 k-in) by 70%.

My = Fy S = 50 ksi x 0.093 in®= 4.65 k-in. Mp < 1.6 My.

; T=10.7 kips

* 2" js the design dimension. 2.25" was used to back calculate capacity based on actual test sample as

built dimension (which falls within fabrication tolerance)
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The fact that ruptures were occurring at the bolt hole (with no potential moment) and at the gross
section (with some potential moment) at about the same load, shows that the theoretical bending stress
calculated above is too high. The simplified method of analysis is conservative because it does not
consider the benefit of the soil confining pressure and the bolted (i.e, not fixed) connection.

For a standard 10 gage tie strip, 75-year service life. T=9.76 k. t = 2mm (0.079”) after metal loss

T+ =9.76 Cos 30° =8.45 kips
T, =9.76 sin 30° = 4.88 kips
Tension = 8.45 kips; Shear = 4.88 kips
Moment = 4.88 kips x 2.0” = 9.76 k-in.

Gross Sectional Area Asg = 0.079 in x 2” x 2 Plates = 0.315 in?

Net Sectional Area Asn = 0.079 in x (2”-9/16”) x 2 Plates = 0.227 in?
b = plate thickness = 0.079”

0.079 x 22

b 2
Section Modulus =S = % x 2 plates = x 2 =0.105in?

Check Plastic Moment: Mn=Mp=FyZ < 1.6My (AASHTO LRFD 6.12.2.2.7-1)

_bt? _0.079 x 22
4

z x 2 =0.158in?

Mp =50 ksi x 0.158 in® = 7.9 k-in
My = Fy S =50 ksi x 0.105 in®=5.27 k-in. Mp < 1.6 My (8.43 k-in)
Back Calculate the allowable tension for strips splayed @ 30 degrees:

7.9k-in/2in=3.95k
3.95k/sin30°=7.9k

Conclusion — Splayed Reinforcing Strips

To be in accordance with AASHTO requirements per section 6.12.2.2.7-1, limit the maximum tension on
strips splayed 30 degrees to 7.9 kips (approximately 80% of maximum design strength 9.76 kips). This
approach is conservative as it is shown above that the actual induced bending stress is less than
calculated. If panel design concrete strength is less than 5,000 psi (4,000 psi Min.), then reduce design
capacity to 7.6 kips per the data presented in Table 2.1.3-2)

2.2 Design Example

Two example design cases are included in the appendices. A level surcharge and a sloped surcharge
design case, each with a 75-year design life for a 30-ft tall wall.

2.2.1 Problems1 &2
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Complete calculations for Problems 1 and 2 can be found in Appendix A2.2.1. In addition to using
MSEW+, a second set of calculations are provided using RECo’s proprietary design software.

MSEW+ performs Coherent Gravity calculations in accordance with AASHTO 2017-2020. However, the
following differences between MSEW+ and RECo’s design methodology should be noted:

e Forslope surcharges, MSEW uses the unit weight of select fill for the material on slope. RECo
program uses the unit weight of retained fill for the material on slope. Normally, this is not a big
difference, but it does result in some variance between the two calculation methods.

e Theinflection point for K and f* = 19.7 (6m) in MSEW, whereas RECo inflection point is 20.

e There are often minor differences between MSEW and RECo in the calculated loads and
resistances in the upper 2 layers of reinforcement and bottom layer of reinforcement. RECo
uses a tributary area approach for each reinforcement layer. These minor differences are
typically inconsequential but may result in an addition reinforcement on the bottom layer.

3.0 Construction

The following section describes the construction procedure for a typical Reinforced Earth wall.

3.1. Construction Procedures

In brief, the procedure for constructing a Reinforced Earth wall involves repeating the following steps:

Prepare the foundation.

Pour a 6”x12” unreinforced concrete leveling pad

Set and brace the first course of facing panels with a slight inward batter (typically %2” over 4’).
Place and compact the select backfill in lifts.

When the backfill reaches a tie strip level on the panels, connect the row of reinforcing strips

u b W N -

or ladders.

Compact the backfill on top of the row of installed strips or ladders.
7  Setand brace the next course of panels when required.
8  Repeat the above steps until the wall is complete.

Refer to Appendix A3.1 for RECo’s marketing flyer giving a brief overview of construction.
3.1.1 Innovations

One innovations are claimed for construction.

MSE walls on marginal foundations:

The inherent flexibility of Reinforced Earth MSE walls allow for construction on sites with soft soils. In
fact, the very first RE wall constructed in the US settled over 3 ft. Single-stage Reinforced Earth walls can
be constructed on marginal foundations with the use of phased construction, surcharges, lightweight
fills, ground improvement, or some combination of these methods.

More information can be seen at https://reinforcedearth.com/blog/accommodating-foundation-soil-

settlement-with-retaining-walls/
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Refer to RECo Technical Memo 2020-01 in Appendix A2.1 for further discussion.

3.1.2 Construction Manual

RECo has several versions of construction manuals for this system, depending on the panel type being
used. For simplicity, we have included one manual, which outlines construction procedures for walls
using square facing units. A complete construction manual for RECo’s Reinforced Earth wall system can
be found in Appendix A3.1.2. Updates to our manuals are posted on our website at

https://reinforcedearth.com/resources/construction-manuals/

3.1.3 Construction Limitations for Curves and Corners

Where there are curves and corners, the wall can be installed according to the design without
limitations other than the possibility that alternative backfill compaction methods and equipment may
be required in locations with a tight inside radius or corner. Smaller compaction equipment may be
needed, or it may be beneficial to use open-graded crushed stone backfill in these areas or for the entire
structure. A crushed stone will require minimal compaction effort compared to a sandy or more well
graded backfill.

Other limitations involving curves and corners are design-related and discussed in Section 1.1.11.
3.1.4 Construction Procedures for Curves and Corners

The general procedure for installing the earth reinforcement (strips and ladders) does not change based
on the alignment of the wall. The strips and ladders are connected to the facing with the typical bolted
connection described in Section 1.2.8.

Strip and ladder placement may vary depending on the horizontal alignment:

e Curved section of wall:

o For a curved section of wall, the strips and ladders are placed perpendicular to the wall
facing, similar to a conventional straight wall. Depending on the radius of the curve, the
ends of the reinforcements may overlap on the free end.

e Corners (90 degree or wider):

o The strips and ladders are once again placed perpendicular to the wall facing, similar to

a conventional straight wall.
e Corners (Less than 90 degrees):

o A corner of less than 90 degrees may require horizontal splaying of the reinforcements
away from perpendicular to avoid the end of the reinforcement being obstructed by the
wall facing on the other side of the corner.

e Acute Corners (Less than 60 degrees)

o Soil reinforcement placement for acute corners typically require a bin-wall type design.
The nose of the corner is connected to both sides of the corner for a horizontal distance
away from the corner until the reinforcements no longer need to be splayed to avoid
the other side of the facing.
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e Inall cases, it is not necessary to provide fill to separate overlapping reinforcing strips in corners.
This is because any overlap between discrete reinforcing strips or ladders results in a minimal
(less than 5%) reduction in surface contact with select backfill. Furthermore the beneficial effect
of the transverse reinforcements (i.e. the reinforcements coming from the other wall face)
increasing the composite shear strength of the reinforced soil mass is ignored in the internal
stability design.

