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Chapter 1

INTRODUCTION

1.1 Overview

When there is a substantial change of elevation in earthwork construction, one may
opt for one of the three solutions: an un-reinforced slope, a reinforced slope, or a retaining
wall, as depicted in Figure 1.1. The primary difference among the three solutions is the
space requirement between the two elevations. The first solution, un-reinforced slope,
requires an adequate space for gradual change in elevation without inducing instability of
the slope. Stability of a slope can be evaluated by the limit equilibrium methods using a
stability chart (e.g., Taylor, 1948; Duncan and Buchignani, 1975) or a computer program
such as STABL (Siegel, 1975; Carpenter, 1984; Humphrey and Holtz, 1986). The space
requited is less for the second solution, reinforced slope, which assumes a steeper slope
angle than an un-reinforced slope under otherwise identical conditions. The slope
reinforcement can be achieved by using geosynthetic inclusions (Christopher and Holtz,
1985; Mitchell and Villet, 1987), micropiles (Lizzi, 1971), flexible soil nailing (Mitchell and
Villet, 1987), or large-diameter tigid piles (Yamada, et al, 1971; Fukuoka, 1977), etc. The
third solution, retaining wall, requires the least space for the change in elevation, thus,
provides the largest levelled area. However, retaining wall is generally higher in costs than
the other two solutions., The use of a retaining wall, therefore, is generally limited to
situations where space constraint is a main issue. The design and construction of low-cost

retaining walls is the focus of this Manual.
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Figure 1.1 Change of Elevation in Earthwork Construction
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In the past, concrete gravity walls and concrete cantilever walls were the most
popular retaining wall systems, especially in highway construcion. These systems were
simple to design, and could be constructed by general contractors with conventional
construction equipment and techniques. Complacency developed within the structural
design community in the 1940’s to 1960’s, and innovation and experimentation were not
common in the area of retaining walls.

That complacency was rudely upset circa 1970 with the advent of a number of
innovative retaining wall systems, many of them stemming from the concept of reinforced
soil. The term "reinforced soil® refers to a sail which is strengthened by a material able to
resist tensile stresses and which interacts with the soil through friction and/or adhesion.
The historic development of reinforced soil retaining walls and the reinforcing mechanism
has been described by Jones (1985), Mitchell and Villet (1987), and Hausmann (1990).

Over the last decade, the technology of reinforced soil retaining wall has evolved to
a point that it is replacing the roles of concrete gravity walls and concrete cantilever walls,
and becoming the prevailing wall system. Reinforced soil retaining walls have demonstrated
many distinct advantages over conventional concrete walls, including:

1) Reinforced soil retaining walls are more flexible, hence more tolerant to

foundation settlement.

2) When properly designed and constructed, reinforced soil retaining walls are

remarkably stable. In spite of many attempts to load a number of
geosynthetic-reinforced soil retaining walls to failure (in order to examine

their ultimate load carrying capacities and safety margins), no one has
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4)

3)
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succeeded in bringing about "major" or catastrophic failure of any of the walls-
-even for those designed with a safety factor less than one.

Reinforced soil retaining walls do not require embedment into the foundation
soil for stability. This characteristic is especially important when a
environmental problem (such as excavation of contaminated soil) is involved.
The tensile inclusions of reinforced soil retaining walls will significantly
reduce the lateral earth pressure exerted on wall facing provided that the
movement of the facing will allow mobilization of tensile resistance in the
inclusions,

Construction of reinforced soil retaining walls is rapid and requires only
"ordinary" construction equipment.

Reinforced soil walls are generally less expensive to construct than
"conventional” retaining walls. Figure 1.2 shows the comparative costs of
reinforced soil retaining walls and conventional reinforced concrete walls. For
walls with height less than 25 ft, reinforced soil walls using geosynthetics as
reinforcement  ("geosynthetic-reinforced walls”) are generally the least
expensive to construct. In fact, when backfill costs are included, the saving
will often be more dramatic than that indicated by Figure 1.2. This is because
many on-site soils can be used as backfill for geosynthetic-reinforced soil walls

but not for the other wall systems.

This Manual presents guidelines for design and construction of three geosynthetic-

reinforced soil retaining walls: the USFS wrapped-faced geotextile-reinforced retaining wall,
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the CTI timber-faced geosynthetic-reinforced wall, and modular block geosynthetic-

reinforced walls. In addition, another low-cost retaining wall system, "rockery”(stacked rock
wall), is addressed. The remaining of this Chapter gives a brief description of the four wall
systems. The design of geosynthetic-reinforced soil retaining walls and rockery are
presented in Chapter 2. The design of geosynthetic-reinforced soil walls includes design
methods and design examples for using a ultimate-strength design method, a service-load
design method, and a performance-limit design method. Chapter 3 outlines the construction
procedure and construction guidelines for each wall system. Chapter 4 addresses the

applications, including case histories, advantages and disadvantages, of each wall system.

1.2 Geosynthetic-Reinforced Soil Refzining Walls
Geosynthetic-Reinforced Soil (GRS) walls derive their support from multiple layers
of geosynthetic sheets or strips embedded in the backfill behind the face of the wall.
Figure 1.3 illustrates the concept of soil reinforcement, in which the reinforcement (strips
of paper in this case) allows the soil to maintain a2 much steeper slope than the un-
reinforced soil. Use of geosynthetics (geotextile and geogrid) as reinforcement has the
following advantages over other reinforcement materials such as metals:
1) Geosynthetics have strong resistance to corrosion and bacterial action,
compared with metallic reinforcements.
2) Granular backfill, although preferred, is not required. A cohesive backfill
may be used when the following criteria are met (Chou and Wu, 1993): (a)

cost of obtaining granular soil is prohibitive, (b) the wall is to be constructed



(@) Unreinforced Sand (with maximum stable slope)
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in an arid or semi-arid area, (c) the grading of the wall site is such that
surface runoff is unlikely to infiltrate the backfill, and (d) adequate drainage
in the backfill is provided.

Geosynthetics are generally lower in cost.

Geosynthetics are readily available and are easy to transport to remote sites.
Other than the function of reinforcing soil, most geosynthetics fulfill multiple
functions, e.g.,control ground water flow,alleviate drainage problems, prevent
particle migration, maintain separation of different soil layers during

construction or under repeated external loading.

On the other hand, there are also a number of drawbacks of using geosynthetics as

reinforcement:

1))

2)

3)

Construction equipment may cause some degree of damage of geosynthetics
during installation.

Some geosynthetics are susceptible to chemical degradation. Table 1.1 gives
a general guide to soil environments of potential concermn when using
geosynthetics.

Geosynthetics may creep with time if the surrounding soil has a strong
tendency to deform with time. In-air testing of geosynthetics alone shows that
most geosynthetics tend to creep with time. In-soil testing which allows the
confining soil to deform with time, however, indicates creep deformation will
not occur if the surrounding soil does not exhibit time-dependent deformation

(Wu and Helwany, 1994).
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Table 1.1 Soil Environments of Potential Concern when Using Geosynthetics (after
Elias, 1990)
Soil Type Characterization and area of occurrence

acid sulfate soils

characterized by low pH and
considerable amount of CL! and SO,
ions (e.g.,pyritic soils in the Appalachian

region)

organic soils

characterized by high organic contents
and susceptibility to microbiological

attack (e.g.,dredged fills)

salt affected soils

occur in areas of seawater saturation or
in dry alkaline areas as the Southwestern

U.S.

ferruginous soils

contain Fe,SO,

calcareous soils

occur in dolomitic areas

modified soils

soils subject to deicing salts; cement

stabilized soil; or lime stabilized soil
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A number of different GRS walls have been constructed using different facing types,
as shown in Figure 1.4, In this section, an introduction to the three low-cost GRS walls: the
USFS wrapped-faced geotextile-reinforced wall, the CTI timber-faced geosynthetic-

reinforced wall, and modular block geosynthetic-reinforced wall, is presented.

1.2.1 USFS Wrapped-Faced Geotextile-Reinforced Wall

Geotextile-reinforced walls with wrapped-face were first constructed in Siskiyou
National Forest in Oregon in 1974 and Olympic National Forest in Shelton, Washington in
1975 by the U. S. Forest Service (Steward and Mohney, 1982). The excellent performance
and low cost of these two walls provide impetus for many wrapped-faced geotextile-
reinforced walls to be constructed in the U. S. and many countries around the world.

The typical configuration of the USFS wrapped-faced geotextile-reinforced wall is
shown in Figure 1.5. The wall facing is constructed by wrapping each geotextile sheet
around its overlying layer of backfill and then re-embedding the free end into the backfill.
The wrapped geotextile wall facing retains the soil immediately behind the wall face; and
the embedded portion of the geotextile restrains lateral deformation of the backfill by soil-
geotextile friction. The geotextile face is usually covered with gunite (shotcrete) or asphalt
emulsion to prevent the geotextile’s weakening due to UV exposure and possible vandalism.
Figure 1.6 shows a completed wrapped-faced wall.

For the wrapped-faced geotextile-reinforced walls that have been constructed to date,
the backfill typically consists of granular fill ranging from silty sand to coarse gravel.

Compacted cohesive backfill has also been used in numerous walls. A wide variety of
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Wall
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A Completed Wrapped-Faced GRS Wall (courtesy Washington

Department of Transportation)

Figure 1.6
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geotextiles with a wide range of mechanical properties and environmental resistances have
been used, including nonwoven, needle-punched or heat-bonded polyester and
polypropylene, and woven polypropylene and polyester. The wrapped-faced geotextile-
reinforced walls have in the past been constructed in remote areas or were used for
temporary purposes; however, they are now being used for permanent urban installations,
as well (Mitchell and Villet, 1987). The wrapped-faced geotextile-reinforced walls generally
range in height from 3 to 20 ft. A 40-ft high temporary vertical wall has been constructed
in Seattle, Washington, and a sloping wall with a height of 66 ft has been constructed in
Allemand, France.
Experiences gained from construction of the USFS wrapped-faced geotextile-
reinforced walls can be summarized as follows:
1) The wrapped-faced geotextile-reinforced wall is very economical, and can be
built by a general contractor.
2) The wall will not exhibit any appreciable creep as long as the backfill is
predominantly granular.
3) The geotextile reinforcement can effectively induce an apparent cohesion for
cohesionless backfill to assume a vertical slope even without a facing.
4) The wall can tolerate large seftlement and differential settlement without
distress.
5) The wall may experience large, short-term deformations if a weak geotextile

is used or if it is not properly constructed.
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6) The wrapped-face wall facing covered with asphalt products or gunite is

considered by some people to be less aesthetically appealing than some other
wall systems.
It is to be noted that most of the wrapped-face geotextile-reinforced walls constructed
to date are designed by the U.S. Forest Service.method (to be presented in Chapter 2).
Measurement of wall performance in the field has indicated that the design is very

conservative.

1.2.2 CTI Timber-Faced Geosynthetic-Reinforced Wall

In early 1980°s, a geosynthetic-reinforced wall utilizing a timber forming/facing
system, known as the CTI timber-faced geosynthetic-reinforced wall, was developed at the
the Colorado Department of Transportation. Figure 1.7 depicts the typical configuration
of the CTT timber-faced wall. A completed CTI timber-faced geosynthetic-reinforced wall

is shown in Figure 1.8.

The timber-faced wall is constructed with preservative-treated wooden timbers that
serve as temporary forming and final facing. All the timbers are inter-connected behind the
facing by forming elements (e.g.,plywood boards) with nails, as shown in Figure 1.9. The
inter-connected timber facing offers both local and global bending resistance, thus reduce
lateral deformation of the wall (Tatsuoka, et al., 1992; Wu, 1992b). The geotextile
reinforcement is securely attached to the facing by nailing between the forming elements

and timbers, and its "tajl"is fold flat toward the back of the wall.
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Most of the timber-faced walls that have been constructed to date are less than 20
ft in height. For higher walls, the facing can be constructed in tiers, which not only allow
room for plantings but also soften the appearance of the wall. A wide variety of soils,
ranging from granular fill to low-quality clayey soil, have been used as backfill. Various
geosynthetics, including woven geotextiles, nonwoven geotextiles, and geogrids, can be used
as reinforcement.

Where there are no constraints on materials or appearance, the CTI timber-faced
geosynthetic-reinforced wall is usually the least expensive wall system. The economies are
realized through low-cost backfill, low-cost facing/forming materials, utilizing the forming
as the permanent facing, relatively inexpensive reinforcement, placing the wall on the ground
(not into the ground) and the option in some cases to truncate the depth of the lower-most
layers of reinforcement.

This retaining wall system has been extensively researched. In 1991, two 10-ft high
CTI timber-faced geotextile-reinforced walls (the "Denver test walls"),one with a cohesive
backfill and the other with a granular backfill, were constructed and tested. A light-weight
(3 oz/yd®) nonwoven, heat-bonded, polypropylene geotextile at 11-inch vertical spacing was
used as reinforcement. The test walls were featured in the Intermational Symposium on
Geosynthetic-Reinforced  Soil Retaining Walls held in Denver, Colorado. The measured
behavior and the predictions of the Denver walls were included in the Proceedings of the
Symposium (Wu, 1992c). The tests indicated that:

1) The CTI timber-faced test walls are very stable. The “failure" surcharge

pressure for the granular-backfill wall was 29 psi; while the cohesive-backfill
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wall was approaching "failure™ at a surcharge pressure of 33 psi. It is to be
noted that current design methods gave failure surcharge pressures (i.e.,for
factor of safety = 1) ranging from less than O psi (i.e., the wall can not be
erected) to 7.3 psi for the granular-backfill wall (Claybourn and Wu, 1992).
None of the current design methods can accommodate the use of a cohesive
backfill.

The cohesive-backfill wall is at least as stable as the granular-backfill wall
provided that the-soil was not wetted. However, when the cohesive backfill
was saturated, the deformation of the wall would become excessive. Neither
walls under the placement condition (placement moisture of the cohesive-

backfill wall was 2% wet of optimum) exhibited any creep deformation under

15 psi surcharge.

The CTI timber-faced geosynthetic-reinforced wall has also been successfully

demonstrated in the field on several projects. Wu, Barrett, and Chou (1994) reported recent

applications in Colorado including the use of a double-faced wall as rock fall barrier. Some

of the case histories are presented in Chapter 4.

Field installation of the CTI timber-faced geosynthetic-reinforced wall has indicated

1)

Where there are no constraints on materials or appearance, the CTI timber-

faced geosynthetic-reinforced wall is usually the least expensive wall system.
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The construction - is simple and rapid as there is no requirement for external
forming system for wall construction. The wall can be built by a general
contractor.

The wall will not exhibit any appreciable creep provided that (a) the backfill
is predominantly granular, or (b) surface and subsurface. drainage is properly
provided to prevent wetting of cohesive backfill.

