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Foreword

The 13 papers included in this volume are arranged into two general groups. The first group consists of
papers that are related to mechanically stabilized backfill (MSB) materials. These papers focus on ad-
vanced technologies related to MSB and on ownership roles in providing support during the design and
construction phases. These papers also discuss performance of MSB applications using case histories.
The second group of papers is on properties of geosynthetics and geocomposites. These papers
include information on the long-term durability of geosynthetics used as soil reinforcements; the
frictional mechanism of geogrid-soil systems on the basis of results from tests on different types of
geogrid-soil combinations; and the properties of granular and clayey soils that are reinforced using
multioriented geosynthetic elements, staple fiber, continuous filament, and synthetic and steel fibers.
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Texsol: Material Properties and
Engineering Performance

PHILLIP LIAUSU AND ILAN JURAN

Texsol is a composite material made of sand and continuous polyester
fibers mixed together in situ to form a homogeneous construction mate-
rial. The fiber content varies between 0.1 and 0.2 percent of the weight
of sand. The fibers provide for the high cohesion of Texsol and its abil-
ity to sustain large strains without degradation of its mechanical
properties. The sand is well-graded medium course material and pro-
vides for the internal friction resistance of Texsol and its self-draining
characteristics. Substantial testing programs have been conducted by
state agencies, universities, and research institutions in France and
subsequently in Japan to assess the engineering performance of this
composite material and develop relevant design methods for its various
fields of application. ’

Texsol is a composite material made of sand and continuous
polyester fibers mixed together in situ to form a homogeneous con-
struction material. The fiber content varies between 0.1 and 0.2 per-
cent of the weight of sand. The fibers provide for the high cohesion
of Texsol and its ability to sustain large strains without degradation
of its mechanical properties. The sand is well-graded medium
course material and provides for the internal friction resistance of
Texsol and its self-draining characteristics.

Substantial testing programs have been conducted by state agen-
cies, universities, and research institutions in France and subse-
quently Japan to assess the engineering performance of this com-
posite material and develop relevant design methods for its various
fields of application. The research and development programs, as
well as field observations on more than 100 Texsol structures con-
structed since 1984, demonstrated that the engineering properties of
Texsol include high shear resistance with anisotropic mechanically
built-in internal cohesion and internal friction angle that are depen-
dent on the fiber content (/,2), self-draining properties of the sand
used, low creep potential under normal operating conditions, dura-
bility and sustainable resistance to chemical and biological attacks,
high ductibility and large energy absorption capacity with high
resistance to impact, explosions, and seismic effects (3,4); deforma-
bility and large tolerance to differential settlements; high resistance
to runoff surface erosion (5), and high thermal resistance under
fire-generated heat up to 600°F (6). In addition, Texsol provides a
suitable support for plant roots to penetrate and seeds to germinate.
Mixed in organic soil, fertilizer, and seeds, the Texsol green method
enables the hydroseeding of steep natural slopes, excavated slopes,
embankments, retaining walls, soundproof walls, and so forth,
where conventional hydroseeding techniques are impractical.

Because of its remarkable features, Texsol has been increasingly
used in a variety of engineering applications (Figure 1), including

P. Liausu, Menard Sol Traitement, P.O. Box 530, 91946, Les Uli Cedex
France. L. Juran, Department of Civil and Environmental Engineering, Poly-
technic University, Brooklyn, N.Y. 11201.

earth retaining walls, particularly on soft compressible soils, with
facing slope angles of 65 to 75 degrees; stabilization of earth slopes
in cuts and embankments; steepening of existing slopes for widen-
ing of motorways; surface protection of man-made and natural
slopes against rock falls and surface erosion due to climate condi-
tions (e.g., freezing temperature); and explosion-resistant facilities
in civil and military installations for storage of explosives and
liquefied gas, offering a remarkable market potential for civil engi-
neering construction in earthquake zones.

This paper presents the main results of the research conducted to
assess the material properties and engineering performance of
Texsol’s structural applications.

MATERIAL PROPERTIES
Sheer Strength Characteristics

The mechanical properties of Texsol depend on the characteristics
of the granular material used, thread type, fiber content, production
equipment, and compaction parameters (density and water content).

Figure 2 shows the results of triaxial compression tests performed
on samples of Texsol and unreinforced sand under different confin-
ing pressures and the related characteristic failure curves of these
materials. Test results illustrate that the shear modulus of Texsol
and its hydraulic conductivity are similar to that of the natural sand.
The main mechanical properties of Texsol are

¢ Unconfined compressive strength: 500 kPa/0.1 percent of fill
content ratio by weight;
e Apparent cohesion of 100 kPa/0.1 percent of fill content ratio
by weight;
¢ Internal friction angle that is equal or greater than that of the
natural sand, with
& Texsol = I soil + AL,
(A & varies from 0 to 10);
e Yield strain that is greater than that of the natural sand, indi-
cating the ductile behavior of Texsol with
ETexsol = Esoil + AEr
(AE varies from 0 to 10 percent);

Because of the production process of Texsol, the shear strength
characteristics are anisotropic, that is, function of the inclination
angle o« of the shear failure surface with respect to the depositional
plane of the material. Figure 3 shows the results of direct shear tests
of Texsol specimens prepared with a reference 0/5 mm sand, poly-
ester fiber with a linear density of 167 define, and fiber content of 0.2
percent by weight, prepared at the normal proctor density. The results
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FIGURE 1 Examples of Texsol engineering applications.

illustrate the effect of the inclination angle > on the apparent cohe-
sion C, and the internal friction angle & of the reference Texsol
material. With the present state of knowledge, the anisotropy of &t
is not taken into account and ' is assumed to be constant and equal
to the friction angle of the natural granular material which results in
a conservative design. The anisotropy of the apparent cohesion of
Texsol follows the empirical equation derived from the analysis of
the test results obtained for the reference Texsol material

C, = 0.03 = + 1,27 o + 16.5 (in kPa)

Creep Behavior and Durability Consideration

Creep behavior of construction materials must be considered in civil
engineering the result of permanent load and long life duration of
constructions. In the case of geotextile reinforcement, creep studies
have been made in order to select the proper reinforcing material
and to evaluate the long term deformations to be expected.

A first conclusion of that research is that creep effects depend on
polymer type. Polymers are characterized by their glass transition
temperature Tg. Tg of polyester is around 79°C and Tg of poly-
olefins is below 0°C. As soil-structure temperatures are usually in
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the 0° to 30°C range, the basic difference between these materials
will affect their engineering behavior. Below the Tg temperature,
the polymer is a solid and will creep only under high working loads;
above that temperature, the polymer will creep even under low
working loads. This fundamental difference between the polymers
has been the prime reason for the selection of polyester thread for
Texsol structures such as retaining walls that have to sustain per-
manent loading. Typical characteristics of the polyester fibers cur-
rently used in Texsol structures are indicated in Table 1.

Creep effects result in both a reduction of failure strength (result-
ing from long-term loading) and long-term strain. It has therefore
been necessary to demonstrate that the polyester fiber-reinforced
Texsol material is not affected by creep under the working loads
generally used in civil engineering structures. To address these
issues, two series of creep tests have been conducted.

The first series of tests consisted of four long-term simple com-
pression tests at room temperature. Two Texsol samples with a 0.12
percent proportion of polyester thread were submitted to 60 percent
of their failure strength (as determined from another series of tests
on reference samples) during 2.5 years, and two additional samples
were loaded at 45 percent during 3 years. The rate of strain under
the 60 percent load, after the initial settlement, has been linear with
respect to log (¢) with a slope smaller than 10-2 per cycle (i.e., less
than 2 percent axial strain between 1 and 100 years). The samples
loaded at 45 percent gave a strain rate of 5.10-3 per cycle of log (7).
One sample loaded at 60 percent has been tested under compression
after 850 days; the measured strength was equivalent to the short-
term strength of the reference samples. These tests yield two impor-
tant indications:

¢ Time-dependent deformations of the composite material made
of polyester thread and granular material, for a given working load
(as determined for the composite material itself), are significantly
smaller than creep deformations measured on the thread alone for
the same working load (as determined for the thread).

e Measured rate of strain, whether due to polymer creep, remains
very low and does not generally need to be considered in geotech-
nical design of conventional retaining structures for fills and cuts.