3.1.5 Vertical and Horizontal Alighment

The construction procedures include several measures to maintain the design vertical and horizontal
alignment of the wall face. In general, properly installing the bottom course of panels provides the basis
for alignment of the wall. The following measures are described in more detail in the Construction
Manual provided in Appendix A3.1.2.

e Leveling pad
o The leveling pad is unreinforced concrete (6” x 12” section) that is smoothed, leveled,
and stepped where necessary. The leveling pad provides a smooth and level surface to
set the bottom course of panels.
e Chalk or string line
o This ensures that the first course of panels follows the horizontal alignment shown on
the design drawings.
e EPDM (synthetic rubber) shims, wooden wedges, wooden clamps, and bracing
o These items are construction equipment and tools used to ensure proper alignment of
the bottom row of facing panels. Clamps are also used for subsequent rows.
e EPDM (synthetic rubber) bearing pads
o Bearing pads are placed on top the of panels, providing consistent spacing for the
horizontal joints, and adding flexibility to the wall face.
e Wooden spacers
o Wooden spacers help align adjacent panels on the bottom row to ensure the vertical
joints are consistent and wall does not shorten or elongate along the horizontal
alignment
e Panel batter
o When panels are set, they are battered toward the backfill. When the backfill is
compacted behind the panel, the compaction energy and backfill consolidation pushes
the panel out to its final vertical alignment, and engages the reinforcements.
e External Bracing on first course of panels
o The first course of panels is braced externally, with batter achieved prior to nailing
braces
e Wooden Clamps
o Panels are clamped together at each course after placement and alignment. Clamps are
removed prior to setting next course of panels after reinforcing strips have been
backfilled and compaction completed
e Soil reinforcement placement
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o Soil reinforcements are recommended to be placed with the free end approximately 2
inches higher than at the facing connection point. This ensures that differential
settlement perpendicular to the wall does not affect the alignment of the wall facing.

e Compaction

o Standard compaction requirements and methods are used in part to ensure that the

wall alighment is consistent throughout the structure.

3.1.6 Reinforced Soil Installation

The reinforced soil (select granular backfill) is placed and compacted in lifts of over the full height of the
wall. Lifts are placed with a loose thickness of no more than 12 inches. Compaction is achieved by using
a large smooth-drum vibratory roller, except within a 3-ft zone directly behind the facing. In the 3-ft
zone, a small hand-operated vibratory compactor must be used to control panel movement.

Select backfill installation steps are described in more detail in the Construction Manual provided in
Appendix A3.1.2.

3.1.7 Erosion Prevention During Construction

During construction, it is the contractor’s responsibility to control stormwater runoff and drainage in the
vicinity of the wall to prevent erosion. In general, the site should be maintained in such a way that water
is collected and discharged away from the wall facing and select backfill mass. Following are standard
notes from RECo plans:

1. The Contractor is responsible for controlling storm water drainage in the vicinity
of the wall during construction. Storm water runoff is to be collected and
discharged away from the wall and the reinforced backfill mass. MSE wall backfill
shall not be placed or traveled upon when saturated. Compacted backfill shall be
re-worked or allowed to dry when the moisture content exceeds optimum by 2%
or more.

2. The finished grade backfill in front of the wall shall be placed and compacted as
soon as possible (as construction sequence permits to allow for bottom panels to
move towards a plumb position) to mitigate the potential for erosion and
undermining of the concrete leveling pad. In any event, backfill in front of the
wall shall be placed and compacted before wall construction exceeds a height of
20.0 feet. Finished grade backfill shall be placed in lifts and properly compacted
as required by project specifications.

3.1.8 Required Experience and Qualifications for Wall Installer

The Reinforced Earth Company does not prequalify contractors, as this is the responsibility of the owner.
MSE wall installers shall meet the owner’s requirements for licensing, insurance, experience, financial
requirements, etc.
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In addition to owner’s prequalification requirements, the suggested minimum technical requirements
for MSE wall installers are as follows:

The foreman (or other person in responsible charge of MSE wall installation) should have experience in
earthworks, compaction methods and the ability to read and understand the plans and specifications.
Experience with line and grade alignment of concrete formwork, pipe or precast unit installation is
necessary for proper installation of precast facing panels.

The contractor’s foreman should be provided the wall installation plans, project specifications and RECo
construction manual at least 3 days prior to the scheduled start of construction to review the
documents and prepare for installation.

The contractor should utilize a licensed surveyor for all wall layout working points, establishment of
elevation data points, etc.

Project Specifications should include a pre-construction meeting requirement with the Wall
Designer/Supplier, Wall Installer, General Contractor, and Owner’s Representatives to discuss MSE wall
plans, specifications, backfill and compaction requirements, phasing, storage and handling of materials,
etc. The meeting can be virtual with a follow-up site visit by the wall designer/supplier representative
when construction begins.

Finally, the owner shall provide inspection personnel to ensure the plans and specifications are
followed.

4.0 Quality Control
Construction quality control consists of the following:

1. Alignment Control. By use of bracing and wedging, along with periodic survey control of wall
alignment. Maintaining line and grade are key in any retaining wall construction activity, and
daily checking of installation batter to ensure panels are achieving plumb during the
construction process.

2. Compaction Control. By use of the proper lift thickness, moisture content and equipment for the
type of backfill utilized. Compaction monitoring shall be performed in accordance with project
and AASHTO requirements. Typically, a minimum of 95% Standard Proctor Density is required
for select granular fill placed 3 ft or more behind the face of wall. For the 3 ft zone closest to the
wall, compaction shall be achieved with at least 3 passes of a lightweight (less than 1000 Ibs)
walk behind plate compactor.

3. Plan and Specification Compliance. Note that The Reinforced Earth Company is not the
inspector. The owner and/or designated third party inspection agency is responsible for quality
assurance.

4. See the Construction Manual provided in Appendix A3.1.2 for additional information.

MSE Walls are simple to construct but require consistent supervision of work by the contractor to
ensure quality control and informed inspection by the owner to provide quality assurance. The
Reinforced Earth Company recommends that Owner’s inspectors should have experience in MSE wall

inspection, and it is highly recommended for inspectors to take the FHWA MSE Wall inspection course.
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4.1 Manufacturing

The concrete facing units are manufactured either by one of RECo’s precast concrete facilities or by a
precast partner within a reasonable distance to the project.

The HA Strip soil reinforcements are rolled at CMC (Magnolia, AR) and/or Nucor (Jackson, MS), then
fabricated at RECo’s plant in Houston, Texas. The 50mm wide ribbed steel strips arrive in lengths of 48.5’
from the steel mill, and RECo then cuts the reinforcements to length and punches the holes at the ends
of the reinforcement. Galvanization is performed by certified galvanizing plants.