The wall can tolerate large seftlement and differential settlement without
distress.

The life span of the timber facing tends to dictate the design life of the wall.
When timber is properly treated, the design life of a timber-faced wall can be

well above 50 years.

1.2.3 Modular Block Geosynthetic-Reinforced Wall

Since their introduction in 1985 by Keystone Wall Systems, more than 5000 modular

block geosynthetic-reinforced walls have been constructed. Typical configuration of modular

block geosynthetic-reinforced wall is depicted in Figure 1.10. The facing is composed of

stacked concrete blocks which are small and light enough to be easily handied. The blocks

may be dry-cast machine molded or wet-cast. A variety of modular blocks, varying in size,

shape, weight, color and texture, are available from more than a dozen companies, as shown

in Figure 1.11. These blocks typically range in heights from 4 to 8 inches, and 8 to 30 inches

in width. The blocks are stacked vertically or battered to form the wall face. Mortar or

cement is not used between blocks. Most blocks have build-in hollow cores which are filled
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Figure 1.10 Typical Configuration of a Modular-Block GRS Wall
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Various types of Modular Blocks (Simac, et al., 1993)

Figure 1.11



24

with crushed stone or sand during construction to increase their weight (hence the stability
of the facing). The geosynthetic reinforcement is placed between blocks such that it is
connected to the wall face through interface friction developed between vertically adjacent
blocks, with or without the aid of cast-in lips and/or mechanical shear pins (shown in
Figure 1.12).

When modular block wall was first developed, they were used mostly as low-gravity
landscaping walls of less than 6 ft in height. The use of geosynthetic reinforcement,
however, has taken them to new heights. The geosynthetic reinforcement strengthens the
backfill and reduces the lateral earth pressure. The modular blocks, while providing some
degree of local bending resistance, become primarily an architectural facade. Most
geosynthetic-reinforced modular block walls range from 6 to 25 ft in height, although walls
as high as 40 ft has been constructed (Anderson, et al., 1991). Modular block geosynthetic-
reinforced walls are often battered and commonly built in tiers.

In addition to sharing the advantages of geosynthetic-reinforced walls described in
Section 1.1,aesthetic appeal is a distinct advantage of modular block walls over other wall
systems. Figure 1.13 shows a completed modular block wall with a rough textured face
finish simulating the appearance of natural stone. The combination of a concave face and
rough textured finish help mask some construction mis-alignment or post-construction
settlement. The narrow width of the articulated blocks also make them adaptable to walls
with fairly sharp curves along their length.

Material and engineering costs for modular block geosynthetic-reinforced walls

typically range from $5.50to $10 per square foot of wall face, exclusive of the cost of soil
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Figure 1.13

A Completed Modular Block GRS Wall (courtesy John Tryba, Amastone
Earth Retention Systems)
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fill. Like other GRS walls, judicious use of many on-site soils is permitted in the

construction of modular block walls.

1.3 Rockery

The term rockery is used for several configurations of stacked rocks. In this Manuali,
a rockery is defined as a dry-stacked feature of rocks whose base width is at least seventh-
tenths of the height, as shown in Figure 1.14.

In most cases, rockeries are selected primarily for aesthetic reasons. However, for
locales where large rocks are abundantly available, rockeries may be more cost-effective
than other wall systems. There is little research on rockeries, and field monitoring of the
periormance of rockeries has hardly ever been conducted or reported. Design and
construction of a rockery can be considered as an art form. The design and construction
guidelines presented in this Manual are provided by Robert K. Barrett of the Colorado
Department of Transportation. These guidelines are based on numerous successful

construction of rockeries by the Colorado Department of Transportation.
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Chapter 2

DESIGN OF LOW-COST RETAINING WALLS

2.1 Design of Geosynthetic-Reinforced Soil Retaining Walls
2.1.1 Design Concept

The design of Geosynthetic-Reinforced Soil (GRS) retaining walls, including the
USFS wrapped-faced geotextile-reinforced wall, the CTI timber-faced geosynthetic-
reinforced wall, and modular block geosynthetic-reinforced walls, involves satisfying external
stability and internal stability. External stability refers to the stability of the reinforced soil
mass as a whole in relation to the soil adjacent to it. Internal stability, on the other hand,
refers to stability within the reinforced soil mass.

The external stability is generally evaluated by considering the reinforced soil mass
as a rigid gravity retaining wall with earth pressure acting behind the wall. The wall is
checked, using methods similar to those for conventional stability analysis of rigid earth
retaining structures, for stability against three potential failure modes: sliding failure,
foundation bearing failure, and overall slope failure (see Figure 2.1). A fourth potential
failure mode, overturning failure, also needs to be addressed if the facing is rigid and the
wall is founded on a firm ground.

The internal stability of GRS walls requires that the wall be sufficiently stable against
failure within the reinforced soil mass, i.e.,the reinforcement is not over-stressed and its
length is adequately embedded. Internal failure modes include tensile rupture failure of

reinforcement and pullout failure of reinforcement, as shown in Figure 2.2.
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(@) Rupture Failure

(b) Pullout Failure

Figure 2.2 Internal Failure Modes of GRS Walls
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2.1.2 Design Methodologies

A number of different design methods have been proposed for evaluation of GRS
walls against internal failure. They can be categorized into three groups: ultimate-strength
method, service-load method, and performance-limit method. The ultimate-strength method
is based on the method of limit equilibrium. To provide adequate safety margins, the
ultimate-strength design method applies safety factors to the ultimate strength of the
materials (soil, reinforcement and facing), to the calculated quantities (forces and moments)
obtained by using the ultimate strength, or to both the ultimate strength and calculated
quantities. The service-load method is similar to the ultimate-strength method in that it is
also based on the method of limit equilibrium. However, the design is primarily for the
service loads at which the wall movement and required reinforcement stiffness and strength
are determined.  The performance-limit approach, on the other hand, allows direct
determination of the wall movement and (for some methods) other performance
characteristics of the wall. The design is obtained by limiting the wall deformation and/or
other wall performance characteristics to ensure satisfactory performance of the wall. It is
noted that safety factors are generally used in the performance-limit method to account for

long-term performance of the wall.

2.2 Ultimate-Strength Design Methods for GRS Walls
In North and South America and Asia, the most commonly used ultimate-strength

design methods have been (1) the U.S. Forest Service method (Steward, Williamson, and



33
Mohney, 1977, revised 1983), (2) Broms method (Broms, 1978), (3) Bonaparte et al. method

(Bonaparte, Holtz, and Giroud, 1987), (4) Collin method (Collin, 1986), (5) Schmertmann
et al. method (Schmertmann, Chourey-Curtis, Johnson and Bonaparte, 1987), and (6)
Leshchinsky-Perry method (Leshchinsky and Perry, 1987). These design methods can be
further divided into two groups: earth pressure methods and slope stability methods. The

first four methods belong to the former, while the last two methods belong to the latter.

2.2.1 Earth Pressure Methods

In the earth pressure methods, destabilizing horizontal forces resulting from an
assumed lateral earth pressure behind the reinforced fill are resisted by stabilizing horizontal
forces provided by the reinforcement. Limiting equilibrium analysis is used to equate the
horizontal forces with safety factors to assure adequate safety margins. Two independent
safety factors are determined for each layer of reinforcement. The factor of safety for
reinforcement rupture is the ratio of reinforcement strength to the lateral earth pressure
thrust for the layer. The factor of safety for pullout is the ratio of pullout resistance to the
lateral earth pressure thrust for the layer.

All the earth pressure methods assume a planar failure surface through the reinforced
mass described by the Rankine active failure condition. For a wall with horizontal crest and
subject to a uniform vertical surcharge, the failure surface slopes upward at an angle of 45°
+ ¢/2 from the horizontal (¢ is the angle of internal friction of the backfill), as depicted
in Figure 2.3. The reinforcements extend beyond the assumed failure surface and are

considered to be tension-resistant tiebacks for the assumed failure wedge. As a result, they
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are frequently referred to as tied-back wedge methods.

The four earth pressure methods: the U.S. Forest Service method, Broms method,
Bonaparte et al. method, and Collin method, assume different lateral earth pressure
distributions to describe the horizontal forces that need to be resisted, as shown in
Figure 2.4. The Forest Service method, one of the earliest developed, assumes a linear
earth pressure distribution based on the at-rest earth pressure condition. Broms selected
a constant earth pressure distribution similar to that recommended by Terzaghi and Peck
(1967) for estimating stnut loads for braced open cuts in sands. Collin developed constant
and linear/constant (trapezoidal) pressure distributions for geotextiles and geogrids,
respectively, based on finite element analyses utilizing data from instrumented walls. The
Bonaparte et al. method uses a non-linear distribution which is based on the Rankine active
earth pressure but accounts for a vertical component of the earth pressure thrust from the

retained earth (soil behind the reinforced zone).

2.2.2 Slope Stability Methods

The slope stability methods employ the approach commonly used in conventional
slope stability analysis modified to account for the inclusion of tension reinforcements . and
using varying assumptions concerning the inclination of the reinforcements at the failure
surface (see Figure 2.5 for an example). Leshchinsky and Perry used limiting equilibrium
analyses of rotational (log-spiral) and translational (planar) failure surfaces. The
Schmertmann et al. method is based on 1imiﬁng equilibriumn analysis using wedge failure

models. Straight line and bi-linear wedges are used for different aspects of the analysis.
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Figure 2.4 Lateral Earth Pressure Diagrams of Different Earth Pressure Methods
(Claybourn and Wu, 1993)



Figure 2.5

Resistance of Tensile Reinforcement
(Leshchinsky and Perry, 1987)
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Extended versions of Bishop’s modified and Spencer’s methods of slope stability analysis

were used to modify the results of the wedge analyses. Due to their complicated
computations, the Leshchinsky and Perry and Schmertmann et al. methods both use design

charts. Both methods can be used for steep slopes as well as vertical to nearly vertical walls.

2.2.3 U.S. Forest Service Method - An Ultimate-Strength Design Method

In this section, the design procedure of the U.S. Forest Service method (developed
in 1977 and revised in 1983) is presented, followed by a design example to illustrate the
design method. The design method has been implemented in a computer program called
GREWSON ("son of GREWS"). The design method is applicable to all three types of GRS
walls, aithough the CTI timber-faced wall (whose facing possesses a fair degree of local and
global rigidity, as long as the timber and forming element retain their strength) and modular
block geosynthetic-reinforced walls (whose facing possesses a high local rigidity) will have

a larger inherent safety margin than the USFS wrapped-faced wall.

2.2.3.1 Design Procedure
Step 1: Establish wall profile and check design assumptions

A wall profile should be established from the grading plan of the wall site. The
following design assumptions should be verified:

- The wall face is vertical or near vertical.

- The crest is honizontal.

- The backfill is granular and free draining.
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The wall is constructed over a firm foundation.

1

- The live loads are vertical.

- Seismic loading is not a concem.

If any of the design assumptions is not satisfied, the design method should not be
used.
Step 2: Determine backfill properties ¢ and

The friction angle, ¢, can be estimated conservatively by a soils engineer or
determined by performing appropriate direct shear or triaxial tests. The unit weight, v, can
be determined in a moist density test. Generally, the unit weight at 95% Standard Proctor
relative compaction (i.e., 95% of AASHTO T-99 maximum unit weight) is specified.
However, other densities can also be specified as long as the friction angle ¢ is consistent
with that density.
Step 3: Develop lateral earth pressure diagram due to overburden pressure

The friction angle ¢ determined in Step 2 can be used to calculate the coefficient of
earth pressure at rest, K, = 1 - sin ¢, which in turn can be used to establish the linear
lateral earth pressure diagram along the height of the wall (see Figure 2.6). The lateral

earth pressure at depth z (measured from the crest) is:

Oy = K, (Y2 + @)
in which, q is the vertical surcharge pressure uniformly applied on the crest.
Step 4: Develop lateral earth pressure diagram due to live loads
The lateral earth pressure due to live loads can be calculated by Boussinesq equation.

For a vertical load P applied at a point located at distances x (perpendicular to the wall



Pressure Pressure Composite
due to Overburden due to Live Loads Pressure Diagram

e—d —s

Figure 2.6 Lateral Earth Pressure due to Overburden and Live Ioads
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face) and y (parallel to the wall face) from a selected section along the wall, the lateral

pressure at depth z along the selected section is:

o = Px*z

in which R = (x* + y*> + z)'2. The lateral pressure is typically evaluated at 2-ft vertical
intervals (i.e.,z = 2 ft, 4 ft, etc.) over the height of the wall. Figure 2.7 shows the influence
diagrams for lateral earth pressure due to a line load and a point load. The figure can
greatly aid the calculations of g,;,. When multiple live loads are applied, oy, can be
obtained by superimposing the pressure due to each live load. An example for calculating
lateral earth pressure due to an eight wheel 40-kip dual tandem axle truck can be found in
Steward, et al. (1983) and Koerner (1990). Normally, from one to three sections along the
wall should be checked to determine the most critical one. The values of live loads P can
be determined as the larger value between 1.5 * (legal loads) and 1.2 * (heavy loads).
Step 5: Develop composite lateral earth pressure diagram due to overburden pressure and
live loads

The lateral earth pressure diagrams determined from Steps 3 and 4 are superimposed
to form a composite lateral earth pressure diagram, as shown in Figure 2.6.
Step 6: Determine vertical spacing of reinforcement layers

The vertical spacing between reinforcement layers, s, can be determined by the

following equation:
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S =

in which F,, the factor of safety, should be at least between 1.2to 1.5, depending on the
confidence level in the ultimate strength of the reinforcement. g, is the lateral earth
pressure at the middle of the layer, which is obtained from the combined pressure diagram
(Step 5).

Ty is the ultimate strength of the reinforcement. The value of T, can be specified
by either (A) wide cut strip tensile test, or (B) a combination of grab tensile and 1-in. cut
strip tests. The tests should be performed with the reinforcement in its weakest principal
direction, and Method A is preferred over Method B.

To account for long-term creep potential, a reduction factor should be applied to the
tensile strength obtained from the tests. The value of the reduction factor depends on the

test method as well as the polymer type and style of the reinforcement as follows:

Polymer Type & Style Test Method A Test Method B
Polyester needled 0.7 1.0
Polypropylene needled 0.55 0.8
Polypropylene bonded 0.4 0.6
Polypropylene woven 0.25 0.4

When Method A is used to determine T,,, the following conditions should be

observed:
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- The aspect ratio (the ratio between width and gage length) of the test
specimen should be no less than 2 : 1. The minimum gage length (between
test grips) should be 4 inches.

- The test should be performed at a constant strain rate of 10% per minute.

- The test should be performed in the conditions of 65 + 2% relative humidity
and 70 £ 2 °F 21 + 1 °C) temperature.