The second group of creep loading tests has been done, at an ele-
vated temperature (50°C or 60°C) to accelerate the creep under lab-
oratory-controlled conditions. After triaxial loading at an elevated
temperature, the samples were tested up to failure at ordinary tem-
perature to measure their strength after preloading. This testing
program included 50 samples. Preloading has been at two-thirds of
the failure strength for most samples.

These tests have resulted in three main conclusions.

e The rate of strain under constant load has been found to be
around 5.10-3 per cycle of log (7) at both 50°C and 60°C, which is
close to the strain rate obtained under room temperature. Therefore,
it is anticipated that this time-dependent deformation is not due to
creep, because it is temperature independent. This deformation may
be the result of the sand consolidation.

e As mentioned previously, the measured rate of time-dependent
deformation can be ignored for most applications of the material
(2 percent between 1 year and 100 years).

e Material strength is not decreased by the preloading: measured
strength values after the loading period are equal or higher than
the reference values determined on nonpreloaded samples. These
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FIGURE 2 (a) Example of triaxial stress-deformation curves,
T1: compressive strength versus threads proportion.

results further support the assumption of sand consolidation—
induced deformation.

Degradations have been observed, which can be explained by
mechanical stresses (compression, shear, abrasion), by ultraviolet
light action, in case of long-term exposure, or by the influence of
specific environments, such as cement during setting. However, the
experience of more than 20 years with polyester geotextile struc-
tures illustrates that for fibers embedded into the soil mass, in most
cases no chemical changes have been detected internally or on the
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(b) failure envelope for Texsol and natural sand, (c¢) Texsol

surface of fibers. Furthermore, the statistical study of pH values of
granular materials that can be used for Texsol shows that for the
range of temperatures and pH values that are likely to be encoun-
tered in the natural environment, risk of hydrolysis degradation is
not to be considered in design practice. However, the use of granu-
lar industrial wastes as a constituent of Texsol or applications in the
presence of very specific industrial environments would require an
appropriate investigation, which would also be routinely required if
concrete, steel, or other materials are used. For extreme situations,
different types of polymers could be used.
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FIGURE 3 (a) Anisotropy of Texsol cohesion: experimental values from direct shear test, (b) internal
friction angle of Texsol: experimental values from direct shear test (a—angle between layering plane and
shearing plane).

TABLE 1 Typical Characteristics of Polyester Fiber used in Texol

Nature Type Title | Number | Tenacity | Extent. | Initial
of fill (dtex) | of thread | (cN/tex) | at Modulus
failure | (cN/tex)
(%)
Polyester | Thread 50 16 40 25 970
PES (integrated | 167 30 36 26 770
extrusion) | 330 60 37 27 950
280 60 58 19 790
280 48 61 14 800
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In situ observations and related laboratory analyses did not
indicate any biological effect on the stability of polyester fibers.
Furthermore, standard laboratory tests, using soils with a known
bacteria content, indicated no reduction in the strength of polyester
threads used for Texsol. It can therefore be concluded that Texsol
has high durability and sustainable resistance to both chemical and
biological attacks.

Dynamic Response Properties

Present knowledge on the seismic behavior of Texsol results from

cyclic laboratory tests performed in France and both model studies

and a full-scale experiment on a Texsol structure conducted in Japan.
The laboratory tests performed by Luong included

e Conventional triaxial tests with constant confinement, mono-
tonic loading, repeated loading, long-duration cyclic loading, and
large strain loading;

o Constant mean stress triaxial tests with monotonic loading and
cyclic loading;

e Tests with monotonic or cyclic lateral loading;

e Liquefaction tests; and

¢ Longitudinal resonance tests and behavior under vibrations.

Impact behavior and wave propagation have also been considered.
The triaxial tests have shown the high ductility of Texsol and its
high energy-absorption capacity, resulting from the high dilatancy
occurring between the critical state (zero volumetric strain) and the
peak strength. Energy absorption results from friction between par-
ticles of the material when deformation develops; the threads in the
Texsol material allow large strains to exist in the granular material
before failure; consequently, high energy absorption is possible
while keeping a sufficient safety margin with respect to failure.

Cyclic compression and extension triaxial tests on reference Tex-
sol material was performed (7) with a Fontainebleau sand, polyester
50/16 of 50 dtex with a fiber content of 0.2 percent by weight. For
the high cyclic loading amplitude that exceeded the critical state
(zero volumetric strain line), the test results illustrated in Figure 4
demonstrate a progressive densification of the Texsol material with
the increasing number of cycles.

The liquefaction potential of Texsol has been investigated through
cyclic triaxial deviatoric load testing, with cyclic loading amplitude
exceeding the critical state line both in compression and extension.
As illustrated in Figure 5, after a number of cycles, Texsol liquefac-
tion tests show a stabilization of the stress-strain cycles indicating a
high energy absorption resulting in high liquefaction resistance.

ENGINEERING PERFORMANCE
OF TEXSOL WALLS

Static Loading

Several full-scale experiments have been conducted by the
Regional Laboratory of Rouen in France to assess the engineering
performance of Texsol walls. Figure 6a shows the cross section and
site characteristics of the experimental wall, 3 m high with a facing
inclination of 68 degrees, retaining an unreinforced Fontainebleau
sand fill that was loaded up to failure. Figure 6b shows the facing
displacements during the loading, illustrating a progressive rota-

tional failure mechanism. The displacement records indicate that
the surcharge loadings should exceed 75 percent of the failure load-
ing to generate significant lateral displacements.

Seismic Loading

Tests performed in Japan (4) in cooperation with the National
Research Institute of Agricultural Engineering (Ibaraki, Japan) and
Kumagai Gumi Co., Ltd., included (a) a series of shaking table tests
on models of earth dam with reinforced facing and (b) a 10-m-high
test wall retaining an earth fill instrumented to evaluate its response
to natural earthquakes.

Earth embankment models, 0.4 or 0.8 m high, were made of loose
sand (with no impervious layer) with a downstream horizontal drain
and tested with an upstream water level equal to three-fourths of the
embankment height. Model facings were made of loose sand or
reinforced with a compacted sand layer or a Texsol layer 10 to 15
cm thick. Models 0.4 m high were submitted to an input sine wave
with a frequency of 10 Hz and with acceleration levels of 100,
200, 400, and 600 gal, applied during 10 sec. Models 0.8 m high
were submitted to a 3-Hz vibration with acceleration levels of 150,
250, and 450 gal.

The parameters measured were acceleration, pore pressure, and
settlement. Settlement of the crest and continuity of strains were
considered indications of the effectiveness of the reinforcement
method because they are critical to the risk of overflow. The mod-
els demonstrated that the use of Texsol significantly reduced settle-
ments and created no cracks.

Figure 7 compares the settlements of the crest observed on the
0.4-m-high model under three conditions: unreinforced, reinforced
with a dense sand layer, and reinforced with a Texsol layer. Four
sec after loading, a settlement of approximately 25 mm occurred in
the unreinforced model, but almost none occurred in the model rein-
forced with Texsol fibers. Seven sec after loading, the settlement of
the model reinforced with continuous fibers (compared with the
unreinforced one) was reduced to approximately one-third.

Figure 8 compares the settlement of the crest observed on the
0.8-m-high model at a 450-gal input. The crest settlement in the
unreinforced embankment reached approximately 4 cm, and result-
ing cracks developed over the entire model embankment. In the
model reinforced with the continuous fibers, almost no settlement
occurred. The results of these large-scale shaking table tests demon-
strated the effectiveness of the continuous fiber reinforcement.

The 0.8-m-high model with Texsol had a maximum settlement of
6 mm, without cracks, whereas the unreinforced model showed a
41-mm settlement, with cracks propagated over the entire model,
resulting in its collapse.

The 10-m-high wall illustrated in Figure 9 was monitored under
natural conditions for a long-term performance evaluation. The
retaining wall was completed in December 1988; since that date, it
has undergone heavy rains, typhoons, and earthquakes up to a mag-
nitude of 5.7 on the Richter scale (February 19, 1989). The wall
showed no damage and stability was maintained.