The HA Ladder soil reinforcements are manufactured by a partner in Bellwood, lllinois.
All other components are manufactured by a third party.
4.1.1 Facing Unit Quality Control

The concrete utilized in the precast of the units is tested in accordance with the specifications of the
state Department of Transportation where the project is located. Precasters working for the Reinforced
Earth Company are at a minimum approved by the state DOT, and in many cases NPCA (National Precast
Concrete Association) or PCI (Precast/Prestressed Concrete Institute) certified.

RECO Q/A requirements for precast concrete facing unit fabricators consist of the following:

1. Precast fabricators working for RECo are typically NPCA or PCI certified, and if the project is a
state DOT project, the fabricator shall be DOT approved. Since we generally work with a
network of established plants, non-DOT projects are also provided DOT quality precast.

2. Quality control of precast items is provided by the precaster. Certificates of compliance with
project specifications are provided by the precaster as required by project specifications.

3. Quality assurance of precast items is provided by owner’s inspector, or third-party inspector as
required by project specifications.

4. Steel Forms for precast panels, corner elements, slip joints and copings are provided by RECo.
Periodic inspection and routine maintenance are provided by precaster. When casting
tolerances cannot be met, forms are removed from production and sent to RECo forms
maintenance facility.

5. Precasters are provided a list of panels to be fabricated for the project, along with the wall
installation drawings. Precast production is tracked using RECo on-line fabrication reporting
software.

6. Unless panels are on DOT pre-approved list, precast fabricators are provided panel fabrication
drawings for each project.

7. RECo provides precast manual for fabricators and in plant training for new precasters.

8. Periodic plant audits are made by RECo project managers and RECo National Plants Manager(s).
The RECo Project Manager and National Plants Manager will review fabrication set up as well as
fabricated products and will pursue corrective action with the precaster for any items not
meeting specifications.

See Appendix A4.1.1 for Precast Concrete Panel Quality Control Manual
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4.1.2 Soil Reinforcement Quality Control

The manufacturer provides certificate of compliance as required by project specifications for both
manufacturing of steel reinforcement and hot-dipped galvanization.

See Appendix A4.1.2 for Quality Control of Soil Reinforcement.

4.1.3 Other Components Quality Control

Select backfill: Quality control is supplied by the contractor. Requirements of quality control depend on
the state Department of Transportation where the project is located. The minimum compaction
requirements shall be 95% of Standard Proctor Density with a target moisture content of 1 to 2% dry of
optimum.

Backfill shall meet project specifications. Oversight of backfill suppliers is by the contractor and/or
owner, not RECo.

Backfill test results are provided by the contractor to the owner for review. When questions arise
regarding backfill suitability with respect to project specifications, RECo may be provided backfill test
results to confirm design parameters for select fill are applicable for project backfill.

Other Components: Wall components not mentioned above are manufactured by a third party. The
manufacturer provides certificate of compliance as required by project specifications for both
manufacturing of steel reinforcement and hot-dipped galvanization.

4.2 Construction
4.2.1 Quality Control Measures During Construction

Quality control during construction is essential to ensure proper alignment and overall performance of
the structure. Quality control measures for construction are included in the Construction Manual
provided in Appendix A3.1.2.

In addition, various checklists have been developed by DOTs and FHWA for inspection. Following are
links to some examples:

Florida DOT

https://www.fdot.gov/docs/default-
source/construction/CONSTADM/Guidelist/InspectGuidelist/FY1213/MSE-Wall-Inspectors-
Handbook.pdf

Delaware DOT

https://cpb-us-w2.wpmucdn.com/sites.udel.edu/dist/1/1139/files/2013/10/Rpt.-143-Mechanically-
Stabilized-Earth-Wall-Final-Leshchinsky-yxyg38.pdf

5.0 Performance
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The Reinforced Earth wall system performs as a coherent gravity retaining wall structure. The system
has a unique level of flexibility and an effective and efficient load carrying ability. Over 50,000
Reinforced Earth MSE walls have been constructed in the US since 1971, and over 100,000 structures
worldwide totaling over 700,000,000 SF.

https://reinforcedearth.com/who-we-are/news/reco-usa-50th-anniversary/

5.1 Performance History

Over the past 50 years there have been several opportunities to evaluate the long-term performance of
Reinforced Earth walls. In addition to the excellent performance of RE walls in normal service conditions,
RE walls have shown excellent performance in extreme events such as earthquakes, floods, fire,
explosions, and on sites with significant foundation settlements.

In all cases where there have been issues with performance, the problem has been attributed to one or
more of the following:

e Inadequate site drainage

e Improper Backfill

e Unforeseen foundation conditions

e  Failure of utility within reinforced soil zone
e Poor construction quality

e Unanticipated super flood and/or tsunami

A sampling of the bibliography of performance related studies is found below:
Chang J., Forsyth R., Beaton J (1974) “Performance of a Reinforced Earth Fill”. CA-DOT-TL-2115-1-74-04

Juran |, Schlosser F., Long N.T., Legeay G. (1978) “Full Scale Experiment on a Reinforced Bridge
Abutment in Lille”. ASCE Special Publication on Earth Reinforcement.

McKittrick D.P., (1979). “Reinforced Earth: Application of Theory and Research to Practice”. Reinforced
Earth Technical Series, Report 79-1.

Ministry of Transport (1979). "Reinforced Earth Structures, Recommendations and Rules of the Art",
Direction of Roads and Road Transport, (English Translation) Paris, France, pp. 1-194.

Hannon J. (1980) “ Long Term Performance of The First Reinforced Earth Wall in California”.
FHWA/CA/TL-80/27

Chalk P.L. (1985) “Reinforced Earth at Ngauranga Interchange, Wellington”. The Institution of
Professional Engineers New Zealand. Trans., Vol. 12, No. 2/CF July 1985

Mitchell J., Villet W. “Reinforcement of Earth Slopes and Embankment” (1987). NCHRP Report 290
Transportation Research Board, Washington, D.C.

Schick T., Neely S. (1987) “Reinforced Earth Wall Supported by an Unstable Foundation”. 1987 Fall
meeting of the Texas Section of ASCE.
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Darbin M.J., Jailloux J.M., Montuelle J. (1988). “Durability of Reinforced Earth Structures: The Results of
a Long-term Study Conducted on Galvanized Steel”. Proc. Institution of Civil Engineers, Part 1, Oct 1988,
pp. 1,029-1,057.

Christopher B., Gill S., Giroud JP., Juran I., Mitchell J., Schlosser F., Dunnicliff J. (1990) “Reinforced Soil
Structures Volume Il. Summary of Research and Systems Information”. FHWA-RD-89-043

Elias V., (1990) “Durability/Corrosion of Soil Reinforced Structures”. FHWA-RD-89-186

RECo (1990) “An Investigation of Reinforced Earth Structures Impacted by the Loma Prieta Earthquake”.
The Reinforced Earth Company.

Ali F.H., Huat B.K. (1993) “Instrumented Field Performance of Vertical Reinforced Earth Wall” Pertanika
Journal of Science and Technology 1(1): 103-117. Universiti Pertanian Malaysia Press. ISSN:0128-7680.