- The test specimen should be soaked in water for at least 12 hours and
maintained surface damp during test.

- The grips used in the test should not weaken the specimen and should be able
to hold the specimen without slippage. Tests which fail at the grips should be
disallowed. If slippage cannot be sufficiently limited, elongation must be
measured between points on the specimen rather than between the grips.

- Test results should include applied tensile force per unit width of specimen
vs. strain curve, failure load per unit width, and strain at failure.

When using Method B to determine T, the lesser value of the following two
strengths should be used: (1) 90% of the 1-in. cut strip strength, or (2) 33% of the grab
tensile strength.

Step 7: Determine the length of reinforcement required to develop pullout resistance

As shown in Figure 2.8, the total length of reinforcement, L, required to prevent
pullout failure from occurring is equal to the sum of the anchored length behind the
potential failure plane, L., and the length within the potential failure zone, L, For a

reinforcement at depth z below the crest,
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L=L‘+Lf

where,

L= (- 2 tanss” - )

K sF,

e

2 tan( ¢)

3
in which, H is the wall height, z is the depth of reinforcement layer being considered. The
safety factor against pullout failure, F,, should be at least 1.5to 1.75. A minimum value of
L. = 3 ft should be used.

Where different soils are used above and below a reinforcement layer, the equation

for calculating L, is modified as:

K s F,

2 2
taa(Z ¢,) + tan(z ¢y)

L=

in which, ¢, and ¢, are the friction angles of the soils above and below the reinforcement
layer.

Theoretically, the reinforcement layers at the base can be shorter than at the top to
satisfy the internal stability of the reinforced structure. However, because of external
stability considerations (Step 9), particularly with respect to sliding and bearing capacity, all
reinforcement layers are normally of uniform length.

Step 8: Determine the wrapped length of reinforcement at the wall face
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The wrapped length of reinforcement at the wall face, L, (see Figure 2.8), can be

determined by the following equation:

o,sF,

2<vz+q)tan<%¢)

L =

[

The minimum value for the safety factor, F,, is 1.2to 1.5. The minimum value for
L,is 3 ft.

Step 9: Check external stability

The external stability against overturning, sliding and foundation bearing capacity
should be checked.

Overturning loads are developed from the lateral earth pressure diagram for the back
of the wall. This may be different from the lateral earth pressure diagram used in checking
internal stability (Step 5), particularly due to placement of live loads. Overturning is
checked by summing moments of external forces about the bottom at the face of the wall.

Sliding along the base is checked by summing external horizontal forces. Bearing
capacity is checked using foundation bearing capacity factors (Navy, 1971; Terzaghi and

Peck, 1968; Leonards, 1962).

2.2.3.2 Design Example
Given Conditions
The cross-section of a USFS wrapped-faced peotextile-reinforced soil retaining wall

is shown in Figure 2.9.
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Figure 2.9 Cross-Section of a GRS Wall - Design Example for the USFS Method
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Characteristics of the wall:
- uniform wall height: H = 12 ft

vertical wall

all geosynthetic reinforcement layers are to have the same length

no embedment (wall constructed directly on the ground)
Characteristics of the backfill and retained earth:

- The same soil is to be used for the backfill and retained earth (the soil
behind the reinforced zone), and the density and moisture in the
backfill and retained earth are similar.

- the soil is granular, with moist unit weight y = 115 pcf, ¢ = 0, and ¢
= 37°at 95% of AASHTO T-99 maximum density.

- surface drainage are properly provided

Characteristics of the foundation soil:
- the soil is 2 dense sandy gravel with a uniform blow count of 45
- deep water table
Characteristics of a "trial" reinforcement material:
a polyester needled geotextile which has an ultimate strength, T, of
2,520 1b/ft, determined by the wide cut strip tensile test (Method A
described in Section 2.2.3.1).
Characteristics of loading:

- vertical surcharge uniformly distnbuted over the crest, g = 200 psf
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- a 40-kip live load on the crest due to a dual-tandem-axle truck whose

wheel dimensions and positions with respect to the wall face are shown
in Figure 2.10.

- no concern of seismic loading

Design Computations:
Step 1: Establish wall profile and check design assumptions

The wall profile is as shown in Figure 2.9. The design assumptions listed in Section
2.2 are verified, including granular backfill and a firm foundation.
Step 2: Determine backfill properties ¢ and vy

The backfill is granular, with moist unit weight v = 115 pef,c =0, and ¢ = 37° at
95% of AASHTO T-99 maximum density.
Step 3: Develop lateral earth pressure diagram due to self weight of backfill and surcharge
pressure

The coefficient of earth pressure at-rest, K, = 1 - sing = 1 - sin 37°) = 0.4.
The lateral earth pressure (in psf) at depth z is:

O = K, (2 + Q)
= 04 (115 = z + 200)

The lateral earth pressure along the wall height is tabulated in Table 2.1 and
depicted in Figure 2.11.

Step 4: Develop lateral earth pressure diagram due to live loads
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Table 2.1 Reinforcement length calculations
Depth | 6y Oy Oy 8 L. L¢ L™ L,
() (psf) (psf) (psh (fY (o (ft) () (fr)
0 80 0 80 14.7 3.0 6.0 9.0 0.8
2 172 137 309 3.8 3.0 5.0 8.0 1.4
4 264 181 445 2.6 3.0 4.0 7.0 1.3
6 356 134 490 2.4 3.0 3.0 6.0 1.1
8 448 85 533 2.2 3.0 2.0 5.0 0.9
10 540 46 586 2.0 3.0 1.0 4.0 0.9
12 632 24 656 1.8 3.0 0 3.0 0.8
Note: * obtained from Table 2.2 (at Section A)

Oy = Oy + Oupy

- L=L, +L




53

sidwexy udisoq ay) Jo aInssald yYueg [eige

11°Z 2mdyy

©)uy,

Isd 90€
_ ' ™1 a[mos




54
The lateral earth pressures due to the eight-wheel live load of 40 kips are determined

with the aid of Figure 2.7. The earth pressure due to the live load at 2-ft increment of the
wall height was evaluated at two vertical sections: Sections A and B in Figure 2.10. The
earth pressure is found to be larger in Section A than in Section B (see Table 2.2);thus, the
pressure at Section A is used in the design. The earth pressure due to the live load is
plotted in Figure 2.11.
Step S: Develop composite lateral earth pressure diagram

The composite earth pressure diagram is obtained by combining the earth pressures
obtained in Steps 3 and 4. The composite earth pressure along the wall height is tabulated
in Table 2.1 and plotted in Figure 2.11.
Step 6: Determine vertical spacing of reinforcement layers

For the trial reinforcement (a polyester needled geotextile), the ultimate strength is
reduced by a factor of 0.7; thus T, = 0.7 (2,520) = 1,760 Ib/ft. Using a F, of 1.5, the
vertical spacing, s, can be calculated as:

_ 1760
(15) o,

s (fY)

The required minimum vertical spacing along the wall height is tabulated in Table 2.1. A
uniform vertical spacing of 1.5 ft (or 18 in.) is selected for the desxgn
Step 7: Determine the length of reinforcement

With F, = 1.5,the required anchored length behind the potential failure plane, L.,

and the length within the potential failure plane, L, are calculated as:



(a) at Section A

Table 2.2 Lateral earth pressure due to live load
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Depth Wheel Number Gugy
@) 1 2 3 4 5 6 7 g | @D
0 0 0 0 0 0 0 0 0 0
2 45.1 | 9.9 45.1 18.0 6.9 5.3 35 2.8 136.6
4 55.5 | 12.2 59.0 23.6 10.4 7.9 6.9 5.6 | 181.1
6 347 | 7.6 34.7 13.9 13.8 10.5 10.4 8.4 134.0
8 20.8 | 4.6 20.8 8.3 10.4 7.9 6.9 5.6 85.3
10 104 | 23 10.4 4.2 6.9 5.2 3.5 2.8 45.7
12 3.5 0.8 5.2 2.1 3.4 2.6 3.5 2.8 23.9
Note: ¢, (from wheels 2) = 0.22 o, (from wheel 1); 6 = 56.
g, (from wheels 4) = 0.40 o, (from wheel 3); 8 = 46.1°
o, (from wheels 6) = 0.76 o, (from wheel 5); 6 = 26.5°
o, (from wheels 8) = 0.81 ¢, (from wheel 7); 6 = 23.5°
(b) at Section B
Depth Wheel Number Gy
0 1&2 3&4 5&6 7&8 (psf)
0 0 0 0 0 0
2 23.4 31.6 6.4 3.3 129.4
4 28.9 41.3 9.7 6.4 172.6
6 18.0 24.3 12.8 9.7 129.6
8 10.8 14.6 9.7 6.4 83.0
10 5.4 7.3 6.4 3.3 44.8
12 1.8 3.6 3.2 3.3 23.8
Note: o, (from wheels | & 2) = 0.52 o, (from wheel 1 @ Section A); 8 = 39.8°
oy (from wheels 3 & 4) = 0.70 o, (from wheel 3 @ Section A); 6 = 30.2°
g, (from wheels 5 & 6) = 0.93 ¢, (from wheel 5 @ Section A); 6§ = 15.5°
o, (from wheels 7 & 8) = 0.93 g, (from wheel 7 @ Section A); & = 13.6°
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K, s Fs
2
2 um(g ¢
04 » 15 %15

- - 10
2*tan(%*37")

L. = (H - 2) tan(45° - %)

= (12 - 2) tan(45° - %)

It is to be noted that the length L, is less than the minimum required length of 3 ft;
thus L, = 3 ft was used. The values of L, and L;as well as the total reinforcement length
L (L =L, + L) along the wall height are listed in Table 2.1. A uniform length of 9 ft is
selected for all reinforcement layers.

Step 8: Determine the wrapped length of reinforcement

The wrapped length, L,, at the wall face is calculated as:

oksF,

2(vz+q)tan(§¢)
05*1'5*1‘2

2 (115 x z + 200) tan(% 37%)
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The values of L, along the wall height are listed in Table 2.1. All the L, values are less than

the minimum required length of 3 ft; therefore L, of 3 ft is selected for all reinforcement
Jayers.
Step 9: Check external stability

External stability against overturning, sliding, and bearing capacity should be checked

before accepting the design.

2.2.4 Limitations of the Ultimate-Strength Design Methods

There are several limitations that should be recognized when designing a GRS
retaining wall by one of the ultimate-strength design methods mentioned in Section 2.2. The
following are four major limitations of the ultimate-strength design methods:

€)) The design methods use somewhat arbitrarily assigned safety factors.

Due to the lack of reliable empiricism with geosynthetic-reinforced soil
retaining walls, the safety factors assigned in the design methods are
somewhat arbitrary. A study conducted by Claybourn and Wu (1991) to
compare Six design methods revealed that there are very significant
discrepancies in the safety factors for the various desigh methods. In a typical
wall examined in that study, the combined factor of safety (in terms of the
total quantity of reinforcement required) ranged from 3 to 23 depending on
the method used. Due largely to the wide disparity in the safety factors, the

design obtained by different design methods can be very different. The design
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of a 12-ft high wall by using six ultimate-strength design methods is shown in
Figure 2.12.
The design methods can not determine the wall deformation under service loads

All the ultimate-strength design methods are based on the method of
limit equilibrium. An inherent problem with the limit equilibrium method is
its inability to estimate the wall deformation under service loads.

Moreover, geosynthetics having comparable ultimate strength may have
very different stiffness (see Figure 2.13). The ultimate-strength methods apply
the factor of safety to the ultimate strength without any regard to the stiffness.
Consequently, the wall deformation for walls designed by the ultimate-strength
methods can be very different under service loads.

The design methods are limited to firm foundation, granular backfill and ignore
JSacing rigidity.

One of the advantages of GRS walls is that they are capable of
withstanding large deformations due to foundation settlement. However, none
of the ultimate-strength design methods address the effects of foundation
settlement. The design methods simply assume that the wall is to be
constructed over a rigid foundation. In addition, facing rigidity which is
known to have very significant effects on wall performance (Tatsuoka, et al.,
1992) is not addressed in any of the ultimate-strength design methods.

Perhaps more importantly, the ultimate-strength design methods are

limited to the use of granular backfill. The performance of the hundreds of
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many GRS walls constructed to date has indicated that many on-site soil can

be used satisfactorily as backfill for GRS walls provided that adequate

precautions are taken.

2.3 Service-Load Design Methods

Wall deformation is of particular importance in the design of GRS walls because: (a)
the strains corresponding to the ultimate strength for geosynthetics are very large (well over
100% for more extensible geosynthetics) and can vary drastically for different geosynthetics;
and (b) geosynthetics of similar ultimate strengths can have very different tensile stiffnesses-—-
resulting in different wall deformation under service loads. To alleviate the problem of not
being able to determine the wall deformation under service loads, design methods based on
service-load condition have been proposed. Giroud (1989) proposed a service-load design
method, known as the GeoService method. Christopher, et al. (1989) also proposed a
design method for estimating wall deformation. In 1993, the author modified the
GeoService method based on findings of instrumented fuil-scale test walls and finite element
analyses. The method is the first design method for GRS wall that allows judicious use of
on-site soil as backfill. This is a very important measure as the cost of backfill typically
plays a major role in the total cost of a GRS wall (see Figure 2.14). This design method
is referred to as the CTI design method, and will be presented in Section 2.3.1.

The design methodology for the service-load methods are similar to that of the earth
pressure based ultimate-strength design methods described in Section 2.2.1. Namely, the

reinforced soil zone is subjected to an assumed lateral earth pressure distribution, which is
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resisted by the tensile forces induced in the reinforcement. In the service-load design
methods, however, a design limit strain of the reinforcement (generally far less than the
strain corresponding to the ultimate strength) is selected to impose a performance limit on
the wall deformation. The selection of a geosynthetic reinforcement, therefore, isbased not
only on the ultimate tensile strength requirement,- but also on a required tensile resistance

at the limit strain.

2.3.1 CTI Design Method - A Service-Load Design Method
In this section, the CTT design method, including the design procedure and an design
example, for geosynthetic-reinforced soil retaining walls is presented. The design method
was developed based on findings of instrumented full-scale GRS walls and state-of-the-art
finite element analyses. The design method employs the service-load design methodology,
in which the wall deformation is accounted for in a semi-empirical manner and the selection
of reinforcement is calculated based on the “working stress” (stress at the service loads) as
well as the ultimate strength of the reinforcement. The conditions (assumptions) of the
design method, which should be checked prior to using the design method, are:
- The wall face is vertical or near vertical (more than 80 degrees from the
horizontal).
- The wall height does not exceed 20 ft.
- The backfill has less than 20% of fines (i.e.,less than 20% of its weight passes
the U.S. No.200 sieve), with liquid limit less than 35 and plasticity index not

more than 8.
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The backfill is uniform and free draining (or effective drainage is properly
provided).
The crest is horizontal.
The foundation soil is competent, i.e.,the undrained shear strength is greater
than (30 * wall height in feet) psf for a clayey foundation, and the standard
penetration blow count is at least 8 for a granular foundation.
The vertical surcharge pressure, q, on the crest is uniformly distributed and
its value is less than 0.25yH (y is the moist unit weight of the backfill and H
is the height of the wall).