The outer slope of the wall is 1:0.5 (63 degrees horizontally); the
width at the base is 2.5 m and the width at the top is 1 m. The
retained fill material has a density of 15.9 kN/m?, a water content of
50 percent, a cohesion of 6 kPa, and an angle of internal friction of
18 degrees. During the February 19, 1989, earthquake, the mea-
sured acceleration at the ground surface perpendicular to the axis of
the wall was 95 gal; the power spectrum showed accelerations from
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FIGURE 4 (a) Texsol triaxial compression and extension tests; (b) densification behavior under high-

amplitude repeated loading.

2 to 8 Hz. Vibration measurements on the wall allowed evaluation
of its dynamic behavior (natural period around 0.4 sec).

Measurements of earth pressures on the wall between the fill and
the Texsol material at different heights showed large variations of
earth pressure during the earthquake because of the deformability
and inertia of the wall. Figure 9 shows the cross section of the wall,
its instrumentation, and the distribution of the maximum increase of
the earth pressure during the earthquake. The observed distribution
of the earth pressure increases from the static level to the maximum
value as the earthquake is compared with the calculated values
obtained based on the Mononobe-Okabe formula commonly used
for earthquake-resistant design. This comparison indicates that the
experimental distribution of the earth pressure generated by the seis-
mic effect is not a triangular distribution, and it differs considerably
from the distribution computed by the Mononobe-Okabe formula.

The major observation made during this natural earthquake was
that, although the static safety of the wall was already at a critical
state, no damage was found.

Resistance to Surface Erosion of Retaining Structures

Texsol constructions can be subjected to a large spectrum of erosion
conditions according to type of structure, normal or exceptional
operating conditions, local climate, and types of hydraulic attacks
for which it is designed.

As an example, the use of Texsol in a bank protection system,
possibly with other techniques or materials, does not require the
study of the same mechanisms as does use in retaining structures.
For walls, the surface erosion evaluation attempts to establish
whether a progressive loss of granular material could occur at the
surface of the Texsol material from rain and wind. Such aloss could
result in a slow reduction of wall thickness.

Observations of existing walls before grassing or grassing by
simple hydroseeding (without application of the Texsol green
method) indicate that the effect of weathering on the surface of Tex-
sol retaining structures does not result in continuous erosion of the
wall beyond the construction phase and periods of rain occurring
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on a 5-m-high wall with a 63-degree slope, without vegetation. The
wall was submitted to an intense artificial rain (30 mm/hr) and the
amounts of eroded sand were measured. Translated into an average
eroded thickness on the area of the face, the measured erosion
showed the following values:

Total Rain (mm) Eroded Thickness (mm)
100 5

200 9

300 12

400 14

500 15.2

600 16
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It appears that the first rain periods have a washing effect on the sur-
face, but that fairly quickly the erosion process slows down and, for
all practical purposes, stops; extrapolating the experimental curve
leads to a limiting value of 18 mm.

These measurements correspond well with observations made on
actual projects, where the washed-out thickness occurring at an
early age has been estimated, in temperate climate conditions, at an
order of magnitude of 1 cm. However, incidental degradations have
been observed as a result of a locally heavy running water flow: for
example, the outflow at the top of a wall of a storm sewer resulted
in local erosion important enough to require repair. Such surface
water flows must be avoided. In particular, walls located below a
large catchment area must be protected by an interceptor trench on
top of the wall ensuring that an unknown quantity of water will not
flow over the structure. Considering the relatively low rigidity of
Texsol constructions, the trench is lined preferably with a material
that will not crack, such as a ggomembrane.

The absence of erosion under the action of rain is related to the
intricate texture of the thread network contained in the Texsol
material; in addition to this network knitted into the mass of the
composite, the production process of Texsol often results in a super-
ficial layer of threads oriented toward the slope and having weak
connections with the material itself. All these threads are respon-
sible for the erosion resistance that is observed, but the resulting
appearance is often unsatisfactory when there is no vegetation or
when simple grassing by seeding does not find sufficiently favor-
able growing conditions.

For this reason the Texsol green method has been developed
(Figure 10) to reestablish appropriate ‘conditions for a dense and
durable vegetative cover, provided a proper water supply is avail-
able. The Texsol green method is used for the hydroseeding of Tex-
sol walls or natural slopes where conventional hydroseeding tech-
niques are impractical (e.g., excavated slopes, soundproof walls,
steep embankments, etc.). 1t consists of Texsol mixed with fertilizer
seeds and a coagulation agent, which is sprayed over the surface
area of the structure. Artificial mesh is sometimes required to ini-
tially hold the Texsol green. Generally, the natural growth will take
place gradually depending on the environment.
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Low concentration

bed soil slurry

(b)
FIGURE 10 (a) Schematic of green method of Texol production;

In addition to its landscaping purpose, application of the Texsol
green method (through the additional layer it gives, its specific layer
of thread, and the root network of the grass cover it generates) intro-
duces an additional resistance to surface erosion. Using this tech-
nique is therefore advisable, not only on Texsol walls but also on
natural slopes with soils or rocks prone to weathering and corrosion.

CONCLUSION

The testing programs conducted in France and Japan to assess the
engineering performance of Texsol structures have demonstrated
that the reinforcement of sand by continuous polyester fiber pro-

_——'

Fiber suction port
Alr suction port

(b) typical construction site using Texsol green method.

vides the composite material with apparent cohesion, ability to sus-
tain large strains, and high energy-absorption capacity that make
Texsol structures a cost-effective solution for highway retaining
systems under difficult site conditions, such as compressible soft
soils and earthquake zones.

As for durability, the experience gained from geotextiles made of
polyester is applicable to the Texsol material. The creep studies on
the Texsol material have demonstrated that

¢ Under normal operating conditions, the Texsol material using
polyester thread does not creep; and
® There is no decrease of strength with loading time.
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It can also be stated that current erosion protection experience

with Texsol illustrates that the use of the Texsol green method per-.

mits environmentally compatible vegetative structural surfaces for
Texsol walls and man-made and natural slopes, while significantly
increasing their resistance to weathering and surface erosion.
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Independent Facing Panels for
Mechanically Stabilized Earth Walls

GEORGE HEARN, SCOTT MYERS, AND ROBERT K. BARRETT

Analysis, design, and testing of independent reinforced concrete facing
panels for mechanically stabilized earth (MSE) walls are reported.
Panels are intended for use as full-height facing for a variety of mechan-
ical reinforcements for fills, including geotextiles, polymer geogrids,
and steel mesh. Panels provide a forming surface and permanent facing
for MSE walls, but are independent of the reinforced fill. Panels are
attached to stable MSE constructions with flexible anchors that limit the
earth pressures that can act on panels. Loads on panels are minimal, and
panel size and appearance may be tailored to the requirements of indi-
vidual projects and sites, offering options in construction and in appear-
ance of the finished wall not previously available. Independent facing
was tested in a prototype MSE wall using Ottawa sand fill reinforced by
a nonwoven geotextile. In the test, flexible anchors performed as
expected; earth pressures on panels were bounded by anchor yield
loads; and, beyond an initial loading determined by anchor strength,
earth pressures on panels did not increase with added surcharge. The
basis for design of independent facing systems, methods for stress
analysis of independent facing panels, an outline of construction proce-
dures for MSE walls with independent facing, options for anchors and
panels in independent facings, and a test of a prototype independent
facing panel are presented.

Mechanically stabilized earth (MSE) walls are used in many appli-
cations in highway projects. Their economy and performance, and
the increasing familiarity of highway engineers with the technology
are combining to make MSE walls more accepted and more widely
used. But greater acceptance brings demands for greater adaptabil-
ity in MSE designs. For example, the aesthetics of a wall are often
important. Block facings and stacked panel facings are attractive,
but some projects may need walls with monolithic fronts not
broken by horizontal joints. In such cases, full-height facing units
are required. :

For block facings and stacked panel facings, each facing unit is
attached to a few (typically two) layers of fill reinforcement. Full-
height facing panels used in a conventional MSE wall are attached
to all reinforcement layers. For full-height facing panels fabricated
in reinforced concrete, attachment to all reinforcing layers can result
in significant stresses in the panel. The high stresses, in turn, lead to
designs with relatively heavy panels.