Bastick M., Schlosser F., Segrestin P., Amar S., Canepa Y. (1993). "Experimental Reinforced Earth
Structure of Bourron Marlotte: Slender Wall and Abutment Test," Renforcement Des Sols:
Experimentations en Vraie Grandeur des Annees 80, Paris, pp. 201-228

Frankenberger P., Bloomfield R., Anderson P.L. (1994) “Reinforced Earth Walls Withstand Northridge
Earthquake”.

Kobayashi K., Tabata H., Boyd M. (1996) “The performance of Reinforced Earth structures in the vicinity
of Kobe during the Great Hanshin Earthquake”. Earth Reinforcement, Ochiai, Tasufuku & Omine (eds)
1996 Balkema, Rotterdam. ISBN 90 5410 8339.

Segrestin, P. and Bastick, M. (1996). "Comparative Study and Measurement of the Pull-Out Capacity of
Extensible and Inextensible Reinforcements," International Symposium on Earth Reinforcement,
Fukuoka, Kyushu, Japan, A.A. Balkema, pp. 139-144.

Smith, A., Jailloux, J.M., Segrestin, P. (1996). "Durability of Galvanized Steel Reinforcements as a
Function of Their Shape," International Symposium on Earth Reinforcement, Fukuoka, Kyushu, Japan,
A.A. Balkema, pp. 151-156.

Elias V., (1997) “Corrosion/Degradation of Soil Reinforcements for Mechanically Stabilized Earth Walls
and Reinforced Soil Slopes”. FHWA-SA-96-072.

Sankey J.E., Anderson P.L. (1999) “Effects of Stray Currents on Performance of Metallic Reinforcements
in Reinforced Earth Structures”. Transportation Research Record 1675 Paper No. 99-0241.

Runser D.J., Fox P.J., Bordeau P.L., (2001) “Field Performance of a 17m High Reinforced Soil Retaining
Wall”. Geosynthetics International, Vol. 8, No. 5. Pp. 367-391.

Liang R.Y., Almoh’d .M., Al-Saleh M. (2003) “Monitoring Results of an Instrumented MSEW: Comparison
with Current Practice”. TRB Annual Meeting 2004.

Gladstone, R.A., Anderson, P.L., Fishman, K.L., Withiam, J.L. (2006). "Durability of Galvanized Soil
Reinforcement — More Than 30 Years of Experience with Mechanically Stabilized Earth," Transportation
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Research Record: Journal of the Transportation Research Board, No. 1975, TRB, Washington, D.C. pp. 49-
59

Sankey J.E., Bailey M.J., Chen B. (2008) “SeaTac third runway: Design and performance of MSE tall wall”.
New Horizons in Earth Reinforcement — Otani, Miyata & Mukonoki (eds). 2008 Taylor& Francis Group,
London, ISBN 978-0-415-45775-0.

Wood J.H., Asbey-Palmer D.E. (2013) “Performance of Reinforced Earth Bridge Abutments Walls in the
2010-2011 Canterbury Earthquakes. Bulletin of the New Zealand Society for Earthquake Engineering,
Vol 46, No. 1, March 2013

Otani Y., Sakai S., Kuwano J., Freitag N. (2013) “Investigation of Reinforced Earth Structures Following
the 2011 Tohoku Earthquake”. Proceedings of the 18" International Conference on Soil Mechanics and
Geotechnical Engineering, Paris 2013.

Miyata Y., Bathurst R., Otani Y., Ohta H, Miyatake H. (2015) “Influence of Transient Flooding on steel
strip reinforced soil walls”. The Japanese Geotechnical Society: Soils and Foundations 2015;55(4):881-
894.

5.1.1 Development and Usage History

The Reinforced Earth system was developed during the 1950s and patented in 1963 by the inventor of
modern mechanically stabilized earth, Henri Vidal. He introduced the system to the United States in
1971. Continued evolution and improvement of the facing, soil reinforcements, and other components
have taken place. The modern system with details and components as described in this document can
be dated to 1979.

The first structure was built in 1971 for Caltrans and used a steel facing with flat steel reinforcing strips
bolted to the back face. The cruciform-shape concrete facing was used on the projects immediately
following, while the steel facing was phased out in the US during the 1970s.

The first architectural finish on Reinforced Earth Panels was in 1973, with the use of timbers placed in
forms on the Little River Road project in the Great Smokey Mountains National Park.

The first use of form liners on Reinforced Earth facing panels was in 1975 on the Clark Fork Highway (ID).
Special Curved Facing Units were used on the Vail Pass (CO) in 1975.

The ribbed reinforcing strips were introduced in 1978. Further research and development led to
optimizing and adjustments of the strip dimensions and grade of steel to those presented in this
document.

EPDM Bearing Pads were introduced in 1984.
Precast Traffic Barriers were introduced in 1985.
Wire Faced “Terratrel™” Reinforced Earth walls were introduced in 1981.

Rectangular Facing Panels were introduced in 1992.
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Square Facing Panels were introduced in 1997.
Alignment pins on cruciform panels were phased out of use in the mid 1990’s.

Ladder soil reinforcements were introduced in the 1980’s. HA ladders as described in this document
were introduced in 2000.

Design Guidance History

In addition to the internal design documents developed by Terre Armée and The Reinforced Earth
Company, the following is a brief history of the major design guidance documents issued for Reinforced
Earth Structures (For international references, we are only listing the original 1979 SETRA document, but
note that several international codes now exist, most notably the British Standard and the Eurocode).

In 1979, the French Ministry of Transport (SETRA) issued “Reinforced Earth Structures,
Recommendations and Rules of the Art”.

In January of 1990, FHWA issued “Durability /Corrosion of Soil Reinforced Structures” (Elias)

In 1990, FHWA issued “Reinforced Soil Structures — Volume 1, Design and Construction Guidelines —
Volume I, Summary of Research and Systems Information” (Christopher, Gill, Giroud, Mitchell, Schlosser
and Dunnicliff). This document has been updated several times, most recently in 2009 (FHWA-NHI-09-
083).

In August of 1990, AASHTO-AGC-ARTBA Joint Committee Subcommittee on New Highway Materials
issued the Task Force 27 Report “In Situ Soil Improvement Techniques” which included: Guidelines for
Design of MSE Walls and Construction Specifications for MSE Walls.

In 1991, AASHTO issued the first MSE Wall Specifications. Since that time, there have been many
updates to the specification, and RECo has been involved in review and providing industry feedback to
AASHTO as the specification is updated.

5.1.2 Oldest Three Structures

The following is a listing of the oldest RECo structures in the United States, as well as the oldest that use
the present day soil reinforcements discussed in this document:

e Oldest structures:
o RECo project numbers 1,7, 14 and 16

e Oldest structures using current ribbed reinforcing strips:
o RECo project numbers 478, 482 and 1584

e Oldest structures using HA ladder soil reinforcements:
o RECo project numbers 7673 and 7856

Refer to Appendix A5.1.2 for additional information and images for each project.