Seismic loading is not a concern.

This design method has also been implemented in the computer program

GREWSON.

2.3.1.1 Design Procedure

Step 1: Establish wall profile and check design assumptions

A wall profile should be established from the grading plan of the wall site. When

the project involves variation in wall height along the longitudinal direction, one should

choose a proper height interval, say 2 to 3 ft, to allow a gradual change in elevation. An

example is depicted in Figure 2.15.

The design assumptions listed in Section 2.3.2 should then be verified. If one or

more of the assumptions are not satisfied, the design method should not be used. Levels

2,3, or 4 of the computerized design tool GREWS (see Section 2.3) are recommended for
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these cases.

Step 2: Determine soil parameters

The soil parameters needed for design include:

moist unit weight of the backfill (y)

moist unit weight of the foundation. (vy,)

c and ¢ (from Mohr-Coulomb failure envelope determined at peak strains)
of the backfill

¢¢and ¢ (from Mohr-Coulomb failure envelope determined at peak strains)
of the foundation (for a purely cohesive foundation: ¢, = 0, and ¢ is the
undrained shear strength of the foundation soil; for a granular foundation: c;

= 0, and ¢; can be estimated from the standard penetration blow count.

Step 3: Calculate K, for the retained earth

The coefficient of Rankine active earth pressure for the retained earth (i.e.,the soil

behind the reinforced zone), under the conditions of a horizontal crest and ¢ = 0, is

calculated as:

= 2 a_i‘_
K, = ta® (45° - 2

Step 4: Determine a tentative reinforcement length

A tentative reinforcement length can be determined based on the consideration of

three potential failure modes: (a) external sliding failure, (b) foundation bearing failure, and

(c) anchorage failure. If all the reinforcement layers are to have the same length, the
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reinforcement length should be the largest of the lengths obtained from the three potential

failure modes.
a) external sliding failure
The required length of reinforcement to resist external sliding at the lowest
layer of reinforcement, L, is:

, . RALOH+ 29K, - 4K, ]
' 2[tand (YH + @) + c]]

in which, 6 and c, are, respectively, the friction angle and the adhesion between the
base of the reinforced zone and the foundation soil. If the lowest layer of
reinforcement is placed directly on the ground, é and c, are the friction angle and the
adhesion between geosynthetic reinforcement and foundation soil. The values of &
and c, can be obtained by performing foundation soil-geosynthetic interface shear
tests in a direct shear apparatus. In the absence of direct shear test results, § =
(2/3) ¢; and c, = c; are generally assumed. If a layer of backfill material (a
minimum thickness of 4 in.) is placed on the ground surface before laying the first
layer of geosynthetic reinforcement, & = 2/3 ¢ and ¢, = ¢ are commonly assumed.
The recommended minimum F, for external sliding failure is 1.5.
b) foundation bearing failure

The required length of reinforcement to resist foundation bearing failure of

the reinforced zone, L,, can be determined by the following two equations:
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p 05V -2P N, v N, A, - 2)
f (yH + g) L,

.- (¢K, + yHK, - 6c/K) H*
6 L, (g+YH)

The value of L, can be determined by solving the above two equations in an
iterative procedure, or simply substituting the second equation into the first equation.
The safety factor against foundation failure, F,, should be at least 2.0 (noted that the
side shear in the reinforced zone is ignored in the computations). The values of the
bearing capacity factors, N, and N,, are given as a function of the foundation friction
angle (¢ In Figure 2.16. It should be noted that for a cohesive foundation, N, =
Oand N, = 5.14.

In the above computations, the reinforced zone is assumed to be subjected to
a lateral thrust exerted by the retained earth (the side shear resistance between the
reinforced zone and the retained earth is ignored for simplicity). Consequently, the
resultant load on the foundation soil is inclined and eccentric. After the values of
L, and e are determined, it should be checked whether the length L, is at least 6
times the eccentricity e to prevent excessive stresses being developed beneath the

wall face. This can be expressed by the following equation:

L =z6e
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If L, is less than 6 e, L, should be set equal to 6 e.

(c) anchorage failure

To provide adequate anchorage for the potential failure mass, the length of
reinforcement must be at least 3 ft beyond the extent of the active Rankine failure
surface, which assumes an angle of 45° +.4/2 from the heel. The required length

of reinforcement to resist anchorage failure, L,, is:

z.,m)=11m(45°—%)+3

A tentative reinforcement Jlength L, can then be determined as the maximum value
of L,, L,, and L,. The final decision on the reinforcement length will be made after
checking the safety margin against pullout failure (Step 11).

Step 5: Select vertical spacing between reinforcement layers

For wall height less than 12 ft, a uniform vertical spacing of 1 ft is generally selected
for all reinforcement layers. However, varying the vertical spacing may be economical for
higher walls (height greater than 15 ft) or walls that have large wall face area. In those
cases, one may choose two or more spacings. A smaller spacing is generally selected for
reinforcement in lower layers than in upper layers.

Step 6: Calculate the maximum horizontal stresses in the reinforcement
The maximum horizontal stress in the reinforcement at depth z (measured from the

crest) can be calculated by the following equation:
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Oy )=Ka(‘yz+q)-2c‘/f;x

The maximum horizontal Stresses oume Should be calculated at each layer of the
reinforcement.
Step 7: Determine the maximum tensile force in the reinforcement

The maximum tensile force in the reinforcement, T, can be determined by:

T = gy ©

in which, s is the vertical spacing of reinforcement layers. The maximum tensile force
should be calculated for each selected vertical spacing. For a wall with uniform vertical
spacing and reinforcement length for all layers, 0y, at the lowest reinforcement layer (i.e.,
depth z, in Figure 2.17(a)) should be used for calculating T_,,. For a wall with more than
one vertical spacing, T,,, should be calculated at the lowest reinforcement layer of each
spacing (e.g.,depths z, and z, in Figure 2.17(b) for a wall with two vertical spacings).
Step 8: Select a design limit strain for the reinforcement

Deformation (strains) in the geosynthetic reinforcement generally accounts for a
major part of wall deformation. For most cases, one should select a design limit strain of
1% to 3% for the reinforcement. For temporary walls, one may select a design limit strain
as high as 10%. If a small limit strain (1% to 3%) is selected, a stiff geosynthetic such as
a high-modulus geogrid or woven geotextile is generally needed. On the other hand, if a
large limit strain is selected, a wide range of geosynthetics, including nonwoven geotextiles,

may be chosen.
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Step 9: Estimate the maximum lateral displacement of the wall

The maximum lateral displacement of the wall, A, can be esttmated by the

following semi-empirical equation:

H
e = & (755)

in which, e, is the design limit strain selected in Step 8, and H is the wall height.

If the maximum wall displacement exceeds the performance limit, a smaller design
limit strain than that selected in Step 8 should be used such that the maximum lateral
displacement of the wall will satisfy the performance requirement.

Stnctly speaking, the above equation applies only to the USFS wrapped-faced wall.
The CTI timber-faced wall and modular block GRS walls, under otherwise identical
conditions, will experience a smaller lateral wall displacement (typically about 15% smaller)
than that calculated by the equation.

Step 10: Select a geosynthetic

A geosynthetic should be selected such that its tensile stress at the limit strain

(determined in Step 8 or 9) be greater than the maximum tensile force calculated in Step

7 for each selected vertical reinforcement spacing. This condition can be expressed as:

N@ design limit strain) > F, T

The safety factor F, in the above equation is needed to avoid excessive creep
deformation when a backfill with an appreciable amount of fines is employed. The following

values of F, are recommended:
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- For fines content < 12%, and plasticity index < 4,
F, = 1.5 for all geosynthetics
- For fines content > 13%, and plasticity index > 6,
F, = 3.0 for polypropylene geosynthetics
F, = 2.4 for polyethylene geosynthetics
F, = 2.0 for polyester geosynthetics
- For soils not meeting either of the above requirements,
F, = 2.5 for polypropylene geosynthetics
F, = 2.0 for polyethylene geosynthetics
F, = 1.7 for polyester geosynthetics
In addition, the ultimate strength of the reinforcement should be at least 3 times the

stress at the limit strain to provide adequate ductility, i.e.,

T, 2 3 T(@ design limit strain)

It is to be noted that alternate selections of geosynthetic can be made by choosing
a different vertical spacing in Step 5.

The tensile properties (i.e., load/unit width versus deformation curve) of the
geosynthetic should be determined in a wide-width tensile test (ASTM D 4595). For
confining pressure sensitive geosynthetics (e.g.,needle-punched nonwoven geotextiles), the
intrinsic confined test proposed by Wu and his associates (Wu, 1991; Ling, Wu and
Tatsuoka, 1992; Ballegeer and Wu, 1993) is recommended. The increase in stiffness due

to pressure confinement is generally much more pronounced than the increase in ultimate
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strength. For nonwoven needle-punched geotextiles, the increase in stiffness (secant
modulus) can be as high as 100% under a confining pressure of 12 psi, whereas the
corresponding increase in ultimate strength is only about 30%.
Step 11: Check the stability against pullout failure

The safety factor against pullout failure for a reinforcement layer located at depth

Z can be determined by the following equation:

2 tand (yz + q) [L, - (H - 2) tan(45° - %)]

F =

s

O jimazy 5

in which, L; is the tentative reinforcement length obtained from Step 4, oy, is the
maximum horizontal stress obtained from Step 6, & is the angle of friction at soil-
geosynthetic interface. The coefficient of interface friction, tand, can be determined from
the results of a pullout test as (Sobhi and Wu, 1994):

Etln(Ei + 1)
tand = ¥ —

20,L
where, F = applied pullout force at failure (per unit width of reinforcement); L = total
length of the reinforcement specimen; E = inherent confined Young’s Modulus per unit
width of reinforcement; t = thickness of reinforcement; o, = normal stress (overburden) on
reinforcement specimen. In the absence of pullout test results, the angle & is generally
assumed as 2/3 of the friction angle of the backfill, i.e.,d = (2/3)¢.
The safety factor should be calculated at every reinforcement layer. If the values of

F, at all depths of reinforcement are no less than 1.5,the design reinforcement length L =
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L.. On the other hand, if the value of F, at any depth is less than 1.5,L, should be increased

until all F, are greater than or equal to 1.5.

For simplicity, the same reinforcement length is generally used for all layers.
However, a trapezoidal (or truncated) reinforcement configuration, with the shortest
reinforcement at the bottom, as shown in Figure 2.18, can also be used. Such a
configuration is especially economical when excavation of the retained soil is involved in the
construction of the wall. To prevent external sliding failure, the length of the lowest
reinforcement layer should be no less than L, determined from Equation (2) or 4 fi,
whichever is larger. The minimum required length of reinforcement at depth z below the

crest can be calculated by assigning F, = 1.5in the following equation:

F o K} ¢
L =5 MwD ' , (H-2)tan(4d5° - X
™ 2 tand (yz +q) ¢ 2) tan( 2)

It is to be noted that 1n the case of the USFS wrapped-faced geotextile-reinforced soil
retaining walls, the wrapped portion of reinforcement should be at least 3-ft long to prevent
pullout failure at the wall face. For the timber-faced wall, the tail length (folded length) on
the final layer should be greater than 8 ft.

Step 12: Check overall rotational slide-out failure

After the réinforcement length is selected, rotational slide-out failure encompassing
the entire reinforced soil mass should be analyzed. This can be accomplished by using a
reliable slope stability computer program such as STABL. The factor of safety should be

at least 1.3. Otherwise, the reinforcement length should be increased to provide an



j R X

7R /L

Figure 2.18 A Trapezoidal (Truncated) Reinforcement Configuration
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adequate safety margin.

2.3.1.2 Design Example

Given Conditions

The cross-section of a CTI timber-faced geosynthetic-reinforced soil retaining wall

is shown in Figure 2.19.

Characteristics of the wall:

uniform wall height: H = 15 ft
vertical wall
all geosynthetic reinforcement layers are to have the same length

no embedment (wall constructed directly on the ground)

Characteristics of the backfill and retained earth:

The same soil is to be used for the backfill and retained earth (the
earth behind the reinforced zone), and the density and moisture in the
backfill and retained earth are similar.

the soil is a silty sand with 12% (by weight) of fines, liquid limit = 18,
plasticity index = 3, moist unit weight v = 120 pcf, ¢ = 100 psf and ¢
= 33° (at peak strain)

surface and subsurface drainage is properly provided

Characteristics of the foundation soil:

the soil is uniform up to 35 ft below ground surface, and moist unit

weight v; = 120 pcf; ¢, = 200 psf, ¢, = 30°
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Figure 2.19 Cross-Section of a GRS Wall - Design Example for the CTI Method
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- deep water table
Characteristics of the loading:
- vertical surcharge uniformly distributed over the crest, q = 250 psf
- no concern of seismic loading
Performance limit:
- maximum allowable lateral movement of the wall is 2% of the wall

height, i.e., Ay, = (15 ft * 12 in./ft) 2%) = 3.6in.