High stresses in full-height facing panels result from a deforma-
tion demand. During construction, deformation occurs naturally as
reinforcements in the fill are mobilized. Deformation-driven
stresses can be avoided if facing is able to move. This is the concept
of independent panel facing. In this paper, a design for indepen-
dently anchored facing panels is presented. Independent facing sys-
tems use flexible anchors to accommodate wall deformations and

G. Hearn and S. Myers, Department of Civil, Environmental, and Architec-
tural Engineering, University of Colorado, Boulder, Colo. 80302. R. K. Bar-
rett, Colorado Department of Transportation, 4201 E. Arkansas Avenue,
Denver, Colo. 80222.

thereby reduce earth pressures on panels. Independent facings are
compatible with many types of earth reinforcements, including
geotextiles, geogrids, and woven wire products. The performance
of an independent facing system is demonstrated in load testing of
a laboratory prototype.

FACING SYSTEMS

Facings for MSE walls protect fill reinforcements, anchor the ten-
sion in reinforcements, and contain the fill at the front of the wall.
In anchoring tension and containing fill, facings are a structural
design solution for the front boundary of the wall. The designs of
block facing and panel facing systems are determined by these
structural functions. The size and shape of facing units are adapted
for simple, positive connection to fill reinforcement and for efficient
construction. Wrapped-front geotextile walls use no units for facing
but are still designed to anchor tensions and contain fill.

The comparison of block facing and wrapped-front facing reveals
that the role of facing in MSE walls is a matter of design. Block fac-
ings, by design, perform all three roles of protection, anchoring, and
containment. Wrapped fronts do not rely on facing units for anchor-
ing and containment. The facings have different forms but equiva-
lent functions. A rational approach to design of facing systems then
is to identify the desired functions of the facing, to check that the
facing is compatible with the load and deformation demands that
will be placed on it, and to ensure that strength requirements of the
MSE wall are satisfied.

The development of independent facing follows from a statement
of function. First, to reduce the time required for a crane in MSE
wall construction, it is desired that all facing panels be placed in a
single operation not tied to the progress of the construction of the
reinforced fill. The panels serve as a forming surface for the fill.
Second, to achieve a monolithic appearance for walls, the elimina-
tion of horizontal joints in the facing is desired. Both requirements
could be met by full-height panel facings.

Facing used as a front-forming surface for reinforced fill must be
able to accommodate horizontal deformations as fill reinforcements
are mobilized. The facing must have a mode of articulation to
accommodate gradual, outward movement of the facing during con-
struction. In block facings, articulation is the product of minor slips
and rotations at joints.

Full-height panels have no joints and therefore no articulation in
the manner of block facing. A second mode of articulation is avail-
able, however. Facing may tilt about its base. By tilting, facing can
accommodate horizontal movement but will not conform to the
reinforced fill. Because facing will not conform, the link between
facing and fill must be flexible to preclude large restraining forces.
This implies that a full-height facing panel should not be attached
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to fill reinforcements but instead should use flexible anchors that
extend into the reinforced fill. Because panels are not attached to the
fill reinforcements, facing is said to be independent of the reinforced
fill. Tensions in reinforcements not anchored by facing must be
anchored by other means such as a wrapped front. MSE walls with
independent facing therefore comprise

¢ A stable reinforced fill, typically with a wrapped front;

o Independent facing allowed to tilt about its base but anchored
to the reinforced fill; and

e Flexible connections between panels and the fill to limit
restraining forces on the facing.

Proceeding from these, standard designs of reinforced concrete
panels and deformable steel anchors for panels for walls 3.1, 4.6,
and 6.1 m (10, 15, and 20 ft) high have been developed. The design
examples presented in this paper are all reinforced concrete panels,
although panels may be designed in other materials following the
methods presented here.

INDEPENDENT FACING SYSTEMS

An MSE wall constructed with an independent facing is shown in
Figure 1. This wall has full-height reinforced concrete panels tied
to a reinforced fill with flexible steel anchors. Steel anchors are two-
part loop bar anchors that accommodate vertical and horizontal
deformation in the fill. Inelastic bending of the loop bars gives the
two-part anchor an elastic or perfectly plastic tension response
under increasing outward movement. Because the independent fac-
ing is not attached to fill reinforcements, the design of facing is
effectively divorced from the design of the reinforced fill. The
specific strength and deformation characteristics of a reinforced fill
do not, within broad limits, influence the design of an independent
facing system.

Structural Design of Panels for Facing

Facing panels are subject to earth pressures from the reinforced fill.
Apart from loads in panels during handling and placement, earth
pressures are the significant load demand on independent facing.
The total thrust on independent facing is controlled by the yield load
of anchors. Once the anchors reach their yield load, the facing panel

Panel Anchors Fill Reinforcement

Facing Panel

Section

FIGURE 1 Independent facing system.
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will tilt and will not accept higher pressures. For stable reinforced
fills, defiections cease once the fill reinforcement is mobilized.

Independent facing panels are designed for moments and shears
due to earth pressures. The thrust on facing panels is known from
anchor yield loads, but the distribution of earth pressures is needed
to compute section forces. Here, it is noted that pressure distribu-
tions assumed in design often do not match actual pressure distrib-
utions in MSE walls. Where pressures on facings have been mea-
sured by load cells or could be computed from tension force in fill
reinforcements, it is observed that earth pressures may have a tri-
angular distribution, or may show a peak value near the midheight
of a wall, or may show low pressure at midheight with higher pres-
sures at the top and bottom of the wall (I-7). Therefore, to establish
a design basis for independent facings, it is necessary to consider
pressure distributions that satisfy statics, that provide conservative
estimates of section forces in facings, and that are reasonable in
terms of both accepted design methods (8) and the pressure
distribution observed in experiments.

Three forms of pressure diagram are considered: a triangular
pressure distribution, a rectangular distribution, and a parabolic
distribution (Figure 2). For each pressure distribution, bending
moments in independent facing panels are computed. In the figure,
facing panels are height H and width b and are secured by four
anchors placed in pairs at distances H/4 and 3H/4 from the bottom
of the wall. The peak lateral earth pressure for each diagram Py, is
determined by the yield load A of the anchors for facing panels. The
value of Py, is computed by using a moment balance about the base
of the panel. The maximum earth pressure depends on the anchor
yield capacity only, not on properties of the fill. For this value of
maximum earth pressure, a restraining force R at the base of the
panel must be present to satisfy equilibrium of horizontal forces.
For a triangular earth pressure distribution, it is found that

R=2A ey

And the maximum bending moment in an independent facing panel
subject to a triangular earth pressure is

My = 0.27AH )

Similar procedures computing Py, R, and My, are followed for
rectangular and parabolic pressure distributions (Figure 2). A
triangular pressure distribution leads to the highest estimate of
bending moment in panels. The triangular pressure distribution is

Unattached Fill Reinforcement

Independent Full Height Panels

General View
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FIGURE 2  Trial soil pressure diagrams for design of facing panels.

adopted as a conservative design basis for facing panels in an inde-
pendent system.

Taller panels use more anchors. For a vertical spacing of 1.5 m
(5 ft) between anchors, panels at heights of 3.1, 4.6, and 6.1 m
(10, 15, and 20 ft) use 4, 6, and 8 anchors, respectively. An increase
in panel height corresponds to a fixed value of maximum earth
pressure and an increase in maximum moment in panels. For all
heights, moments and shears in facing panels are controlled by the
yield load of the anchors. Results are shown in the “Statics” column
of Table 1.

Structural Design of Anchors

Anchors for independent facing must allow movement of panels at
moderate earth pressure, and must provide a permanent attachment
of facing to the reinforced fill. The requirement for panel movement
imposes an upper bound on anchor force that controls the earth pres-
sures on facing panels. The need for permanent attachment of facing
panels under self-weight, wind loads, and incidental loads imposes
a lower bound on force in anchors. These two requirements may be
met by anchors that yield at moderate load, that are capable of large
movement during yielding, and that provide elastic response under
external loading.

Three designs of anchors for panels have been developed (Figure
3). The first.is a two-part design using a straight anchor bar in the
reinforced fill attached to a loop bar on the facing panel. The straight
anchor does not move; the loop bar provides articulation. The loop
bar yields for outward tilt of facing panels. The vertical length of
the loop bar allows the straight anchor to slip as fill settles. The loop
bar may be bolted through a sleeve at the front of facing panels or
may be attached to a plate at the vertical joint between panels. The
bolted attachment allows an outward adjustment of panels that may

be needed to correct the alignment of facing panels after wall con-
struction is complete.