5.1.3 Tallest Three Structures
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The following is a list of the three tallest tiered and vertical RE walls in the United States. See Appendix
A5.1.3 for more information.

o Tiered:
o RECo project number 8079 (134.5 feet)
o RECo project number 4130 (105 feet)
o RECo project number 6253 (98.5 feet)
e Vertical
o RECo project number 537 (110 feet)
o RECo project number 18408 (110 feet)
o RECo project number 7818 (79 feet)

For additional reference, the three tallest tiered and vertical RE walls outside the USA:

e Tiered:
o South Africa, De Beers CDM Oranjemund “Tweepad”, 1979, 138 feet tall (42.0 m)
o South Africa, Mbabane Bypass — Mangwaneni Fill, 2008, 118 feet tall (36.0 m)
o South Africa, Sishen Primary Crusher, 2005, 112 feet tall (34.0 m)
e Vertical:
o Spain, VTE C-820 & C- 822.TR: Santiago Del Teide — Adeje, 2008, 74 feet tall (22.5 m)
o Spain, Autopista del Atlantico Muro 1, 1991, 76 feet tall (23.3 m)
o Saudi Arabia, King Abdulazziz Military Academy Riyadh, 1981, 72 feet tall (22.0 m)

5.1.4 Private and Public Approvals

The Reinforced Earth system is approved by every state DOT. In addition, dozens of other agencies
(cities, counties, port authorities, etc.) have approved the Reinforced Earth MSE wall system. Private
approvals tend to be on a project basis.

Federal Level public approvals:

e United States Army Corps of Engineers
e United States Department of Defense
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State level public approvals:

Alabama Dept. of Transportation
Alaska Dept. of Transportation and Public Facilities

Arizona Dept. of Transportation

Arkansas Dept. of Transportation

California Dept. of Transportation (Caltrans)
Colorado Dept. of Transportation
Connecticut Dept. of Transportation
Delaware Dept. of Transportation

District Dept. of Transportation (Washington, DC)
Florida Dept. of Transportation

Georgia Dept. of Transportation

Hawaii Dept. of Transportation

Idaho Dept. of Transportation

lllinois Dept. of Transportation

lllinois State Toll Highway Authority

Indiana Dept. of Transportation

lowa Dept. of Transportation

Kansas Dept. of Transportation

Kentucky Transportation Cabinet

Louisiana Dept. of Transportation and Development

Maine Dept. of Transportation

Maryland Dept. of Transportation State Highway
Administration
Massachusetts Dept. of Transportation

Michigan Dept. of Transportation
Minnesota Dept. of Transportation

Mississippi Dept. of Transportation

Missouri Dept. of Transportation
Montana Dept. of Transportation

Nebraska Dept. of Transportation
Nevada Dept. of Transportation

New Hampshire Dept. of Transportation
New Jersey Dept. of Transportation
New Mexico Dept. of Transportation
New York State Dept. of Transportation
North Carolina Dept. of Transportation
North Dakota Dept. of Transportation
Ohio Dept. of Transportation
Oklahoma Dept. of Transportation
Oregon Dept. of Transportation
Pennsylvania Dept. of Transportation
Rhode Island Dept. of Transportation
South Carolina Dept. of Transportation
South Dakota Dept. of Transportation
Tennessee Dept. of Transportation
Texas Dept. of Transportation

Utah Dept. of Transportation

Vermont Agency of Transportation

Virginia Dept. of Transportation

Washington State Dept. of Transportation
West Virginia Dept. of Transportation
Wisconsin Dept. of Transportation

Wyoming Dept. of Transportation

Table 5.1.4

Other regional public agency approvals:

Chicago Department of Transportation (CDOT)

North Texas Tollway Authority (NTTA)
Dallas Area Rapid Transit (DART)
Harris County Tollway Authority (HCTRA)

Central Texas Regional Mobility Authority (CTRMA)

Charlotte Area Transit System (CATS)

Massachusetts Bay Transportation Authority (MBTA)
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6.0 Other Information
6.1 Any Other Helpful Information

This section includes information that has not been specifically requested. RECo has additional valuable
information on patents and instrumentation of structures for near and long-term evaluation. In addition,
RECo has input on the designation of responsible parties for different aspects of a successful RE wall
project over the entire life of the structure, based on experience and collaboration with The Association
for Mechanically Stabilized Earth (AMSE).

6.1.1 Patents

Terre Armee holds hundreds of worldwide patents. In the USA, Terre Armee and RECo have been
granted dozens of patents related to Reinforced Earth MSE walls, including the following:

The original Reinforced Earth system consisted of elliptical shaped steel facing, to which, smooth steel
strips were bolted. The first structure of this type was built in 1965 in Pragneres, France.

Figure 6.1.1-1: REF: Vidal Patent 3421326 (1969)

By 1969, the formal development of precast panels with Reinforced Earth had begun. The original panels
consisted of 180mm thick unreinforced concrete panels with a steel “C” anchor embedded into the panel.
3 %" protruding out the back face to create a single shear connection with a smooth reinforcing strip. The
width of the reinforcing strip varied to develop the required pullout resistance. The first concrete panel
wall was built in 1970 in Poitiers, France.
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Figure 6.1.1-2: REF: Vidal Patent 3,686,873 (1972)

In the early 1970’s, the grade of reinforcement was typically A36 (fy=36 ksi) and the amount of
galvanization was not standardized. At the same time, RECo and Terre Armée experimented with
stainless steel, aluminum alloys, epoxy coated steel and synthetic reinforcements. Horizontal joints
between panels were separated with cork. Vertical joints were protected with foam filler.

In 1978, High Adherence Ribbed Strips were introduced in the United States after several years of testing
in the US and Europe. The first structures in the US with ribbed strips were built soon thereafter.
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Figure 6.1.1-3: REF: Vidal Patent 4,116,010 (1978)
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Figure 6.1.1-4: REF: Vidal Patent 4,116,010 (1978)

In 1983, the connection mechanism was innovated, and the panel thickness was reduced from 7” to 5
1/2”.The “C” anchor was replaced with a much more economical galvanized tie strip as is presently used.
Between 1978 and 1980, over 220 Reinforced Earth Panels were tested with various thickness,
connection devices (tie strips) and concrete reinforcement layouts. A second series of full-scale panel
load tests (additional 161 panels) were tested and reported on in 1982. In addition, individual tie strip
pullout tests were conducted in 1975 (on various connection geometries, including one similar to the now
“standard” tie strip and again 1990 on the “standard” tie strip used in Reinforced Earth panels.

In 1985, Precast Traffic Barriers (atop MSE walls) were introduced by The Reinforced Earth Company.
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U.S. Patent  Jan. 22, 1985 Sheet1of2 4,494,892

SIS
TN
T

RGPS

Figure 6.1.1-6: REF: Wojciechiowski Patent 4,494,892 (1985)

By 1986, the grade of steel for the Reinforcing Strips was standardized at fy=65 ksi. Cork at panel joints
was replaced with EPDM Bearing Pads. Panel Joints were protected with geotextile rather than foam.