Design Computations:
Step 1: Establish wall profile and check design assumptions
The cross section of the wall is as depicted in Figure 2.19. The design assumptions
listed in Section 2.2 are verified, including wall height = 15 ft < 20 ft, fines content of
backfill = 12% < 20%, liquid limit = 18 < 35, plasticity index = 3 < 8, surcharge pressure
q = 250 psf < 0.25yH = 0.25(120)(15) = 450 psf.
Step 2: Determine soil parameters
The values of the soil parameters are:
v = 120 pcf; +; = 120 pcf
¢ = 100 psf; ¢ = 33°% c; = 200 psf; ¢ = 30°
Step 3: Calculate K,
The active Rankine earth pressure coefficient of the retained earth is
K, = tan® (45° - 33°2) =0.29

Step 4: Determine a tentative reinforcement length
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Three tentative reinforcement lengths with respect to (2) external sliding failure (L,),
(b) foundation bearing failure (L,), and (c) anchorage failure (L;) are first determined:
(@ Determination of L,
FH[(yH+29K, - 4c/K, 1

bt 2 and (yH + @) -
_ (1.5)(15)[(120%15 + 2250) (0.29) - 4(100),/0.29 ]

2 tan[(%)33"] (120%15 + 250)

6.1 (f)

(b) Determination of L,

From Figure 2.16,N, = 30, N, = 19 for ¢; = 30°; thus,

b 051 W - 2PN, + N, U, - 2)
y (vH + q) L,
0.5+120%19%(L, - 2¢)* + 200+30%(L, - 2¢)

(12015 + 250) L,

2.0

and,

(3¢K, + yHK, - 60@ H?
6 L, (g+vH)
(3+250%0.29 + 120+15x0.29 - 6x100%,/0.29) (15)*
6 + L, + (250 + 120+15)

7.62

L

Substituting e into the equation for F, yields:

L, = 5.3 (ft)



e = 1.4 (ft)
Since L, <6e,
L, =6e = 8.4(ft)

(¢) Determination of L,

L, = H tan(45° - %) +3
15 * tan(4s® - 3§°

1L1 (B

)+ 3

The tentative reinforcement length, L,, is the largest value of L, L,, and L;; i.e.,
L, = 11.1ft (use L, = 11.5 ft for design)
Step 5: Select vertical spacing between reinforcement layers
For simplicity, a uniform vertical spacing of 1 ft between all reinforcement layers can
be selected. For the purpose of illustration, however, a constant vertical spacing of 0.75 ft
will be selected for the lower half of the wall and 1.5 ft for the upper half of the wall (i.e.,
s; = L.5ft and s, = 0.75 ft in Figure 2.7).
Step 6: Calculate the maximum horizontal stresses in the reinforcement
The maximum horizontal stresses in the reinforcement at each reinforcement layer
are calculated. The results are shown in Table 2.3.
Step 7: Determine the maximum tensile forces in the reinforcement
The maximum tensile forces at z = 7.5 ft and z = 15 ft are calculated as:
Toex (@ Z = 7.5ft) = 6 man S = 226 (1.5) = 340 (Ib/ft)

Toux (@ Z = 15 ) = 0, gy 5 = 487 (0.75) = 365 (Ib/ft)



Table 2.3 Horizontal stresses in the reinforcement and safety factors against

pullout failure

Depth Ohena) Fs (pullout
(€13) (psf) failure)
1.5 17 56.9
3.0 69 23.8
4.5 121 20.4
6.0 174 19.9
7.5 226 20.4
8.25 252 41.6
9.0 278 42.5

9.75 304 43.6
10.5 330 4.7
11.25 356 45.9
12.0 382 47.1
12.75 408 48.3
13.5 435 49.5
14.25 461 50.8
15.0 487 52.2

1
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Step 8: Select a design limit strain for the reinforcement

A design limit strain of 3% in the reinforcement is selected for the design of the wall.
Step 9: Estimate the maximum lateral displacement of the wall

With the design limit strain of 3%, ignoring the reduction in the displacement due
to the rigidity of the timber facing, the maximum lateral movement of the wall is estimated
as:

A, = (3%) (15/1.25) = 0.36 (ft) = 4.3 (in.)

The maximum lateral movement is greater than the maximum allowable lateral
movement of 3.6in.,the design limit strain of reinforcement is then changed to 2.5%. The
corresponding maximum lateral wall movement becomes:

A, = (2.5%) (15/1.25) = 0.3 (ft) = 3.6 (in.) (0.k.)
Step 10: Select the geosynthetic

The backfill has 12% of fines, thus, the geosynthetic selected must have the following

properties in the transverse direction of the wall:

(@ T (@ design limit strain of 2.5%) > F, * T,

Since fines content = 12% and plasticity index =3, F, = 1.5; thus,

T(@e=2.5%) > (1.5)(340) = 510 (Ib/ft)  (for upper 7.5 ft)
T(@e=2.5%) > (1.5)(365) = 550 (Ib/ft)  (for lower 7.5 ft)

® Ty >3*T(@e=2.5%)
Ty > 3 (510) = 1,530 (Ib/ft)  (for upper 7.5 ft)
Ty >3 (550) = 1,650 (Ib/ft)  (for lower 7.5 ft)

Step 11: Check the stability against pullout failure
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The safety factors at all depths of reinforcement are calculated and listed in

Table 2.3. In the absence of pullout test results, the soil-geosynthetic interface friction angle
6 is taken as (2/3)¢, i.e.,8 = 22°. The safety factor against pullout failure are well above
a minimum of 1.5 at all reinforcement layers.
Step 12: Check overall rotational slide-out failure

The overall rotational slide-out failure is checked by a slope stability computer

program. The factor of safety is greater than 1.3.

Design Summary (for reinforcement):
length (uniform st all depths) = 11.5 ft
vertical spacings:
s = 1.5 ft for the upper 7.5 ft of wall
s = 0.75 ft for the lower 7.5 ft of wall
T(@e=2.5%) > 510 Ib/ft  (for upper 7.5 ft)
T(@e=2.5%) > 550 Ib/ft  (for lower 7.5 ft)
Ta > 1,530 (Ib/ft)  (for upper 7.5 ft)

Ty > 1,650 (b/ft)  (for lower 7.5 ft)

2.3.2 Simplified CTI Design Method
A simplified CTI method, which is a simplified version of the CTI design method

described in Section 2.3.2,is presented in this Section. The simplified design method can
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be used when the wall height is not greater than 15 ft, the foundation is firm, the backfill

is granular, and a "quick” design is desired and warranted.

2.3.2.1 Design Procedure
Step 1: Establish wall profile and check design assumptions

The design assumptions are than same as those for the CTI design method (see
Section 2.3.1),expect that:

- wall height should be no more than 15 ft

- backfill should be granular

- foundation should be firm
Step 2: Determine the moist unit weight v and angle of internal friction ¢ of the backfill

The angle of internal friction, ¢, can be estimated or determined by appropriate
direct shear or triaxial tests. The moist unit weight, +, can be determined in a moist density
test. Generally, a unit weight of 95% AASHTO T-99 maximum density is specified.
However, other densities are also allowed provided that the angle ¢ is consistent with that
density.
Step 3: Determine the reinforcement length

The reinforcement length, L, is:

L = [tan@5° - %) + 021 H

Step_4: Calculate the maximum tensile force in the reinforcement



The maximum tensile force in the reinforcement, T,,,, is calculated as:

T =  (4H + 0) tan’ls? - )

in which, s = vertical spacing between reinforcement layers, and H = wall height. For wall
height not greater than 12 ft, a uniform spacing of 1 ft is generally selected for all
reinforcement layers.

Step 5: Determine a design limit strain for the reinforcement

The design limit strain, e4, can be determined as:

Am
€; = 1.25 (T)

in which, A_,, is the maximum allowable lateral displacement of the wall, and H is the wall
height.
Step 6: Select a geosynthetic
A geosynthetic reinforcement can be selected such that:
T(@ design limit strain) > F, T_,,
and
Ty > 3 T(@ design limit strain)

in which, the factor of safety, F,, should be at least 1.5.

2.3,2.2 Design Example

Given Conditions
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The cross-section of a CTI timber-faced geosynthetic-reinforced soil retaining wall
is shown in Figure 2.20.
Characteristics of the wall:
- uniform wall height: H = 12 ft

vertical wall

L

all geosynthetic reinforcement layers are to have the same length
- no embedment (wall constructed directly on the ground)
Characteristics of the backfill and retained earth:

- The same soil is to be used for the backfill and retained earth (the
earth behind the reinforced zone), and the density and moisture in the
backfill and retained earth are similar.

- the soil is a sandy gravel, with moist unit weight v = 115 pef, ¢ = 0,
and ¢ = 35°at 95% AASHTO T-99 maximum density.

- surface and subsurface drainage are properly provided

Characteristics of the foundation soil:

- the standard penetration blow count is 40 uniform to 35 ft below
ground surface

- deep water table

Characteristics of the loading:
- vertical surcharge uniformly distributed over the crest, q = 250 psf
- no concern of seismic loading

Performance limit:
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Surcharge = 200 psf
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Figure 2.20 Cross-Section of a GRS Wall - Design Example for the Simplified -CTI
Method
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maximum allowable lateral movement of the wall is 3% of the wail
height, i.e., A, = (12 ft * 12 in./ft) (3%) = 4.3in.
Design Computations:
Step 1: Establish wall profile and check design assumptions
The cross section of the wall is as depicted in Figure 2.20. The design assumptions
are verified, including wall height < 15 ft, granular backfill and a firm foundation.
Step 2: Determine < and ¢ of the backfill
At 95% AASHTO T-99 maximum density, v = 115 pcf and ¢ = 35°.
Step 3: Determine the reinforcement length
L = [tan (45° - 35'/2) + 0.2) 12 = 8.6ft
Step 4: Calculate the maximum tensile force
Tow = (1) (115 * 12 + 250) tan*(45° - 35%2) = 442 (Ib/ft)
Step 5: Determine the design limit strain
ey = 1.25(4.3/12)/12 = 3.75%
Step 6: Select geosynthetic
The geosynthetic selected must have the following tensile properties:
T (@ 3.75%strain) > 1.5 (442) = 660 (Ib/ft)

Ty 2> 3 (660) = 1,980 (Ib/ft)

2.3.2.3 Design Charts
The design charts shown in Table 2.4 are based on the simplified CTI design method

described 1n Section 2.3.2.1. The design charts can be used when the wall height is not



Table 2.4(a) Design Charts based on the Simplified CTI Method for Wall Height, H = 8 ft

Wall Height, H = 8 fit

Rriction Angle of Backfill, | 30° | 32 34° w | o w | 4
Reinforcement Length, L (ft) 6.2 6.0 5.9 5.7 5.5 5.3 5.2
s = 8" 380 350 320 290 270 250 220

(lt?;?t s = 127 570 520 480 440 400 370 340

s = 16" 750 690 640 590 540 490 450

s =8" 1130 1040 960 880 810 740 670

(lg}?t) s = 12" 1700 1560 1440 1320 1210 1110 1010

s = 16" 2260 2090 ISL 1760 1610 1470 1340

Note:

1. Design limit strain, e¢; = (1.3 * A,,)%, where A_,, is the maximum allowable lateral wall movement (in inches)
2. T, : required force/width of geosynthetic reinforcement at design limit strain (eg)

3. Ty : minimum required ultimate strength of geosynthetic reinforcement

4, s : vertical spacing of reinforcement

5. Surcharge pressure = 250 psf (increase T, and T, each by 22 % for every additional 250 psf surcharge pressure

16



Table 2.4(b) Design Charts based on the Simplified CTI Method for Wall Height, H = 10 ft

Wall Height, H = 10 ft

. 1
- Priction Angle of Backfill, ¢ | 30° | 32° 34° 36 38 40> | 4
| (depree) Al N | 2 T UL oo X1 VI | =y, T8
Reinforcement Length, L (ft) 7.8 7.5 7.3 7.1 6.9 6.7 6.5
s =8 450 420 380 350 320 290 270
(“;1};0 s = 12" 680 620 570 530 480 440 400
s = 16" 900 830 760 700 640 590 540
s = 8" 1350 1240 1150 1050 960 880 800
Og,“;,;) s = 12" 2030 1870 1720 1580 1450 | 1320 1200
s = 16" 2700 2490 2290 2100 1930 1760 1610
ote.:

1. Design limit strain, ¢; = (1.05 * A_,,)%, where A,,, is the maximum allowable lateral wall movement (in inches)
2. T, : required force/width of geosynthetic reinforcement at design limit strain (e,)
3. T, : minimum required ultimate strength of geosynthetic reinforcement

4, s : vertical spacing of reinforcement

5. Surcharge pressure = 250 psf (increase T,, and T, each by 18 % for every additional 250 psf surcharge pressure
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Table 2.4(c) Design Charts based on the Simplified CTI Method for Wall Height, H = 12 ft

Wall Height, H = 12 ft

— m
Friction Angle of Backfill, ¢ |  36° : 32 34° 36° 38° | 42
_(degres) | . ot | el .. Helmr
Reinforcement Length, L (ft) 9.3 9.1 8.8 8.5 8.3 8.0 1.7
s = 8" 520 480 440 410 370 340 310
Tul — ]
(Ib/ft) s =12 790 720 670 610 560 510 470
s = 16" 1050 970 890 820 750 680 620
s = 8" 1570 1480 1330 1220 1120 1020 930
Tu _ inm
(Ib/f) s =12 2360 2170 2000 1830 1680 . 1540 1400
s = 16" 3140 2890 2660 2450 2240 2050 1870
Note.
1. Design limit strain, ¢; = (0.9 * A, )%, where A_,, is the maximum allowable lateral wall movement (in inches)
2. T, : required force/width of geosynthetic reinforcement at design limit strain (e,)
3. T, : minimum required ultimate strength of geosynthetic reinforcement
4, s : vertical spacing of reinforcement
5. Surcharge pressure = 250 psf (increase T,qand T, each by 16 % for every additional 250 psf surcharge pressure

£6



Table 2.4(d) Design Charts based on the Simplified CTI Method for Wall Height, H = 15 ft

Wall Height, H = 15 ft

Friction Angle of Backfill, ¢ | 36° | 3 | A R e | 4
Reinforcement Length, L (ft) 11.7 11.3 11.0 10.6 10.3 10.0 9.7
s = 8" 630 580 540 490 450 410 380
T!d _ 1]
(Ib/ft s =12 950 880 » 810 740 680 620 570
s = 16" 1270 1170 1070 990 900 830 750
s = 8" 1900 1750 1610 1480 1360 1240 1130
(lt'}}“%tt) s = 12" 2850 2630 2420 2220 2030 . 1860 1700
s = 16" 3800 3500 3220 2960 2710 2480 2260
Note:
1. Design limit strain, ¢, = (0.7 * A,,) %, where A,,, is the maximum allowable lateral wall movement (in inches)
2. T, : required force/width of geosynthetic reinforcement at design limit strain {e,)
3. Ty : minimum required ultimate strength of geosynthetic reinforcement
4, s : vertical spacing of reinforcement
5. Surcharge pressure = 250 psf (increase T, and T, each by 13 % for every additional 250 psf surcharge pressure

¥6
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greater than 15 ft, the foundation is firm, the backfill is granular, and a "quick" design is
desired and warranted.