Figure 3 also shows two other designs for flexible anchors. The
blind anchor is a two-part anchor in which the loop bar is welded
to a plate embedment in the facing panel. This design offers no
adjustment of panel position. The gooseneck anchor is a one-part
anchor. The neck in the anchor bar yields to allow outward move-
ment of the facing panel. Gooseneck anchors have limited tolerance
for vertical settlement of the reinforced fill.

The tensile load capacity of anchors is determined by the plastic
bending strength of the loop bar or gooseneck. Considering the
two-part anchors, the minimum yield capacity of the anchor can be
computed as
A =4aM,/l 3)
where M, is the plastic bending.capacity of the loop bar and / is its
length. A two-part anchor will have its minimum strength when the
straight anchor is located at the midheight of the loop bar. The
anchor capacity will be higher when the straight portion is not
at midheight. If the straight portion of the anchor is located at a
distance , from the near end of the loop bar, the yield capacity of
the two part anchor is

1 1 ’

A 2M”<l,, + P la) “

In service, anchors may not be located at midheight of loop bars
due to settlement of the backfill, and due to normal construction
tolerances. It is necessary to recognize two estimates of strength of
fiexible anchors. The minimum anchor strength is used for design
against external loads on panels. A higher estimate of anchor load
using an assumed attachment at [, = //4 is used to compute earth
pressures and to design the facing panels.

TABLE 1 Statical Relations and Design Data for Panels
Panel Statics Anchor Force (N) Moments in Panels (N-m) Panel Rebars
Height | Anchors | P, R | M, | Tit|Wind| Ult| P, | Tilt| Wind| EarthP.| Ult. | Thick. Gré60
(m) | (count) (kPa) (N) | (N-m) A | A A, | (kPa) Mool M, M, M, | (mm) ]| (Two Way)
3.1 4 39A/b| 2A | 082A 56 | 2,670 | 3,540 5.7 -27 [ -1,020 2,920 | 3,240 127 | #4@305 mm
4.6 6 39A/b | 3A 2.0A 67 | 2,670 | 3,560 5.7 -33 | -1,020 7,300 8,110 152 | #4@203 mm
6.1 8 39A/b| 4A ] 35A 67 | 2,670 | 3,560 57 -33 | -1,020 12,800 | 14,200 152° | #4@203 mm

#Panel with two 254 mm deep webs.
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Loop Bar Anchor

FIGURE 3 Flexible anchors for independent facing systems.

External load demand on anchors are wind and accidental eccen-
tricity of panels. Wind load demand on a single anchor, Awin, 1S
computed as

Awina = WhHIn )

where

w = design wind pressure,
b and H = panel width and height, and
n = number of anchors connected to the panel.

If panels are eccentric (tilted) and if the eccentricity is out-
ward, then a force in the anchors As.y is required to maintain
stability of the facing. Figure 4 shows three conditions of panel
eccentricity: a 3.1-m (10-ft) tall full-height panel tilted outward by
an amount e, a 6.1-m (20-ft) tall full-height panel tilted outward
by an amount ¢, and a 6.1-m (20-ft) tall stacked panel system dis-
placed in the first tier. For full-height panels, the anchor force
required for stability is computed as

3.1-m (10-ft) panel using four anchors

We
4H

Asani =

6.1-m (20-ft) panel using eight anchors

Blind Anchor

Gooseneck Anchor

where W is the dead weight of the facing panel. Using an estimate
of e/H as 1/100, the anchor loads for stability can be expressed as

3.1-m (10-ft) panel using four anchors

w

Agapr = W

6.1-m (20-ft) panel using eight anchors

Agapt =

w

800 ™

Design of anchors for independent facing proceeds by comput-
ing the required minimum anchor loads for wind and eccentricity
loads and selecting an anchor with a yield capacity that exceeds
these demands by an adequate margin of safety. In this study, the
strength design provisions of the AASHTO specifications are
followed (9). The yield capacity of anchors is then used to compute
the earth pressures on facings. Example designs are presented in
Table 1. The columns labeled “Anchor Force” show the load
demands and design load for anchors. The wind load is taken as 1.4
kPa (30 psi), and panels are assumed to be normal weight concrete
panels 2.4 m (8 ft) wide. Panels are 127 mm (5 in.) thick for 3.1 m
(10 ft) height, and 152 mm (6 in.) thick for 4.6-m (15-ft) and for
6.1-m (20-ft) panels. Wind load controls the strength design of
anchors. Table 1 lists bending moments in panels for tilt, for wind,

Ac = We 6) and for anchor-controlled earth pressures. The table also lists rebar
el T gH requirements for concrete panels. For panels, a concrete compres-
e e
A i
e 2A
2A
e 2A > 2A
2N
2A 2A
STSNINASTREN SIS TSNS
0" WALL 20" WALL 20" WALL

FULL-HEIGHT PANEL

FULL-HEIGHT PANEL

STACKED PANEL

FIGURE 4 Stability of independent facing systems.
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sive strength of 35 MPa (5,000 psi) and a rebar tensile strength of
413 MPa (60 ksi) are assumed.

Structural Design of Reinforced Fill

Independent facing panels are not attached to reinforcements in the
fill, do not provide an anchorage for tensions in fill reinforcements,
and offer only a limited capacity for retaining fill at the front of an
MSE wall. MSE wall constructions may take advantage of facing
panels as a forming surface during construction, but otherwise MSE
walls using independent facing panels must be stable within
themselves. Standard design procedures are available to ensure that
MSE walls have adequate margins of safety against external failure
mechanisms (i.e., sliding, bearing failure, and overturning) and
against internal failure mechanisms, including rupture, pullout,
and degradation of reinforcements. In addition, methods and
analyses are available for designing MSE walls to satisfy limits on
defections.

Construction of Independent Facing Systems

Construction of MSE walls with independent facing follows a
sequence shown in Figure 5. Here, footings for panels are placed,
and facing panels are moved into position and braced. Panels are
keyed into footings, but there are no other attachments and no
rebars across the joint. Bracing at the front of panels is removed
when there are a sufficient number of anchors in place to support
the facing.

Panel movement during construction may result in an unac-
ceptable facing alignment. Two measures in construction offer
remedies. At initial placement, facing units should be battered in
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anticipation of a horizontal deformation. Inward batter on the order
of 50 to 75 mm (2 to 3 in.) per 3.1 m (10 ft) of wall height is typi-
cal. After wall construction is complete, anchor connections may be
loosened at the front of the wall and panels pulled forward if
necessary to improve alignment.

Laboratory Demonstration of Independent
Facing for MSE Walls

A full-height independent facing panel was used in the construction
and load testing of two prototype walls in the laboratory. The
prototypes were geotextile-reinforced walls approximately 3.1 m
(10 ft) tall, 1.2 m (4 ft) wide, and 2.4 m (8 ft) deep. The prototypes
each represent a slice of a wall of large lateral extent. The test
fixture is a plexiglass box supported by steel strongbacks. It is
equipped with greased membranes along the sidewalls to allow the
fill to move with little side friction. Details of the test fixture are
reported elsewhere (/0). A general view of the prototypes is
provided in Figure 6. The wall tests had two purposes: a demon-
stration of the performance of an independent facing system, and an
investigation of the use of MSE walls with unwrapped reinforce-
ment at the front. Fill reinforcements in these tests were neither
attached to facing panels nor wrapped.

The two tests differed in fill material and in the sequence of load-
ing. The first test used an Ottawa sand fill and the application of sur-
charge in several steps to a maximum of 138 kPa (20 psi). This test
demonstrated the performance of independent facing and flexible
anchors. The second test used a fill of Colorado DOT Class 1 road
base. Surcharge was again applied in steps, but at each new loading
the nuts restraining the flexible anchors were loosened and the wall
was allowed to stand for a time. The repeated loosening of anchors
was part of an effort to observe equilibrium in a fill with unwrapped,

PLACE FOOTING. PANEL.
AND BRACE MAKE PANEL JOINTS

BEGIN MSB WALL
INSTALL IST ANCHOR

INSTALL SECOND ANCHOR
REMOVE BRACE

FINISH WALL

FIGURE 5 Construction sequence of independent facing systems.
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unattached fill reinforcements. Only the first, Ottawa sand, test will
be considered in this paper. Additional detail on the testing program
can be found elsewhere (11).