IN 1990, High Adherence (HA) Ladders were introduced by The Reinforced Earth Company.
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Figure 6.1.1-7: REF: Anderson Patent 6,079,908 (1990)

The preceding information is just a highlight of the innovations made throughout the history of Terre
Armée and The Reinforced Earth Company, more recent patents include:

e Concealed Crash Walls for MSE structures (Lamberson, US 6,174,109)

e Two Stage Wall Connector (Timmons, US 6,802,675)

e Retaining Wall Construction and a Method for Construction of Such a Retaining Wall (2-Stage)
(Pagano, 4,961,673)

e Facing Element with Integrated Compressibility (Freitag, US 9,422,686)

e Reinforced Structures in The Ground (Freitag, US 8,979,437)

e  Continuous Fluid Tightness for a Civil Engineering Work (Freitag, US 8,985,900)

e Facing Element for Reinforced Soil Structure (Freitag, US 9,175,454)

e Stabilized Earth Structure and Method for Constructing It (Freitag, US 7,125,202)

6.1.2 Instrumented Structures

The Coherent Gravity Method is The Reinforced Earth Company’s preferred method for design of MSE
walls reinforced with inextensible (steel) reinforcements and is outlined in Section 11 of the AASHTO
LRFD Bridge Design Specifications (AASHTO, 2020). The Coherent Gravity Method is an empirical
method, based on instrumented structure data.

Reinforcement Behavior:

In pullout tests, the reinforcements are placed between layers of compacted soil in a pullout box and an
overburden load is applied to the soil by an air bladder or mechanical means. The pullout force is
applied to the leading end of the soil reinforcement and the pullout force and resulting displacement of
the reinforcement are measured at frequent intervals. The pullout resistance of the reinforcement
should be determined at a displacement of 20 mm.
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Inextensible (Steel) Reinforcement:

The applied pullout force and resulting displacement of the reinforcement are measured
simultaneously. With inextensible reinforcements, the displacement at the leading end is nearly the
same as the displacement at the free end because reinforcement strain is negligible, so displacement is
measured at the leading end where the load is applied. The friction developed between the
reinforcement and the soil is determined for a leading-edge displacement of 20 mm, and the transfer of
load to the soil via friction is uniformly distributed over the full length of the reinforcement.

In an actual structure, the load is applied to the reinforcement by the soil within the active zone, which
is trying to escape through the wall face. The magnitude of this earth pressure depends on the vertical
stress and the coefficient of lateral earth pressure. Vertical stress is a function of the overburden
pressure, which increases with depth in the structure, while the coefficient of lateral earth pressure
varies from at rest (K,) at the top of the structure to active (K,) at a depth of 6 m and deeper. The
horizontal earth pressure becomes tension in the reinforcements through the mechanism of friction.

The tension in the reinforcement is greatest at the line of maximum tension (Figure 6.1.2-1) and
decreases gradually over the full reinforcement length until near the free end, where the tension
decreases rapidly to zero. Significant tension is observed over the full length of the reinforcements.

/— NO CRACKING
-
ACTIVE ||  RESISTIVE ZONE
ZONE
| /| LINEOFMAXIMUMTENSION |
L — (INEXTENSIBLE REINFORCEMENTS)
1 FAILURE PLANE DOES NOT DEVELOP
MAXIMUM
TENSION l»—BILINEAR ENVELOPE OF MAXIMUM

REINFORCEMENT TENSION

LIMITING SHEAR
STRESS FOR PULLOUT
SIGNIFICANT TENSION OVER FULL LENGTH

ZERO
TENSION

LOCATION
OF MAXIMUM
v TENSION

Figure 6.1.2-1: Inextensible reinforcement tension
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Figure 6.1.2-2: Measured loads in reinforcement

Figure 6.1.2.2 is plotted from a full-scale test structure and the matching Finite Element Model (FEM)
(Bastick, et al., 1993) and shows the maximum measured reinforcement tension, the maximum tension
calculated by FEM, and the tension calculated by the Coherent Gravity method. Note that all are in close
agreement, and that all three clearly show the overturning effect as curvature of the line near the
bottom of structure. In the United States we use the § = 0 line to represent that the lateral earth
pressure acts on the mass horizontally, not at an angle of inclination. This is the more conservative
design line.

As was shown in Figure 6.1.2-1, the tension is distributed over nearly the entire reinforcement length.
The compressive strength and shear strength of the soil combine to make the MSE structure behave as a
rigid body. This rigid body behavior is also evident in Figure 6.1.2-2, in the magnitude of the maximum
reinforcement tension, which increases toward the bottom of the wall. The increase is magnified by the
overturning effect of the externally applied loads. This overturning effect, determined by the Meyerhof
(1953) calculation, is considered by the Coherent Gravity Method but is not considered by the Simplified
Method.

Reference: Anderson P., Gladstone R., Withiam J. (2010). “Coherent Gravity: The Correct Design method
for Steel-Reinforced MSE Walls”. ASCE Earth Retention Conference 3. ISBN (print): 9780784411285

More than twenty Reinforced Earth structures have been instrumented worldwide over the past 50
years. See section 5.1 for bibliography of performance related studies which include many of the
instrumented structures. Instrumented Structure Data may be provided upon request.

6.1.3 Design Coordination

The Reinforced Earth Company’s design responsibility is generally limited to the internal stability of the
Reinforced Earth structure only. External stability of the retaining wall system is typically excluded from
our responsibility. The owner’s geotechnical engineer should perform the necessary studies regarding
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external stability in the plan development stage. The following note appears on each sheet of design

drawings provided by The Reinforced Earth Company:

“The design contained on these drawings is based on information provided by the owner. On the basis
of this information, The Reinforced Earth Company has designed, and is responsible for the internal
stability of the structure only. External stability, including foundation and slope stability, is the
responsibility of the owner”

In summary, The Reinforced Earth Company is not responsible for global stability of the wall, foundation
settlement, both total and differential, and bearing capacity of the foundation soils. In addition, stability
of both temporary and permanent slopes, during and after construction, is not the responsibility of The
Reinforced Earth Company.
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Figure 6.1.3-1: Typical responsibility matrix for MSE wall design
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A1.0 ERS Components
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Al.1 Facing Unit

This section is intentionally left blank.
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Al1.1.1 Facing Unit Innovations

This section is intentionally left blank.
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Al1.1.2 Facing Unit Types

This section is intentionally left blank.
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A1.1.3 Facing Unit Specifications

This section is intentionally left blank.
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Al1.1.4 Facing Unit Dimensions, Tolerances and Typical Steel Reinforcement Schedule

The following details show the typical dimensions and steel reinforcement for the standard facing unit

shapes:
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Figure Al.1.4a — Standard Cruciform facing unit with four tie strips. Back face view.
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Figure Al1.1.4b — Standard Rectangular facing unit with four tie strips. Back face view.

Al
A == SOLETANCHE FReyssIneT
6 -



4’-101/4”

CORPORATE

9'91/4”

/7 Tie Strip Lifting Insert
(Typ.) |> / (Typ.)
i F — < Mo
J Front Face—
of Panel ‘
H H A -
<t #4 (10)
A
Y |
—11/2” Min. Rebar I> — #4 (5)
Clr. From Panel ”
' ] Back Face (Typ.)r . o 51/2 ol e
1 li—— = = I

Figure Al.1.4c — Standard Rectangular facing unit with six tie strips. Back face view.
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Figure Al.1.4d — Standard Hexagonal facing unit with four tie strips. Back face view.
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Tolerances

All units shall be manufactured within the following tolerances with respect to the dimensions shown on

the shop drawings:

(a) Attachment Device Locations and Alignment — The lateral position of reinforcing strip attachment
devices (tie strip) shall be within 1 inch of dimension shown, and embedment measured from the
back face of the panel shall be within +/-1/4 inch. See Figure Al.1.4e below.