To use the charts for design of a GRS wall, the following four parameters are
needed:
- the wall height, H
- the friction angle of the backfill, ¢
- the vertical spacing of reinforcement, s
- the maximum allowable lateral wall movement, A,
The design charts allow one to determine:
- the minimum reinforcement length, L
- the minimum force/width of the geosynthetic reinforcement at the design
limit strain, T 4 (note: the design limit strain for each wall height is shown in
the footnotes of Table 2.4)
- the minimum required ultimate strength of the geosynthetic reinforcement, T,
Design Example:
The same as the design example described in Section 2.3.2.3j.e.,H = 12 ft, ¢ = 35°,
and A, = (3 %) *H.
Use Table 2.4(c) for wall height H = 12 ft,
A, = 3%) H = 3%)(12)(12) = 4.3in.
The design limit strain ¢; = (0.9 * A_ )% = (0.9 * 4.3)% = 3.9%
For ¢ = 35° (interpolate between ¢ = 34°and ¢ = 36°) and s =121in.,

L =(8.8+ 8.5)/ 2 = 8.65 (ft)
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T,=T (@ 3.9%) = (670 + 610) / 2 = 640 (Ib/ft)

Ty = (2,000 + 1,830) / 2 = 1,920 (Ib/ft)

2.3.3 Limitations of the Service-Load Design methods

The service-load design methods determine the required resistance of the
geosynthetic reinforcement under service loads, thus alleviate some of the problems
associated with applying a safety factor to the ultimate strength (as in the ultimate-strength
design methods). However, the calculation of wall deformation is verycrude. many of the
factors that have been known to affect wall deformation are not included in the calculation.
Some of the important factors are load-deformation behavior of backfill during construction
and under service loads, compaction operation of the backfill, deformation characteristics
of the foundation, construction sequence, and facing rigidity. In addition, the design
methods are limited to their respective design assumptions regarding wall height, wall

geometry, magnitude of surcharge, uniformity of the retained earth and foundation, etc.

2.4 Performance-Limit Design Methods

There are a number of design methods that allow the designer to determine the
deformation of GRS walls in a more realistic manner than the service-load methods.
Among them, the methods proposed by Gourc et al. (1986), Jewell and Milligan (1989) have
received most attention.

Recently, the author and his associates developed a comprehensive computerized

design tool for geosynthetic-reinforced soil retaining walls and steep slopes. The design tool,
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in the form of a computer program called "GREWS," allows the designer to choose among
four levels of sophistication, from the ultimate-strength design methods to a state-of-the-art
performance-limit method. The performance-limit design method incorporated in GREWS
is based on the finite element method of analysis. The design method can accommodate
(@) any geometries of backfill, retained soil, and foundation; (b) any static loading
conditions; (c) stress-strain-strength behavior of the soils and the geosynthetic reinforcement;
and (d) construction sequence. Most importantly, it is possible to use GREWS with
"conventional input" (i.e.,those required by the service-load design methods) and little or
no working knowledge of the finite element method. A description of GREWS is presented

in the following Section.

2.4.1 GREWS - A Comprehensive Design Tool for GRS Structures

GREWS, the acronym for Geosynthetic-REinforced Walls and Slopes, is a
comprehensive design/analysis tool for geosynthetic-reinforced soil retaining walls and steep
slopes. The computer program was developed by Wu, Helwany and Macklin in 1993 on
behalf of CTI and CDOT. The design/analysis tool has four levels of sophistication:

1. Level-1 uses existing limit equilibrium design methods, including the Forest
Service ultimate-strength method, AASHTO ultimate-strength method, and
the CTI service-load method, for design of GRS walls.

2. Level-2 is capable of performing design and analysis of a wide variety of GRS

walls in prescribed conditions by the finite element method.
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3. Level-3 allows the user to make modifications to the "canned" configurations

and properties of Level-2 design.

4. Level-4 involves "standard” analysis of GRS walls using the finite element

method.

Levels-2, -3 and -4 are derived from. a finite element program DACSAR
(Deformation Analysis Considering Stress Anisotropy and Reorientation), which was
developed by lizuka and Ohta (1987) at Kyoto University, Japan. Extensive work has been
conducted to verify DACSAR through comparisons with various soil "element” tests
laboratory model tests, full-scale controlled tests of geosynthetic-reinforced soil retaining
walls, and field tests.

Chou (1992) conducted a comparative study of four finite element computer codes:
CRISP (developed at Cambridge University in England), CON2D (developed at Virginia
Polytechnic Institute and State University), SSCOMP (developed at the University of
California at Berkeley) and DACSAR. DACSAR was judged to be the best code for time-
dependent analysis of soil-structure interaction problems.

Depending on the chosen level of sopllisﬁcation, GREWS allows the user to perform
analysis and/or design of GRS walls. Level-1 is for design only; Levels-2 and -3 can be
used for design or analysis; while Level-4 is for analysis only. In the “"analysis” mode, the
user inputs the geometry of the wall, reinforcement configuration (i.e.,length and spacing),
reinforcement properties and soil propertiecs. GREWS will calculate the response of the
reinforced soil wall. In the "design" mode, the user supplies information similar to that in

the "analysis" mode, except that the performance limits (e.g.,allowable wall movement) are
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input in place of reinforcement configuration and reinforcement properties. GREWS will
design the wall and determine the wall response.

When using Level-2 or -3 in the "design” mode, a finite element analysis will first be
performed on a trial design selected by the program. If the calculated performance of the
reinforced structure is not within the acceptable limits (e.g.,the deformation is excessive or
the safety factor is too low), modifications to the trial design will be made by GREWS and
additional finite element analyses will be performed until a satisfactory design is obtained.

All four levels assume plane strain geometry (i.e.,the wall is far much wider than its
beight). Levels -2, -3, and -4 are cast in incremental form to simulate sequential
construction operation. The soil behavior is simulated by either Sekiguchi-Ohta model

(1977) or the modified Duncan Model (Duncan, et al., 1980).

2.4.2 Four Levels of Sophistication of GREWS

A summary of the four levels of sophistication is presented in Table 2.5. Some
details of each level of sophistication are given in the following:
Level-1: Empirical Design

Level-1 can be used for design of GRS walls using limit equilibrium methods,
including the Forest Service ultimate-strength method (presented in Section 2.2.3),
AASHTO ultimate-strength method (AASHTO, 1992), and the CTI service-load method
(presented In Section 2.3.1). Level-1 design may be used for preliminary design or merely
as z benchmark for final design.

Level-2: Automated Design/Analysis



Table 2.5 A Summary of the Four Levels of Sophistication
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Characteristics Level-1 Level-2 ~ Leveld Level4
Geometry vertical or near walls and steep allows modification | any geometries
vertical walls only | slopes of to Level-2
prescribed geometries
geometries '
Soil Zones homogeneous three soil zones: allows modification | no prescribed soil
backfill; wall on  reinforced fill, to level-2 soil zones
rigid foundation retained earth, and | zones
foundation
External Loading | uniform surcharge | uniform surcharge | uniform surcharge | any static loads
(distributed
and/or
concentrated
loads)
Analytical limit equilibrium finite element finite element "standard” finite
Approach method method with method with element method
automatic mesh automatic mesh
generation generation
Design/Analysis design only analysis and analysis and (semi- | analysis only
capability (automated) design | automated) design
Design ultimate-strength performance-limit performance-limit not applicable
Methodology design and service- | design method design method
load design
methods
Knowledge of not needed not needed need working needed
Finite Element knowledge
Method
Typical Computer | a few seconds a few minutes to a few minutes to a few minutes to

Run Time

several hours

several hours

several hours
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Level-2 is capable of performing analysis and design of GRS walls in a variety of

different conditions. The design and analysis, performed by the finite element method, is
automated in such a way that the user only needs to supply "conventional” input. For
example, when using the "design mode" of Level-2, the designer needs to supply only the
information regarding the geometry and the soil type (and compaction), although he/she can
always specify more project-specific information (if available). GREWS will determine the
reinforcement configuration and required reinforcement strength and print out the
corresponding deformation and safety factors. A design example using Level-2 is given in
Section 2.4.3. A number of different automated finite element meshes have been
implemented to accommodate GRS walls of different heights, different backfills, different
foundations, and walls different retained soil conditions.
Level-3: Semi-Autornated Design/Analysis

Level-3 design/analysis allows the user to make modifications to the input of Levei-2
design/analysis. For example, if the geometry of the retained earth deviates from that
generated by the automated mesh of Level-2 design, the designer may use Level-3 to
specify the changes in Level-2 input so that the design can still be performed in an
automated manner.

Level-3 can also be used in situations where the user wants to specify the material
properties in a2 more discriminating manner. For example, the user can use Level-3 to
assign different material types in any soil elements generated by Level-2 in order to simulate

nonhomogeneous backfills or foundations.

Level-4: Standard Finite Element Analysis
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Level-4 uses "standard” finite element method for analysis of GRS walls. In other

words, the designer needs to input the finite element mesh, the material properties, the
boundary conditions, and the loadings just like when one uses any finite element programs.
Use of Level-4 design requires a good working knowledge of the finite element method and

will allow analysis of virtually an geosynthetic-reinforced soil structures.

2.4.3 Design Example - Level 2
Given Conditions:
It is desired to design a vertical GRS wall depicted in Figure 2.21.
Input Data:
The input data for the design example are listed in Table 2.6. In this case , the input
contains only a total of 22 numbers. The input data supply the following information:
1. geometry,i.e.H,, H,, L,, L,, and L; (see Figure 2.22)
Only the parameter H, is mandatory. Default values for the other
parameters, if not provided, will be selected by GREWS.
2. types of material for the backfill, the retained soil, and the foundation soil
The material types can be specified by identifying their soil classification and
other index properties. Typical soil parameters will then be selected from a
material library in GREWS; in cases where test data for the backfill are
readily available, the user has the option of specifying the soil parameters.

3. type of facing, such as wrapped, articulated, or continuous
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Table 2.6 Input Data for the Design Example - Level 2

Line No. Input Data
1 2
2 1 3 1 50
3 3 9 9 0 0 3 1
4 240 120 220 160 700 160
5 0
6 0
7 0 ©
8 0.5
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For articulated and continuous facings, GREWS will also print out the

required facing rigidity.
4, allowable performance limits
The performance limits include allowable lateral wall displacement and factor

of safety against shear failure.

Program Execution:

After accepting the input from the designer, GREWS will automatically establish a
finite element mesh corresponding to the selected geometry, as shown in Figure 2.23. A
finite element analysis will then be performed on a trial design selected by GREWS. If the
calculated performance of the reinforced structure is not acceptable (e.g.,the deformation
is excessive or the safety factors are too low), modifications to the trial design will be made
by GREWS and additional finite element analyses will be performed until a satisfactory

design is obtained.

Output:

GREWS will calculate the response of the GRS wall, including the displacements of
the wall face; the displacements, stresses, strains in the backfill, retained soil and foundation;
the displacements and tensile forces in the reinforcement; and safety factor against shear
failure. GREWS allows the designer to choose among three levels of output which contain
different degrees of detail. Figure 2.24 shows the simplest level of output for the design

example. Figure 2.25 shows the deformed geometry of the GRS wall.



Figure 2.23

Finite Element Mesh Generated by Level-2 of GREWS
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Solution Level: 2
IDSGN = 1
IDSGN = 1 Design
IDSGN = 2 Analysis
ICASE = 3
ICASE = 1 Walts on rigid foundation
ICASE = 2 Walls on deformable foundation
ICASE = 3 Walls on deformable foundation and with retained sail
ICASE = 4 Slopes on rigid foundation
ICASE = 5 Slopes on deformable foundation
ICASE = 6 Slopes on deformable foundation and with retained soil
{SURCH = 1
ISURCH = 0 Without surcharge on crest
ISURCH = 1 With surcharge on crest
SIGSUR = 5.0

SIGSUR is the magnitude of surcharge pressure (in psi)

Design Trial No.: 1

Backfill soll type: 3

Facing Type: articulated timber facing
Apparent Fs:

(against shear failure) 35

Displacements at wall face:
Maximum horizontal displacement = 1.5 in.
(@x=380In; y=2141in)
Maximum vertical displacement = 1.9 In.
(@x=273in.; y=2360in)

Reinforcement:

Vertical Spacing 8in.
Length 160 in.
Required reinforcement stiffness/strength:
T (ib/ft) > 209
@ design limit strain 1%
Ty (b/ft) > 627

Figure 2.24 The Simplest Output for the Design Example
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Deformation of GRS Wall for the Design Example

Figure 2.25
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2.5 Design of Rockery

No two rockeries are alike. Design of rockeries is more an art than a science. The

following are design recommendations derived from field experiences:

1)
2)

3)

4

5)

The base-to-height ratio of a rockery should not be greater than 0.7.
maximum height of a rockery should not exceed 15 ft.

The first course of rocks must be embedded under ground surface. The depth
of embedment should be at least one half of the rock diameter or 2 ft,
whichever is larger.

The allowable steepness of a rockery face depends largely on the rock size
and shape. Rocks with weight greater than 500 Ib and rectangular in shape
can be used to create a rocker face of steepness up to 2 (vertical) to 1
(horizontal) slope. Smaller or rounded rocks should be limited to the
construction of rockeries not steeper than 4 (vertical) to 3 (horizontal) slope.
Rocks should be placed in fairly uniform lifts, and infilled with a granular
material such as a road base aggregate. The infilling should be as complete
as possible. Since large rocks typically have diverse sizes and shapes, lift lines

will not be visible in the final appearance of rockeries.
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Chapter 3

CONSTRUCTION OF LOW-COST RETAINING WALLS

3.1 Construction Considerations for GRS walls

Earthwork construction control for geosynthetic-reinforced soil walls, including the
USFS wrapped-faced geotextile-reinforced wall, the CTI timber-faced geosynthetic-
reinforced wall, and modular block geosynthetic-reinforced walls, is essentially the same as
that required for conventional retaining structures, but with a few additional details that
requires special attention. Field substitutions of backfill materials or changes in construction
sequence, procedures, or details should only be permitted with the express consent of the
responsible geotechnical or preconstruction design engineer.
Site Preparation

Before placement of the reinforcement, the ground should be graded to provide a
smooth, fairly level surface. The surface should be clear of vegetation, large rocks, stumps,
and the like. Depressions may need to be filled; soft spots may need to be excavated and
replaced with backfill material; and the site may need to be proof rolled. However, it is
usually not necessary to sub-excavate the ground for embedment and frost heave protection,
as is commonly done in the construction of conventional reinforced concrete walls. It is
recommended that a nominal thickness (about 4 to 6 in.) of granular soil be placed at the

base of the wall for drainage and leveling purposes.



112

If site preparation involves excavation, the construction site should be excavated to
the limits shown in the plans. The excavation width at any depth should be equal to or
exceed the length of the reinforcement layer designed for that elevation.

Handling of Geosynthetic Reinforcement

Geosynthetics, especially geotextiles, should not be exposed to sunlight and extreme
temperatures for an extended period of time. Damaged or improperly handled geosynthetic
reinforcement should be rejected.

Placement of Geosynthetic Reinforcement

After the reinforcement is in place, it should be examined carefully. Damaged or
torn materials should be replaced or repaired as prescribed in the specifications. In no case
should construction equipment be allowed to operate directly on any geosynthetic
reinforcement before fill is placed. When using a geotextile reinforcement, a minimum
backfill cover of 6 in. should always be maintained between the geotextile and moderate size
construction equipment (e.g, Caterpillar D6 or 955).