Properties of fill reinforcements are listed in Table 2. The
facing ‘panel was a reinforced concrete panel approximately
31 X 1.2 X 102 mm (10 X 4 X 4 in.) with a two-way mat of
#4 reinforcing bars at 127-mm (5-in.) spacing. The compressive
strength of the concrete was 34 kPa (5,000 psi). Concrete reinforc-
ing steel had a yield stress of 413 MPa (60 psi). The panel was pro-
vided with sleeves to accommodate adjustable loop-bar anchors.
Loop bars were 13 mm (' in.) in diameter and 305 mm (12 in.) long
fabricated from smooth round bars. The straight anchor bars
extended 2.1 m (7 ft) into the reinforced fill. Straight anchors were
fitted with steel disks to improve pullout strength. Steel for anchors
and loop bars had a yield strength of 289 MPa (42 ksi). Ottawa sand
used for fill had a specific gravity of 2.65 and maximum and mini-
mum unit weights per ASTM D-854 of 1 795 kg/m? and 1 560 kg/m?
(112.2 pcf and 97.5 pcf) respectively. The sand reached a com-
pacted density of 1 712 kg/m? (107 pcf).

Loading on the wall was a surcharge made up of a 407-mm
(16-in.) layer of sand and an additional air pressure applied at the
top of the wall by a rubber bladder reacting against the lid of the test
fixture. Loads applied by air pressure could be held constant over
time to observe creep. The execution of loading on test walls
included the application of air-pressure surcharge at 7-kPa (1-psi)

and 35-kPa (5-psi) increments, and the maintenance of surcharge.
Loads were increased until some portion of the wall or the test setup
failed. Failures included the seals around the panel and the air bag
applying the surcharge.

Instrumentation for the tests included resistance strain gauges on
all four anchors, six earth pressure cells mounted in the facing
panel, resistance strain gauges on selected geotextile layers, dial
gauges at five locations on the front surface of the facing panel, and
a scribed grid on the sidewall membranes of the prototype. To mon-
itor the performance of the facing panels and the anchors, the infor-
mation needed is provided by strain gauges on anchors and by dial
gauges on the panel.

Strain gauges on anchors were mounted in pairs on the straight-
bar portion of each anchor near connections to loop bars. The pair
of active gauges were wired in a full bridge with two additional
gauges mounted on an unloaded length of steel round stock to serve
as temperature compensation. For the Ottawa sand test, a single pair
of strain gauges was mounted on each anchor. The gauges on one
anchor failed during the test.

Four dial gauges were mounted at the corners of the facing panel
and a fifth dial gauge was mounted at the middle of the top edge of
the panel (Figure 7). From this pattern of gauges, it is possible to
compute the translation, tilt, and twist of the panel.

In testing of the wall with Ottawa sand fill, air-pressure
surcharges was applied at pressures of 7, 35, 69, and 138 kPa

TABLE 2 Properties of Geotextile Reinforcement for Prototype Test

Unit weight (ASTM D-3776)
Grab tensile (ASTM D-4632)

Elongation at break (ASTM D-4632)
Modulus at 10 % elongation (ASTM D-4632)

Coefficient of permeability
Nominal thickness

1.93N/m’

890 N

60 %

445 KN/m
1.99*10-4 cm/sec
0.508 mm
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FIGURE 7 Dial gauge locations and deflection of panel versus surcharge.

(1, 5, 10, 15, and 20 psi). The test was stopped after the failure of
a seal between the facing panel and the sidewall of the test fixture.
The 7-kPa (1-psi) surcharge was held for approximately 75 hr. The
35-kPa (5-psi) surcharge was held for 30 min. The 69-kPa (10-psi)
surcharge was held for 12 hr. The 103-kPa (15-psi) surcharge was
held for 30 min. The 138-kPa (20-psi) surcharge was held for only
a few minutes before a gasket at one vertical edge of the fac-
ing panel began to leak fill. The load history of the test is listed in
Table 3.

The average movement at the top and at the bottom of the panel
are plotted against surcharge in Figure 7. Loads in anchors are plot-
ted versus surcharge in Figure 8. The anchor loads are determined
directly from strain gauge readings. The strain gauges on Anchor
No. 4 failed early in the test. From these figures several aspects of
the performance of independent facing may be noted.

e Under surcharge, panel movement occurs by a combination of
tilting and sliding. Panel deflection shows an essentially linear
response to surcharge.

e Anchors exhibit a yielding response to increasing surcharge.
Forces in two (of three) anchors show an upper bound load of about
3.6 kN (800 Ib). The third anchor showed an upper bound load
slightly greater than 4.5 kN (1,000 1b). All anchors exhibit greater
stiffness initially, followed by a softening response at increasing

surcharge (Figure 8). This softening response is the intended yield-
ing of anchors to limit earth pressures on facing panels.

¢ Anchor forces did not appear to vary with time at constant sur-
charge. However, two surcharge levels were maintained for periods
of less than 1 hr. Long-term behavior of the wall with unwrapped
reinforcement was not established in this test.

e Anchor forces exhibit a yielding response as a function of
panel displacement (Figure 8). It is found-that the anchor loads
exhibit a softening behavior for the linearly increasing panel deflec-
tions. Again, this is the intended yielding behavior of anchors.

Analysis of Panels and Anchors in Prototype Tests

Following the procedures developed for design of panels, anchor
loads are used to compute peak earth pressures for triangular pres-
sure distributions at each level of surcharge. The results are plotted
in Figure 9. Peak lateral earth pressures on panels are as high as 15
kPa (2.2 psi) for a surcharge of 138 kPa (20 psi). This peak pressure
is substantially lower than the active earth pressure that would be
computed for an MSE wall with reinforcements attached to facing.
The lateral pressure on independent facing are not linear with sur-
charge. Moreover, lateral earth pressures are indeed bounded by the
yield capacity of anchors for facing panels. The computation of

TABLE 3 Loading Sequence and Dial Gauge Readings for Test with Ottawa Sand Fill

Dial 5

Step Time | Action Surcharge | Diall| Dial2 | Dial3 | Dial4 Trans Tilt
(hrs) (kPa) | (mm)| (mm)| (mm)| (mm)] (mm)| (mm)]| (mm)

1 0 | Wall completed 0 0 0 0 0 0 0 0
2 39.7 | Applied 7 kPa 7 0.05 0.08 0.28 0.36 0.0 0.19 0.14
3 115.6 | Additional 28 kPa 34 0.89 1.02 7.21 7.19 6.96 4.06 3.56
4 116 | Additional 34 kPa 69 2.06 2.24 14.02 14.07 | 13.67 8.13 6.60
5 137.2 | Additional 34 kPa psi 103 3.61 409 | 2248 23.04| 2283 13.21 10.41
6 137.8 | Additional 34 kPa 138 5.18 635| 3277 3277 32.64| 1930 1499
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bending moments in panels follows directly from the computation
of earth pressures. The highest bending moment in the panel is just
over 60 kN-m (44,000 ft-1b) at a surcharge of 138 kPa (20 psi).
Bending moments are also limited by the yield capacity of anchors.

CONCLUSION

Independent facing for MSE walls offers important options in
design, construction, and aesthetics. Independent facing panels
enjoy an articulation by a combination of sliding and tilting.
Anchors for panels provide an upper bound load associated with the
yield capacity of the loop bar. Once yielding is initiated, anchor

forces do not continue to increase with increasing surcharge or
increasing panel movement. Yielding anchors impose an upper
bound on the magnitude of lateral earth pressures acting on panels.
Anchors are designed to provide adequate support of facing panels
and at the same time to protect panels against high earth pressures.
The design basis for independent facing computes maximum
bending moments in panels as a function of panel dimensions and
anchor yield load.