(b) Panel Dimensions — Due to RECo providing steel form molds all panel dimensions shall be as stated
within detail shop drawings. All additional required hardware embedded in the panel with the
exception of attachment devices shall be within 1/4 inch (+/-) of dimension shown.

(c) Panel Squareness -- Squareness, as determined by the difference between the two diagonals, shall

not exceed 1/2 inch.

(d) Panel Surface Finish -- Surface defects on smooth-formed surfaces, measured on a length of 5 feet,
shall not exceed 1/4 inch. Surface defects on textured-finished surfaces, measured on a length of 5

feet, shall not exceed 5/16 inch.

(e) Panel Rebar — Panel rebar shall be placed within the following tolerances:

a. Clear Cover: (+/-) 3/8” (REF ACI 318-14,

26.6.2.1)

b. Location from Plan Dimension: (+/-) 2” horizontally or vertically from what is shown in
shop drawings, noting that cover requirements control.

c. Tie strip shall not be in contact with uncoated panel reinforcement steel.

47 (+/-1/4”)
>

31/2” (+/-1/4”)
<t

Front Face —»
of Panel

Tie Strip
/ 1/2” Dia.

A449 Bolt

T / V—W
Galvanized Steel—

50mm x 4mm Ribbed
Reinforcing Strips
(Connectin Field)

. \/\g

51/2”

Figure Al.1.4e — Section: Reinforcing strip connection to facing.
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Al1.1.5 Compressive Strength

The following are RECo minimum requirements. When owner’s requirements exceed RECo minimums,
the owner requirements prevail.

Acceptance of the concrete panels, with respect to compressive strength, shall be determined based on
production lots. A production lot is defined as a group of panels that shall be represented by a single set
of compressive strength samples and shall consist of not more than 80 panels or a single day's
production, whichever is less.

Compressive strength tests shall be performed on 6-inch diameter by 12-inch-tall cylinders prepared in
accordance with AASHTO T-23. During the production of the concrete panels, the manufacturer shall
randomly sample the concrete in accordance with AASHTO T-141. A single set of compressive strength
samples, consisting of a minimum of four (4) cylinders, shall be made for every production lot.

For every compressive strength sample set, a minimum of two cylinders shall be cured in the same
manner as the panels and tested at seven (7) days or less. The average compressive strength of these
cylinders, when tested in accordance with AASHTO T-22, will determine the initial strength of the
concrete. In addition, a minimum of two cylinders shall be cured in accordance with AASHTO T-23 and
tested at 28 days. The average compressive strength of these cylinders, when tested in accordance with
AASHTO T-22, will determine the compressive strength of the production lot.

If the initial strength test result indicates a compressive strength greater than or equal to 4,000 psi, then
this test result will be utilized as the compressive strength test result for that production lot, and the
requirement for testing at 28 days will be waived for that production lot.

Acceptance of a production lot will be made if the compressive strength test result is greater than or
equal to 4,000 psi. If the compressive strength test result is less than 4,000 psi, the acceptance of the
production lot will be based on its meeting the following acceptance criteria in its entirety:

(a) Ninety (90) percent of the compressive strength test results for the overall production shall
exceed 4,150 psi.

(b) The average of any six (6) consecutive compressive strength test results, including the one in
question, shall exceed 4,250 psi.

(c) No individual compressive strength test result shall fall below 3,600 psi.

If a production lot fails to meet the specified compressive strength requirements, the production lot
shall be rejected. Such rejection shall prevail unless the manufacturer, at its own expense, obtains and
submits evidence of a type acceptable to the Engineer that the strength and quality of the concrete
placed within the panels of the production lot is acceptable. If such evidence consists of tests made on
cores taken from the panels within the production lot, the cores shall be obtained and tested in
accordance with AASHTO T-24.

Acceptance Criteria

Precast panels shall be accepted for use in wall construction provided the concrete strength meets or
exceeds the minimum compressive strength requirement, the soil reinforcement connection devices
and the panel dimensions are within tolerances and any chipping, cracks, honeycomb or other defects
are within acceptable standards for precast concrete as determined by the Engineer.

It is recognized that certain cracks and surface defects are not detrimental to the structural integrity of
the panel if properly repaired. The Engineer shall determine the need for and the proper method of such

CORPORATE
45610 Woodland Road, Suite 200

Sterling, VA 20166 A
: = SOLEeTANCHe FReyssIneT
www.reinforcedearth.com 9 -



repair. All repairs shall be approved by the Engineer prior to acceptance of the panel for use in wall
construction.
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Al1.1.6 Air Entrainment

This section is intentionally left blank.
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Al1.1.7 Mix Design

This section is intentionally left blank.
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A1.1.8 Shear, Alignment and Bearing Devices
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RECo

Bearing Pad Calculations

REWV 5 3/30/2022 Added clarification KPB KPE KPB
for BF34 design
REW 4 04/22/2022 Removed KPB KPE KPB
Dizsclaimer for IDEA
REY 3 10/28/2021 Added BPWERLA KPB DLH KPEB
REW 2 1/8/2017 Updated for Tech KPB RL KPB
Memo
REW 1 11/7/2016 Added REW KPB LY KPE
Original 04/0e/2016 First issua KFE FL KPB
Rewv Date Modification Drafted by | Checked by | Approved by
RECo BP Calcs 10-28-2021 Fage 1
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Introduction

RECo has tested five Bearing Pad types routinely used in RECo supplied MSE wall systems:

BP34 RIBBED (4” x 3 1/8" x 3/4”) — Used for REW Panels

BP1A RIBBED (4 3/8" x 2 9/16" x 1") — Used for REW, SQR and RLA Panel Types

BPO3 FLAT (4 %" x 2 %” x %”) — Used for REW and SQR and as supplemental pads for
Corner Elements and Slip Joints

BP21 FLAT (10" x 2 %" x %") — Used for RLA panel types

BPWRLA (10" x 2 7/8" x 7/8") — Used for RLA Panel Types and heavily loaded SQR and REW
walls

The BP34, BP1A, BP0O3, BPWRLA and BP21 pads are manufactured by REX-HIDE.

KEY:

REW = Cruciform Shape Panels (4.92'x4.92’)

SQR = Square Shape Panels (4.92" x 4.92)
RLA = Rectangular Shape Panels (4,92'x9.84’)

These calculations demonstrate the adequacy of the BP34, BP1A, BP0O3, BPWRLA and BP21
bearing pads as used for REW, SQR and RLA panels.