The geosynthetic reinforcement should be unrolled in the direction perpendicular to
the wall face whenever feasible. In which case, overlapping of adjacent geosynthetic sheets
should be at least 6 in., and sewing or other connections is usually not necessary. If the
reinforcement is not unrolled perpendicular to the wall face, joining adjacent geosynthetic
sheets should be performed strictly according to the plan and specifications. Generally,
overlapping the layers should be of a minimum of 3 ft; sewing of layers should be made on

a minimum of 4 in. overlaps.
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Wrinkles and folds in the geosynthetic reinforcement prior to placement of fill should
be kept to a minimum. Slight pre-tension of geosynthetic reinforcement (e.g.,by stretching)
is beneficial.

Fill Placement and Compaction

Backfill should be progressively dumped and spread toward the wall face. Special
attention should be given to ensuring good compaction of the backfill, especially near the
face of the wall. Otherwise detrimental settlements behind the face may cause a downward
drag on the reinforcement, which might induce excessive tensile stress in the reinforcement,
particularly near the face of the CTI timber-faced geosynthetic-reinforced wall and modular
block walls for which the reinforcement is attached to the facing.

Each lift should not exceed 12 in. in loose thickness and should be compacted to
achieve a minimum of 95% of the maximum dry density according to ASTM D698 or
AASHTO T-99. It is recommended that the placement moisture content for a granular fill
be + 2% of the optimum, and within 4% wet of optimum (i.e., between the optimum and
4% wet-of-optimum) for a cohesive fill. At the end of each day’s backfilling operation, the
last lift of fill should be sloped away from the wall facing to direct any possible runoff away
from the wall face.

Alignment of Wall Face

For all the wall systems, care should be taken not to allow heavy construction
equipment to operate too close (within 1 to 2 ft) to the wall face. Otherwise undesirable
bulging of face may result. For the USEFS wrapped-face geotextile-reinforced wall, especially

when wall height is greater than 6 ft, the use of a formwork against the wall face during
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placement of backfill can help maintain the alignment. For modular block walls, the
alignment of the first few courses of blocks is critical to the alignment of the wall face.
Control of Water During Construction

Surface runoff should be directed away from the site during construction. Also,
surface runoff from adjacent areas should be prevented from encroaching on the site. The
simplest way to control surface water is to excavate a trench or construct a dike or curb
around the perimeter of the site, and disposal of the water by gravity or by pumping from
sumps.

For walls constructed - below the ground water table, dewatering may be required to
provide a working platform. Although there are many methods available for this purpose
(e.g., well points, horizontal drains, etc.), the simplest technique is to construct perimeter
trenches and connect them to sumps. This method is most effective when the excavation
is in cohesive material and the ground water is not too high. The trench should be installed
as far from the location of the wall base as practical to prevent disturbance due to ground
water seepage. In certain cases, impermeable barrier to reduce or eliminate the inflow of
ground water into the work site may be more effective than dewatering. Usually the
selection of the method is left to the contractor.

Surface Ru Drainage

To reduce percolation of surface water into the backfill during the service life of a
wall, the crest should be graded to direct runoff away from the back slope. Sometimes
interceptor drains on the back slope can be used. Periodic maintenance is also necessary

to minimize runoff infiltration.
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Subsurface Drainage
The GRS walls described in this Manual all provide inherent drain capability at their

face. Therefore, subsurface drainage at wall face is generally not necessary. However, when
a cohesive backfill is used, measures should be taken to minimize wetting of the cohesive
soil. This can be achieved by providing a combination of granular. drain materials and
geotextiles, or a geocomposite drain (Christopher and Holtz, 1985; Koerner, 1990) along the
top, the back, and the base of the cohesive backfill. Chou (1992) recommended that layers
of free draining granular soil (6-in. thick) be placed intermittently within the cohesive

backfill to facilitate subsurface drainage.

3.2 USFS Wrapped-Faced Geotextile-Reinforced Wall
3.2.1 Construction Procedure
The following construction sequence has been proposed by the U.S. Forest Services

and illustrated in Figure 3.1:

Step 1: level wall site, place a series of L-shaped form of height slightly greater than
the lift thickness on the (ground) surface. The L-shaped form composed of
a series of metal L brackets and a continuous wooden brace board running
along the wall face (see Figure 3.2).

Step 2: place a layer of geotextile sheet on the surface and position it in such a way
that approximately 3 ft of the geotextile extends over the top of the form and
hang loose; backfill to approximately three-fourths of the lift thickness and

compact with conventional light earth moving equipment.
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Figure 3.1 Construction Sequence of USFS Wrapped-Faced Wall
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Form (courtesy Gorden Keller, USDA Forest Service)

Figure 3.2



Step 3:

Step 4:

Step 5:

Step 6:
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Make a windrow 12 to 24 in. from wall face with a road grader or with hands,

and fold the loose end of the geotextile ("tail”) back over the L-shaped form
into the windrow.

backfill and compact the remaining lift thickness; remove the form and reset
it on the top of the first lLift.

Repeat Steps 2 through 4 for the subsequent lifts until the planned beight is
reached. For the final layer, the tail length must be at least 6 ft.

Cover the exposed face of the wall with bituminous emulsions, other asphalt
products, or gunite (shotcrete) to prevent weakening of geotextile due to UV
exposure and possible vandalism. Figure 3.3 shows a wrapped face is being

covered with shotcrete.

3.2.2 Construction Guidelines

The following are some construction guidelines for the USFS wrapped-faced

geotextile-reinforced walls:

If the geotextile is sufficiently wide for the required reinforcement length, it
can be unrolled parallel to the wall (i.e.,in the longitudinal direction). Two
rolls of geotextile can be sewn together if a single roll is not wide enough.
Alternatively, the geotextile can be deployed perpendicular to the wall (i.e.,
n its transverse direction) and adjacent sheets can be overlapped or sewn.
In this way the machine direction of the geotextile, which is usually the

strongest, is oriented in the maximum stress direction.
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A Wrapped-Faced Wall Face being Covered with Shotcrete

Figure 3.3
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The backfill is preferably granular. However, a clayey soil with 20% smaller

than No. 200 sieve can be used as backfill.

Compaction shall be done with equipment that will not damage the
geosynthetic reinforcement, and no compaction is allowed within 1 to 2 ft
from the wall face.

Typical lift thickness ranges from 8 in. to 18 in., however, lift thickness of 1
ft is most common.

When making the windrow, care must be exercised not to dig into the
geotextile beneath or at the face of the wall.

Before apply a coating to a vertical or near vertical wall, a wire mesh may
need to be anchored to the geotextile to keep the coating on the wall face.
It is usually necessary to have scaffolding in front of the wall when the wall

is higher than 6 ft.

3.3 CTI Timber-Faced Geosynthetic-Reinforced Wall

3.3.1 Construction Procedure

The typical construction sequence of the CTI timber-faced geosynthetic-reinforced

wall, as illustrated in Figure 3.4,can be described in the following steps:

Step 1:

Step 2:

level wall site, place the initial row of ties or timbers, and place the first
geosynthetic reinforcement layer with a minimum of 12 in. tail length;
attach the first reinforcement layer to the initial ties or timbers by nailing

forming element (3 1/2 in. in width) to ties or timbers;
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backfill to the top of forming element, compact the lift, and fold back the tail
of the reinforcement (see Figure 3.5);
place the second tie and block, place the second layer of geosynthetic
reinforcement, attach the reinforcement layer to the ties and blocks by nailing
through the forming element (12 in. in width), backfill with a nominal lift
thickness of 12 in. and compact;
repeat Step 4 for subsequent layers until the planned height is reached. For

the final layer, the fold-back tail length should be at least 6 ft.

3.3.2 Construction Guidelines

The following are some construction guidelines for the timber-faced geosynthetic-

reinforced wall:

The timber typically has a 6 in. x 8 in. or 6 in. x 6 in. cross-sectional
dimension and shall be treated to an acceptable level with copper chromate
or approved equivalent preservative. The bottom row of timber shall be
treated for direct burial. The color may be green or brown, but not mixed.
Forming elements may consist of wood (minimum 1 in. nominal thickness
treated to an acceptable level with copper chromate or approved equivalent),
fiberglass, plastic, or other approved material.

Typical reinforcement wused is a nonwoven geotextile, although other

geosynthetics that satisfy the design criteria can also be used.
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- Nails shall be 16d galvanized ring shank nails and shall be placed at the top

and bottom of the timbers at 1-ft intervals.

- Compaction shall be consistent with project embankment specifications, except
that no compaction is allowed within 1 to 2 ft of the wall face.

- Compaction shall be done with- equipment that will not damage the
reinforcement.

- Outward batter on the face of the is not acceptable. An inward batter of 0
to 4 in. horizonal to 10 ft vertical shall be required to maintain verticality of
wall face (see Figure 3.6). Shimming of timber to maintain the verticality is
permissible.

- Type-3 guardrail posts shall be driven no closer than 30 in. from the face of
the wall (30 in. from back of guard rail post to outside face of wall) and shall
be metal posts.

- All reinforcement overlaps shall be I-ft wide and shall be perpendicular to the
wall face.

- All exposed fabric shall be painted with a Jatex paint matching the color of
the timbers.

- If the on-site material used as backfill is not free-draining soil (< 5% minus
No. 200 sieve), a drainage system such as the one shown in Figure 3.7) should

be provided.

3.4 Modular Block Geosynthetic-Reinforced Walls
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3.4.1 Construction Procedure
The typical construction sequence of modular block geosynthetic-reinforced walls, as
illustrated in Figure 3.8, can be described as follows:

Step 1: level wall site, and cut a shallow trench along the planned location of the wall
base, pour and level an unreinforced concrete pad with a minimum thickness
of 3 1/2 to 4 in.

Step 2: Lay the first course of modular blocks side-by-side on the concrete pad, check
the alignment and level the blocks, and insert pins (if used) into the top of the
blocks; Place crush stone or sand into the hollow cores of the modular blocks
and the space between the blocks, and clean the surface by sweeping away the
debris.

Step 3: Place backfill behind the modular blocks and compact to the top of the block
elevation. If the backfill is not a free draining material, a free draining gravel
of 1-ft wide should be placed immediately behind the blocks.

Step 4: Repeat Steps 2 and 3 for subsequent courses of modular blocks until a
reinforcement layer is to be placed as per the design, install geosynthetic
reinforcement across the blocks and soil fill at the specified elevation (see
Figure 3.9).

Step 5 Repeat Step 2 for the next course of blocks, pull taut and anchor the
reinforcement, and backfill behind the blocks and compact.

Step 6: Repeat Steps 4 and 5 until the planned height is reached. The last course of

blocks are usually capped according to the manufacturer’s recommendation.
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Figure 3.8 Construction Sequence of Modular Block GRS Wall
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3.4.2 Construction Guidelines

The following guidelines should be observed when constructing a modular block

geosynthetic-reinforced wall:

The concrete leveling pad under the first course of modular blocks can be
replaced with a leveling pad of compacted gravel (or compacted in-situ soil).
However, the use of a concrete leveling pad is recommended when the
foundation soil is relatively incompressible and not susceptible to significant
shrinkage and swell due to moisture changes. A properly poured and leveled
concrete pad will speed up construction, ease the leveling process, and
facilitate the construction of a straighter wall.

Walls with curves along their length require that the leveling pad be poured
to the proper radius. In general, a curve radius of 10 ft or greater is not a
problem; however, tight curves of 3 to 6 ft radius require special consideration
(Moreno, et al., 1993). In some cases, field modification of the blocks may
be necessary for tight curves.

The blocks should be laid from one end of the wall to the other to preclude
laborious block cutting and fitting in the middle. When curves are involved
in a wall, the blocks on the curves should be laid first as their alignment is
more critical and less forgiving. Tight curves often require cutting blocks to
fit or breaking off the block tail. A diamond-tipped blade saw is

recommended for the cutting.



3.5 Rockery
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When shear pins are used, they should be tapped into well-seated position

immediately after setting each block to avoid getting fill into the block’s pin
holes.

Leveling of the first course of blocks is especially important for wall
alignment. A string line set over the pins from one end of the wall to the
other will help leveling the blocks.

Geosynthetic reinforcement should be placed up to front face of the blocks
to ensure maximum interface contact with the blocks.

After front of the geosynthetic reinforcement is properly secured (i.e.,after
the hollow cores of the next course is filled and compacted), the
reinforcement should be pulled tight and pre-tensioned while the backfill is
being placed.

Care should be exercised when placing backfill over geosynthetic
reinforcement. 'The backfill should be emplaced from the wall face to the
back of the wall to ensure that no slack is left in the reinforcement.

To avoid movement of blocks during construction, a hand-operated tamper
should be used to compact the soil within 3 ft of the wall face, and no

construction vehicles is allowed within the 3 ft region.

3.5.1 Construction Procedure

The following construction procedure for rockeries is recommended:
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Excavate a strip of at least 0.7 times the height of the rockery at the planned

location of the rockery. The depth of excavation should be at least one half
of the rock diameter or 2 ft, whichever is greater.

Place the first course of rock in the excavated area, and infill the rocks with
a granular material such as a road .base aggregate to create a fairly uniform
surface.

Place subsequent lifts of rocks and road base infills; repeat the procedure

until the design height is reached.

3.5.2 Construction Guidelines

The following guidelines should be observed when constructing a rockery:

Do not exceed the height and slope angles delineated in the design without
evidence that higher or steeper features will be stable.

Rocks should be placed by skilled operators; and should be placed in fairly
uniform lifts.

Care should be exercised in placing the infill. The infilling should be as

complete as possible.
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Chapter 4

APPLICATIONS OF THE LOW-COST RETAINING WALLS

Both the USFS wrapped-faced geotextile-reinforced wall and the CTI timber-face
geosynthetic-reinforced wall can be constructed. at most sites where a retaining wall is
deemed necessary.  Typical applications include highway embankment wall over
compressible foundations, temporary or permanent widening or diversion embankment wall,
highway retaining walls on steep mountain slopes, slide stabilization on remote mountain
roads, rock fall barriers, small dams, noise barrier walls for highways or airports, and various
urban retaining wall projects.

In this Chapter, a number of case histories for each low-cost retaining wall system
is presented. In addition, the inherent advantages and disadvantages of each system are

addressed.