Independent facing and flexible anchors performed as expected
in tests of prototype walls. It was observed that anchors yield
smoothly with increasing surcharge and increasing displacement
and that anchor loads reach a limiting yield load beyond which addi-
tional surcharge will not produce higher anchor forces. A 3.1-m-tall
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(10-ft-tall) prototype wall with full-height independent facing was
subject to an air pressure surcharge of 138 kPa (2,880 psf). At this
surcharge, the maximum lateral earth pressure acting on facing
panels was only 15.2 kPa (317 psf). Flexible anchors protected the
facing from higher earth pressures.
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Biotechnical Stablhzatlon of

Steepened Slopes

DoNALD H. GRAY AND ROBBIN B. SOTIR

The use of tensile inclusions makes it possible to repair slope failures
or to construct steepened slopes along highway rights-of-way. Live cut
brush layers can be used in place of or with synthetic fabrics or poly-
meric geogrids for this purpose. This approach, which is termed
biotechnical stabilization or soil bioengineering, entails the use of liv-
ing vegetation (primarily cut, woody plant material) that is purposely
arranged and imbedded in the ground to prevent surficial erosion and to
arrest shallow mass movement. In the case of brush layering, the live
cut stems and branches provide immediate reinforcement; secondary
stabilization occurs as a result of adventitious rooting along the length
of buried stems. Imbedded brush layers also act as horizontal drains and
wicks that favorably modify the hydrologic regime in the slope. The
basic principles of biotechnical stabilization are described. Guidelines
are presented for analyzing the surficial, internal, and global stability of
brush layer—reinforced fills. A case study is reviewed in which live
brush-layer inclusions were used to stabilize steep slopes along a road-
way. A brush-layer buttress fill was used to repair an unstable cut slope
along a highway in Massachusetts. Several repair alternatives were
considered in this case. Scenic and environmental considerations with
stability analyses eventually dictated the use of a composite, drained
rock, and earthen brush-layer fill. The rock section was placed at the
bottom to intercept critical failure surfaces that passed through the toe
of the slope. Biotechnical stabilization resulted in a satisfactory and
cost-effective solution; the treated slope has remained stable, and it
blends in naturally with its surroundings.

Reinforced or mechanically stabilized earth (MSE) embankments
have been used in highway construction for the past 2 decades. This
approach offers several advantages over more traditional methods
of grade separation that use either vertical walls or conventional fills
with relatively flat slopes (2H:1V or less). The most prominent use
of MSE is probably the widening and reconstruction of existing
roads and highways. The use of reinforced steepened slopes to
widen roadways improves mass stability, reduces fill requirements,
eliminates additional rights-of-way, and often speeds construction.
Design procedures, advantages, and several case histories of steep-
ened, reinforced highway slopes can be found elsewhere (7).

The principal components of reinforced or mechanically stabi-
lized earth embankments are shown schematically in Figure 1.
Tensile inclusions (reinforcements) in the fill soil create a struc-
turally stable composite mass. These main tensile elements are
referred to as “primary” reinforcement. Shorter, intermediate inclu-
sions may be placed near the slope face. These “secondary” re-
inforcing elements are used to minimize sloughing or face sliding
and to aid compaction and alignment control. The soil at the outer
edge of the slope may also be faced with some kind of netting (e.g.,
coir or jute) to prevent or minimize soil erosion. This last compo-

D. H. Gray, Department of Civil Engineering, The University of Michigan,
Ann Arbor, Mich. 49109. R. B. Sotir, Robbin B. Sotir & Assoc., 434 Villa
Rica Rd., Marietta, Ga. 30064.

nent can be eliminated, however, by simply wrapping the secondary
reinforcement around the slope face of successive lifts or layers of
soil as the embankment is raised. Stability considerations also dic-
tate that appropriate external and internal drainage provisions be
incorporated in the design.

Metallic strips, geotextiles, and polymer and wire grids have all
been used as reinforcing elements in earthen slopes. Higher-
strength, primary reinforcements are used for permanent, critical
highway slopes. Lower-strength tensile inclusions can be used close
to the face as secondary reinforcements. The latter are typically
0.92-1.8 m (3-6 ft) long and are spaced 203-914 mm (8-36 in.)
vertically apart as shown in Figure 1. Selection of the appropriate
reinforcement depends on the allowable tensile load, deformation,
and design life of the structure.

The purpose of this paper is to describe the use of live cut brush
layers as a supplement or alternative to inert tensile inclusions and
to provide some guidelines for the design and installation of brush-
layer reinforcements. The live brush can be substituted for the
secondary reinforcements or, in some cases, actually replace both
secondary and primary reinforcements. Unlike most inert re-
inforcements, imbedded brush layers also act as horizontal drains
and wicks that favorably modify the hydrologic regime near the
face of the slope. This approach, which is termed biotechnical sta-
bilization or soil bioengineering, entails the use of living vegetation,
primarily cut woody plant material, that is arranged and imbedded
in the ground in selected patterns and arrays to prevent surficial
erosion and to arrest shallow mass movement.

<

PRINCIPLES OF BIOTECHNICAL
STABILIZATION

Live cut brush, woody stems, and roots can be used to create a
stable, composite earth mass. The functional value of vegetation
in this regard has now been well established (2). Biotechnical sta-
bilization (3) refers to the integrated or combined use of living
vegetation and inert structural. Soil bioengineering (4) is a more
restrictive term that refers primarily to the use of live plants and
plant parts alone. Live cuttings and stems are imbedded and
arranged in the ground where they serve as soil reinforcements,
horizontal drains, barriers to earth movement, and hydraulic pumps
or wicks. Live plants and plant parts can be used alone or with geo-
textiles or geogrids. The live cut stems and branches provide imme-
diate reinforcement; secondary stabilization occurs as a result of
adventitious rooting that occurs along the length of buried stems.
Techniques such as live staking, wattling (fascines), brush layering,
and so forth, fall into this category. The U.S. Department of Agri-
culture, Soil Conservation Service (5) now includes in its Engi-
neering Field Manual guidelines for the use and installation of these
soil bioengineering methods.
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FIGURE 1 Material and structural components of a typical, reinforced steepened slope (I).

Brush layering consists of inserting live cut branches or brush
between successive lifts or layers of compacted soil as shown in
Figure 2. This process works best when done with the construction
of a fill slope. The tips of the branches protrude just beyond the face
of the fill where they intercept rainfall, slow runoff, and filter sedi-
ment out of the slope runoff. The stems of the branches extend back
into the slope in much the same manner as conventional, inert rein-
forcements (e.g., geotextiles and geogrids) and act immediately
as tensile inclusions or reinforcements. Unlike conventional
reinforcements, however, the brush layers root along their lengths

and also act as horizontal slope drains. This drainage function is"

very important and can greatly improve mass stability.

Brush layers alone will suffice to stabilize a slope where the main
problem is surficial erosion or shallow face sliding. Sandy slopes
with little or no cohesion fall into this category. Deeper-seated
sliding tends to occur in embankment slopes composed of more

fine-grained, cohesive soils. This situation may require the use of
geogrids in combination with live brush layers. This latter approach
is illustrated schematically in Figure 3. Guidelines are presented
later in the paper for deciding whether geogrids must be used in con-
junction with live brush layers.

BIOTECHNICAL STABILIZATION OF
HIGHWAY CUT AND FILL SLOPES

Biotechnical stabilization has been used successfully to stabilize
and repair steep slopes along highways. One of the earliest applica-
tions was reported in a work by Kraebel (6), who used contour
wattling to stabilize steep fill slopes along the Angeles Crest high-
way in Southern California. Recent examples of soil bioengineering
solutions for the stabilization of a highway cut slopes are found in

CROSS SECTION VIEW

COMPACTED FiLL

R Zanan

l— Edge of fill

FIGURE 2 Fill slope stabilization using live brush layers place between lifts of compacted soil.
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FIGURE 3 Live brush layers used with geogrids or geotextiles.

a work by Gray and Sotir (7). They also describe the use of brush-
layering to repair a high, steep fill slope along a highway in North
Carolina (8). An earthen brush-layer buttress fill was used to repair
an unstable cut along a scenic highway in Massachusetts, as shown
in Figures 4 and 5. The cut slope consisted of residual silty sand
overlying fractured bedrock. Large amounts of groundwater seeped
from fractures in the bedrock and through exposed soil in
the cut. Other examples of brush-layer stabilization of a steep high-
embankment slope along the Brenner Pass highway in Austria are
shown in Figures 6 and 7.