Discussion

Bearing Pads are designed to compress to assure the facing will compress compatibly with
the elastic compression of the select backfill, and to allow the facing panels to be nearly as
flexible as the MSE embankment itself. The nature of bearing pad compression is complex
and is a function of bearing pad geometry and thickness, backfill type and compression
during compaction, and any settlement of the facing panels due to compression of the
foundation soils beneath the wall. There is a potential for minimal compression of bearing
pads when conditions are optimal, and more significant (i.e. approaching the design load
and final design thickness) when foundation conditions are poor and/or select backfill is
sand.

RECo BP Calcs 10-28-2021 Page 2 of 27
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Analysis

The attached calculations are based on use of a conservative design factor of 2.0 times the
Panel Weight, and a post construction design horizontal joint width of 1/2” (after
settlement and bearing pad compression) in accordance with FHWA recommendations.
The analysis assumes 6” thick panel thickness and that differential settlement does not
exceed 1% for 5'x5’ panels (REW+SQR) or 0.5% for 5’x10’ panels (RLA). The analysis is also
based on the assumption that the backfill meets standard AASHTO specifications and no
large surcharge loading (beyond typical AASHTO design requirements) is applied near the
panel face. If any of the above assumptions do not apply, then the bearing pad
requirements should be assessed based on the specific conditions of the project.

Conclusions

The calculations with a Design Factor of 2.0 and a minimum joint thickness of 0.375” or
0.5” after compression of the bearing pads result in the following limits:

Panel Type Bearing Pad Type No. of Pads per Limiting Height
Panel above Joint (ft)
REW BP34 2 30
SQR/REW BP1A 2 27.5
SQR/REW BPO3 2 30
SQR/REW BP21 2 60
SQR/REW BPWRLA 2 65
RLA BP1A 4 27.5
RLA BP21 2 30
RLA BP21 4 60
RLA BPWRLA 2 30
RLA BPWRLA 4 65

The calculations limit the use of two bearing pads (BP34, BP1A or BP0O3) per SQR/REW panel
to wall heights of 27.5 to 30 ft. Likewise the calculations limit the use of two bearing pads
(BP21 or BPWLRA) per RLA panel to wall heights of 30 ft. For taller walls, use of two BP21
or BPWRLA bearing pads per SQR/REW panel, or four BP21/BPWRLA bearing pads per RLA
panel allows construction of walls up to 60 ft (65 ft with BPWRLA).

Attachments:
Bearing Pad Calculations (24 pages)

RECo BP Calcs 10-28-2021 Page 3 of 27
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ASTM D2000-10, E, 4, AC, 8,

Specification /Revision | T
English
Grade
(indicates level of test requirements)

Type A, Suffix C
(Noturol rubber, reclaimed rubber,SBR,
butyl, EP polbutadiene, polyisoprene).

Hardness (ASTM D2240)
(Durometer) 8 = 80(15)

Tensile Strength (ASTM D412, die C)

(pardllel, perpendicular grain 1,200 psi minimum)

Heat Aged (ASTM D865, die C)
(70 hrs. @ 70°C)

Hardness change, max, points (Shore A) +10
Tensile change (%) max. -25
Elongation change (%) max.  —-25

=
>
[

Compression set Method B, (ASTM D395)
22 hrs. @ 70° C, solid (%) max. 35

Ozone/Weather Resistance (ASTM D1171)
Quality retention rating, Min. (%) 80
Fluid Resistance QOils and Lubricants (ASTM D471)

IRM 901 OIL 70 h
Low—Temperature resistance (ASTM D2137) Method A,9.3.2
non—brittle after 3 min. @ —40° C Pass

Limits of Swelling after 70 hrs. @ Temp. 70" C using ASTM D5964 Oil No. 3

Class A no requirements
(%) Elastomer in Rubber Compound: 24.4%
(%) of Elastomer that is E.P.D.M. Polymer: 100.0%

ASTM D2000 "Stondord Classification System for Rubber Products”

ASTM 2240 “Test Methods for Rubber Property — Durometer Hardness™

ASTM D412 “Test Methods for Vulcanized Rubber and Thermoplastic Elastomers — Tension®
ASTM DB65 "Test Methods for Rubber — Deterioration by heating in Air (Test Tube Enclosure®
ASTM D395 “Test Methods for Rubber Property — Compression Set”

=
e
=
=
{7
!

FABRICATION DRAWING

Bearing Pads

ASTM D171 “Test for Rubber Deterioration — Cracking in an Ozone Outdoor Environment” Standard
ASTM D471 "Test Methods for Rubber Property — Effect of Liquids” Pm
ASTM D2137 “Test Methods for Rubber Property — Brittleness Point of Flexible Polymers and Coated Fabric” s M
ASTM D5964 "Practice for Rubber IRM 902, and IRM 903 Replacement Oils * Specifications
= (MCNDS) "Mutuol Confidential Non—Désciosure Statement” between The Relnforced Eorttf® Compony (RECo), and o parifes In [ o
wwmﬁ.w-mmmwm&numuwmwmnmum Py
Technology".Tharefore, any and o pariies collactivly shol deskre 10 haep confidmtiol o Kstad ports, dotolls ond designa from unouthortzad dlctoms.

0008
REINFORCED eARTH’
SUSTATUABLE TECHOLOGY

12001 Suarise Valoy Brive, Sulie 400 Basien. VA 20191

“"RENFORCED EARTH™ (S THE REGISTERED TRADE NAME OF THE
REINFORCED EARTH COMPANY.

Bearing Pod Stondord Specifications {(English) Nov. 12, 2012

45610 Woodland Road, Suite 200

Sterling, VA 20166

www.reinforcedearth.com 17

Y
= SOLEeTANCHe FReyssIneT
-



CORPORATE

DATE
Engineer

J0imensions (inches)

Durometer

(Shore A)

Stress Strain Test Data

Design Joint
ontrolling Data
Design Load (per pad)

Height of Wall (H)
idth of Panel (B)
Number of Pads/Panel (if)
hickness of Panel (T}
Unit Weight of Concrete ()
DESIGN FACTOR (x PANELT)

(e
[arer e
REINFORCEeD eARTH

Bearing Pad Calculations

6/3/2015
KPR

4 WIDTH (w)
3.125 LENGTH (b}
0.75 THICKNESS (1)

80 +/-5
75 (MIN.)

SPEC

Bearing Pad Code BP34

PC| Shape Factor 5= wb
2(w-+bjt
S= 1.17

PCI Allowable Compressive Stress = 0

o = 1000+ 1005 <= 1500
1116.96 psi

I

o) 885.6 psi Per Design Load

Below

Terre Armee Internal Testing 2013

LBS Compression
2400
5170
11240

0.375 Inch

0.375 Inch Compression

11070 LBS

30 ft
492 ft
2 gty
0.5 ft
150 LBS/FT3
2

0.125 Inch Compression
0.25 Inch Compression
0.375 Inch Compression

Note: The design joint width of 0.375”
is unique to Cruciform Shape Panels
using the “BP34” bearing pad. This
tolerable width is based on over 30
year’s experience and observation of
constructed structures.

=t After Compression

11240 LBS Design Capacity

=(2xHxBxTxY)/#

DESIGN LOAD VS. DESIGN CAPACITY

0.984875 OK
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