4.1 USES Wrapped-Faced Geotextile-Reinforced Wall
4.1.1 Case Histories

Glenwood Canyon Test Wall

In 1982, the Colorado Department of Highways constructed the first instrumented
geotextile-reinforced scil wall on Interstate-70 through Glenwood Canyon. The wall was
300-ft long, 15-ft high, and was divided into ten 30-long test segments. The cost of the test
wall ranged from $11.00 to $12.50 per square foot of wall face. Design, construction, and

measurement data of the test wall have been reported by Bell, et al. (1983).
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Figure 4.1 shows a typical cross section of the test wall, of which the geotextile
reinforcement extended 12 ft into the backfill. Four non-woven geotextiles, each in two
different weights, were used as reinforcement. A surcharge load up to 15 ft high was placed
on top of the wall four months after its completion. Although portions of the wall had very
low safety factors and were expected to be highly stressed or to fail, the wall withstood 1.4
ft of settlement one year after construction, and no major distress has been observed since
then.

To investigate long-term durability of the geotextiles, a portion of the test wall was
excavated in 1985 to obtain geotextile samples. The excavation has remained unprotected
ever since (see Figure 4.2). Surprisingly, the integrity of the wall has been maintained for
the past eight years despite the fact that the backfill is essentially cohesionless, and the
unprotected facings are in southern exposure. The geotextile reinforcement is obviously very
effective in stabilizing the near vertical wall even in the absence of a facing. Recently (in
1993), tensile tests were conducted on geotextile samples exhumed from the test wall. The
results indicated no loss of strength compared with post-construction tests performed in
1982.

It is to be noted that most of the wrapped-face geotextile-reinforced walls constructed
to date have been designed by the U.S. Forest Service method (presented in Chapter 2).

Measurement of wall performance has indicated that the design is much too conservative.



Finished Grade

Top Fabric wall

1.0

—7) -2 Tozs
q]} __LQO.
—) Jors'
— ) 0.75'
—/) o o075
—/) Jo.7s’
—~ ) _lo.rs’
—~/) | Jors'
—) 1.00'
3 —~/) | [1oo
T- \ M __Q.Bs'
Inclinometer Tubes _ ~) 075"
| N —~) 0.7s'
\ ~&75‘
\ 120"
ﬁ?bri;ui:ﬂfﬁ?:ﬁf"~’d\ ‘ 20°

e N -
on N ~/ ) {.00°

- " — — 1.,

Y PR Lo

T7 IS S O 7T T TSN 77 TS X OIS 77T«
(-2 3

Figure 4.]

14

s

135

.ixg'g;pical Cross-Section of the Glenwood Canyon Test Wall (Bell, et al.,



Figure 4.2

Glenwood Canyon Test Wall Five Years after Excavation
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4.1.2 Advantages of the USFS Wrapped-Faced Wall

The USFS geotextile-reinforced soil retaining wall has the following inherent

advantages over conventional reinforced concrete walls (and to a lesser degree over other

types of reinforced soil walls):

1)

2)

3)

4)

5)

The USFS geotextile-reinforced wall is flexible. The wall can tolerate large
foundation settlement and differential settlement without distress.

When properly designed and constructed, the wall has a high load carrying
capacity and is very ductile (i.e.,can deform significantly without collapse).

The wall does not require embedment into the foundation soil, thus eliminate
the need for sub-excavation. This feature is especially important when
environmental constraints are involved. If the wall is to be constructed over
a contaminated soil, elimination of soil excavation will reduce the risk of
spreading contaminated soil. Besides, damages to adjacent steams and root
systems due to excavation can be avoided. Figure 4.3 shows a geosynthetic-
reinforced soil wall constructed immediately next to a grown tree. Since
excavation is eliminated, the tree is saved.

Granular backfill, although preferred, is not required provided that adequate

drainage in the backfill is provided.

The wall will not exhibit any appreciable long-term creep as long as (a) the
backfill is predominantly granular, or (b) surface and subsurface drainage is

properly provided to prevent wetting of a cohesive backfill.



Figure 4.3

Construction of a Timber-Faced GRS Wall adjacent to a Grown Tree

8¢l



6)

8)

9)

10)
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A large variety of geotextiles with different strength and costs are readily
available; geotextiles are easy to transport to remote sites; and most
geotextiles have strong resistance to corrosion and bacterial action, compared
with metallic reinforcements.

The geotextile reinforcement can effectively induce an apparent cohesion of
cohesionless backfill to assume a vertical slope even without a facing.
Other than the function of reinforcing soil, geotextile fulfills multiple
functions, e.g., alleviate drainage problems, prevent particle migration,
maintain separation of different soil layers during construction or under
repeated extemnal loading.

Construction of the wall is rapid and requires limited or no heavy construction
equipment.

The cost of the USFS wrapped-faced peotextile-reinforced wall is low.

4_.1.3 Disadvantages of the USES Wrapped-Faced Wall

The USES geotextile-reinforced wall has the following disadvantages:

1)
2)

3)

4)

Construction equipment may cause damage of geotextiles during installation.
Some geotextiles are susceptible to chemical degradation.

Geotextiles may exhibit creep deformation with time if a cohesive backfill is
used and the backfill becomes saturated.

The wall may experience large deformations if a weak geotextile is used or if

it is not properly constructed.
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5) Most geotextiles will deteriorate when exposed to UV lights.

6) The wrapped-face wall facing covered with asphalt products or gunite has less

desirable aesthetic appearance than some other wall systems.

4.2 CTI Timber-Faced Geosynthetic-Reinforced = Wall

4.2.1 Case Histories

Highway 13 North of Craig
The first CTI timber-face geosynthetic-reinforced wall was built near Craig, Colorado.

Widening of Highway 13 north of Craig required a fill slope into an adjacent stream.
Permits for this encroachment were difficult to obtain, and a wall was deemed necessary to
avoid placing fill into that stream. The wall was 7-ft high and 300-ft long, and was backfilled
with on-site clay soils. The contractor bid less than $4 per square face foot to construct this
wall. The wall has performed satisfactorily since construction.
Junction of Highways-67 and -96, Wetmore

A timber-faced geosynthetic-reinforced wall with cohesive backfill was built at the
junction of Colorado I-IighwayS 67 and 96 in Wetmore. The wall was about 14 ft high, 120
ft long, and the length of geotextile reinforcement varied from 3 to 10 ft. Two 8-ft diameter
metal culverts ran through the backfill and wall. A woven geotextile was selected as
reinforcement, with a minimum tensile stiffness of 1,5001b/in at 4 % axial strain along the
working direction. An on-site gravelly sandy clay was selected as backfill. This soil was
classified as A-6(4) per AASHTO classification, with LL = 32, PL. = 17, and about 50% of

particles passing the No. 200 sieve.
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Subsequent to completion of wall construction, a lateral deformation of about 8 in.
near the mid-height of the wall was discovered following a 2 to 3 weeks of raining season
(as the name implied, the town is getting “wet more and more”). Since this wall was
designed as a temporary wall (used only for 4 months), the on-site cohesive backfill was
allowed and no subsurface drainage system was provided in the backfill. The runoff from
rain seeped into the wall and saturated the cohesive backfill. The two 8-ft diameter
drainage pipes, bringing a heavy flow of water through the backfill, might also have
contributed to further wetting of the backfill and lead to the large wall deformation.

Another cause for the large wall deformation is attributed fo mis-communication
between the designer and field engineer. The designer gave an equation for reinforcement
length as: W = 0.7 H, where W = reinforced length and H = wall height. The field
engineer interpret the term H as the "current” wall height, which increases from a small
number (after the first construction lift) to 14 ft (at the last construction lift). This resulted
in a trapezoidal configuration for the reinforcement, and the length of reinforcement was
much shorter than designed in the lower part of the wall.

Highway-34 at Wray

An additional lane was required at an intersection on Highway 34 at Wray, Colorado.
The toe of the embankment was at the existing right-of-way, and purchase of additional
lands would have been both expensive and time consuming. The timber-faced geosynthetic-
reinforced wall was selected as the least expensive solution to the problem. The wall was

400 ft long and 7 ft high. Cost was $11.35 per square face foot of wall.
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This wall was constructed with a truncated base. The bottom sheet of reinforcement
was 4 ft wide. This minimized excavation into the existing fill slope. There was a grove of
large trees on the right-of-way line. The wall was not embedded into the ground, thus
avoiding an excavation that would have damaged or killed some of the trees.

Interstate-25 at Colorado Springs

Widening of Interstate 25 in Colorado Springs, Colorado required a fill that
encroached to Fountain Creek. Designers opted to use a retaining wall to avoid that
encroachment. The design was complicated by an extensive wire-basket rip-rap installation
that was constructed seven years previously. A conventional wall would have required
foundation excavation through the rip-rap, which would have destroyed the integrity of the
installation. Permitting time for the redesigned rip-rap would have impacted the project
schedule.

The CTI timber-faced geosynthetic-reinforced wall was selected that could be placed
on the ground above the rip-rap and which did not require embedment. Cost for this 16-ft
high, 400-ft long wall was estimated at 25% of a conventional concrete cantilever wall, and,
perhaps more importantly, the project schedule was maintained.

Highway-82 at Aspen

The City of Aspen, Colorado and the Colorado Department of Transportation
(CDOT) constructed a timber-faced geosynthetic-reinforced wall to correct an over-
steepened soil cut slope along Highway 82 east of Aspen. The cut was the source of

continual sloughing and often produced rocks that rolled onto the roadway.



143
In order to minimize the height (and therefore, the cost) of the wall, the wall was

placed near the roadway. Safety requirements mandate the use of a safety-shape or "Jersy"
concrete barrier where fixed objects are placed near the traveled way. The wall was built
on this barrier, thus minimizing both cost and space. On this project, the wall was located
8 ft from the edge of the roadway to allow minimal room for a bicycle path.

The wall facing was stepped back 12 in. each 30 in. in height to allow room for
plantings, which “softens” the appearance of the wall. A secondary benefit of the steps is
that construction/appearance irregularities are much less visible.

The wall was constructed with surplus earth from another City of Aspen project,
resulting in a positive cost factor for backfill. The soil was reinforced with a geotextile
contributed by Polyfelt, Inc. City of Aspen and CDOT personnel constructed the wall, and
utilized ordinary maintenance equipment. The construction procedure was easily learned
by the City of Aspen crew.

The City of Aspen saved money by disposing of the low-quality surplus soil in the
wall, and the use of existing crews and equipment did not require new funds above those
already budgeted. This was a case where the timber-faced geosynthetic-reinforced wall was
the only one that could be afforded by either entity. This case history illustrates some of
the versatilities of the timber-faced geosynthetic-reinforced wall.

Rockfall Barrier Walls
Over the years, CDOT has aggressively pursued effective and inexpensive methods

and structures to arrest falling rock in motion. Research had proven that the CTI timber-

faced geosynthetic-reinforced wall is one of the least expensive methods as rockfall barrier.
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Such a barrier has two vertical faces, one facing upslope and the other facing downslope
occupies the least amount of space which is often very limited on mountainous highways.

The response of the double-faced timber wall to a large, lateral impact force was
unknown. There was concern that decoupling or sliding could occur at the interfaces
between soil and geotextile. CDOT built a series of the timber-faced walls in 1989 and
tested these walls by swinging a 2300-1b rock into them (see Figure 4.4). The rock was
suspended on a cable from a crane boom. No tendency to decouple was observed in the
test.

In July 1992, CDOT built another instrumented doubled-faced timber wall at the
Rifle Rockfall Test Site. The wall was 100 ft long, 10 ft high, and 6 ft across. Rocks up to
6 ft in diameter were rolled into the wall from the cliffs above. Rock velocity and impact
energy parameters were determined through subsequent video analyses. The largest rock

imparted 1,000,000ft-1b of impact energy and displaced the wall about 2 ft at the point of

impact.

4.2.2 Advantages of the CTI Timber-faced Wall
The CTI geosynthetic-reinforced wall shares all the advantages of the USFS
geotextile-reinforced wall outlined in Section 4.1.2 of this Chapter. In addition, the CTI
geosynthetic-reinforced wall has three advantages over the USFS geotextile-reinforced wall:
1) The construction is simple and rapid as there is no requirement for external

forming system for wall construction,
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Figure 44 Doubled-Faced CTI Timber Wall as Rockfall Barrier



2)

3)
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Since the timber facing offers a moderate degree of local and giobal

compressive and bending resistance, the deformation of the CTI geosynthetic-
reinforced wall is typically smaller than that of the USFS geotextile-reinforced
wall.

Where timbers are readily available, the CTI timber-faced geosynthetic-

reinforced wall is usually less expensive.

4.2.3 Disadvantages of the CTI Timber-Faced Wall

The CTI geosynthetic-reinforced wall shares most of the disadvantages of the USFS

geotextile-reinforced wall described in Section 4.1.3,except:

1y

2)

3)

Timber must be acquirable at a reasonable cost to make the wall cost-

effective.

The life span of the timber facing tends to dictate the design life of the wall.
When the timber is not treated properly, the facing can deteriorated in a short
time.

The timber wall face, although is somewhat more aesthetically pleasing than
the face of the USFS geotextile-reinforced wall covered with asphalt products

or gunite, does not have the appearance of a "permanent” structure.

4.3 Modular Block Geosynthetic-Reinforced Wall

4.3.1 Advantages of Modular Block Geosynthetic-Reinforced Wall
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Modular block geosynthetic-reinforced walls also share all the advantages of the

USES geotextile-reinforced wall outlined in Section 4.1.2. In addition, the modular block

geosynthetic-reinforced wall has the following advantages:

1)

2)

3

5)

The construction is simple and rapid as there is no requirement for external
forming system for wall construction.

The modular block wall face is durable and aesthetically appealing; the
"natural stone” facing gives modular block GRS walls the appearance of a
"permanent” structure.

The wall can be easily adapted to situations where fairly sharp curves are
warranted along the length of the wall face.

Since the concrete blocks offer high local compressive and bending resistance,
the deformation of modular block geosynthetic-reinforced walls is typically
smaller than that of wrapped-faced geosynthetic-reinforced walls.

A wide variety of modular blocks with different size, shape, weight, texture

and color are readily available.

4.3.2 Disadvantages Modular Block Geosynthetic-Reinforced Wall

With the exception of aesthetics, modular block geosynthetic-reinforced wall also

shares most of the disadvantages of the USFS geotextile-reinforced wall described in Section

4.1.3.In the construction of modular block geosynthetic-reinforced walls, close attention and

control of block placement are required to avoid mis-alignment and uneven batter of the

wall face. Moreover, the walls require excavation for a leveling pad which is not required
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for most GRS walls; however, the excavation is far less extensive than the construction of

concrete cantilever walls.

4.4 Rockery

Where there isan abundant supply of large rocks, rockery can be a cost effective wall
system, although it is usually selected primarily for aesthetic reasons. Due to stability
considerations, the maximum height of a rockery should not exceed 15 ft. Selection of a
rockery implies some level of experience with field constructions. This experience
requirement becomes more important as the criticality of the wall increases. Operator’s skill

level is a major, but non-quantifiable factor in the construction of a rockery.
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