~

STABILITY CONSIDERATIONS
Surficial Stability

One of the problems with embankment fills is the danger of erosion
and sloughing along the outside edge of the fill. Several factors can

contribute to this problem, namely, poor compaction at the outside
edge and loss of shear strength caused by moisture adsorption and
low confining stresses. Attempts to improve compaction may be
counterproductive because it impedes establishment of vegetation,
which in the long run provides the best protection against erosion.
Brush layers are very effective in preventing shallow sliding and
sloughing for the following reasons: (a) they act as wick and hori-
zontal drains that intercept seepage and favorably modify the hydro-
logic regime; (b) they root along their length, and these adventitious
roots provide secondary reinforcement or root cohesion near the
slope face; (c) the growing tips of the brush layers slow and filter sed-
iment from the slope runoff; and (d) the presence of the brush layers
enhance the establishment of other vegetation on the slope face.
The effectiveness of mechanisms a and b can be demonstrated by
“infinite slope” type analyses, which are appropriate for analyzing
the surficial stability of slopes. For purposes of discussion consider
a marginally stable, oversteepened (1.5H:1.0V) slope in a sandy
soil, ® = 35° and y = 118 pcf (18.5 kN/m?), with very low cohe-

FIGURE 4 Brush-layer buttress fill immediately after
construction (winter 1990, Greenfield Road, near Route 112,
Colrain, Mass.).

FIGURE 5 Brush-layer buttress fill after 2 years showing
extensive vegetative establishment (Greenfield Road, Colrain,
Mass.).
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FIGURE 6 Brush-layer embankment fill stabilization
immediately after construction (Brenner Pass highway, Austria).

FIGURE 7 Brush-layer embankment fill stabilization after
2 years showing grass and brush establishment (Brenner Pass
highway, Austria).

sion, ¢ = 0.2 psi (1.4 kPa). Factors of safety can be computed as a
function of vertical depth to the sliding surface (H) and seepage
direction () with respect to a horizontal reference plane as shown
in Figure 8. In the absence of additional root cohesion, the factor of
safety drops below unity (F < 1) when the seepage either parallels
or emerges from the slope face at depths greater than 1 ft (0.3 m).

Brush layers and associated roots markedly improve surficial
stability. The presence of fibers (roots) provides a measure of
apparent cohesion (9,70). This fiber or root cohesion can make a
significant difference in the resistance to shallow sliding or shear
displacement in sandy soils with little or no intrinsic cohesion.
Actual shear tests in the laboratory and field (9,17) on root and fiber
permeated sands indicate a shear strength increase per unit of fiber
concentration ranging from 7.4 to 8.7 psi per pound of root per cubic
foot of soil (3.2 to 3.7 kPa per kg of root/m? of soil).

Root concentrations reported in actual field tests (/2,13) were
used to estimate likely root cohesion (cg) as a function of depth.
A low to medium root concentration with depth was used in the
stability analyses to ascertain the likely influence of slope vegetation
on mass stability. Factor of safety is shown plotted as a function of
depth and seepage direction in the presence of root reinforcement for
the same 1.5:1 slope in Figure 9. With roots present the safety factor
is increased significantly near the surface and the critical sliding sur-
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FIGURE 8 Factor of safety versus depth and
seepage direction for 1.5:1 hypothetical slope
without roots in the surface layer.

face is displaced downward. The results of the stability analyses
show that both seepage direction (6) and presence of root cohesion
(cr) have a significant effect on the factor of safety. Even a small
amount of root cohesion can increase the factor of safety substan-
tially near the surface. This influence is pronounced at shallow
depths where root concentrations are highest and reinforcement
effects therefore greatest.

The brush layers also act as horizontal drains and favorably mod-
ify the hydrologic regime near the face of the slope. They intercept
groundwater flowing along the loose, outer edge of a compacted fill,
divert the flow downward, and then convey it out laterally through
the brush layer itself. Redirection of seepage flow downward in this
manner results in greatly improved resistance to face sliding or
sloughing (/4). Redirection of seepage from parallel flow direction
(8 = 33°) to vertical flow (6 = 90°) greatly increases the factor of
safety at all depths as shown in Figure 9.

In the case of highly erosive soils (fine sands and silty sands) and
very steep slopes (> 1.5H:1.0V) it may be advisable to also use an
erosion control netting or mat on the face of the slope between the
brush layers. A biodegradable netting with relatively small aper-
tures (e.g., coir netting) placed over long straw mulch will work
well in this regard. The netting and mulch provide additional
protection against erosion and promote establishment of vegetation
on the slope face. The easiest way to install and secure the netting
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FIGURE 9 Factor of safety versus depth and
seepage direction for 1.5:1 hypothetical slope with
roots in the surface layer.
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is by wrapping it around the outside edge of successive lifts of
compacted fill.

Internal and Global Stability

The internal stability and global stability of a brush-layer fill slope
protection system must also be considered. This is especially true
when a brush-layer fill is used as a protective veneer or buttress fill
against an unstable cut or natural slope. Sufficient tensile inclu-
sions, either live brush layers or inert geogrids, or both, must be
imbedded in the fill to resist the unbalanced lateral force acting on
the earthen buttress. The brush stems and branches reinforce a fill
in much the same manner as conventional polymeric grid or fabric
reinforcements; accordingly, the internal stability of a brush-layer
fill (i.e., the resistance of the brush reinforcement layers to pullout
and tensile failure) can be analyzed using conventional methods
developed for earth slopes reinforced with geotextiles or geogrids
(15,16). The required vertical spacing and imbedded length of suc-
cessive brush reinforcement layers are determined from the speci-
fied safety factor, allowable unit tensile strength, and interface fric-
tion properties of the reinforcement layer. The allowable unit tensile
resistance for a brush layer can be calculated from the known ten-
sile strength of the brush stems, their average diameter, and number
of stems placed per unit width (7).

In the case of earthen fills that contain moderate amounts of low
plasticity fines, the requirement for internal reinforcement is greatly
reduced. The total required lateral resisting force approaches zero
for fills with moderate cohesion (¢ = 300 psf or 14.3 kPa), slope
inclinations less than 1.5H:1.0V, slope heights (H) less than 60 ft
(18.3 m) as shown in Figure 10. Live brush layers used alone will
suffice in this case to provide some additional internal stability, sig-
nificantly increase surficial stability, and compensate for possible
loss of intrinsic cohesion near the face. On the other hand, in the
case of very high, steep slopes, a conservative design procedure
would be to discount the influence of the live brush layers on inter-
nal stability and rely solely on the presence of inert tensile inclu-
sions (e.g., geogrids, used in conjunction with the brush layers as
shown in Figure 3).

Conventional geotechnical procedures can be used to analyze
the global or deep-seated stability of brush-layer slope protection
systems. A brush-layer reinforced outside edge of an embankment
fill or alternatively a brush-layer reinforced buttress fill or veneer
placed against an unstable cut or natural slope is simply treated as a
coherent gravity mass that is part of the slope. An example
from an actual case study will be used to demonstrate this analysis
procedure.

CASE STUDY EXAMPLE
Project Site

The project site is located along Greenfield Road, just off State
Route 112, in northern Massachusetts near the village of Colrain.
Widening and improvement of this scenic road resulted in
encroachment on an adjacent, unstable hillside, which triggered cut
slope failures. The slope stratigraphy consisted of a residual soil, a
silty sand, overlying a fractured quartz-mica schist bedrock. The cut
was excavated back at a design slope angle of 1.5:1; the inclination
* of the natural slope above the cut was approximately 3:1. Cut slope
heights varied in general from 20 to 60 ft (6.1 to 18.3 m). Slope fail-

27

SOIL STRENGTH

C = 300 PSF
gop— @=30°

RESISTING FORCE, F (kips/ft) (FS = 1.5)

0 0.5 1.0 1.5
SLOPE RATIO, b

FIGURE 10 Chart solution for determining the required
reinforcement or lateral resisting force for fills constructed from
low-plasticity soils (17).

ures were characterized by small slipouts and slumping. A substan-
tial amount of groundwater flowed out of the cut. This water seeped
out of both fractures in the underlying bedrock and through the
exposed face of the soil mantle.

Alternative Slope Treatments

The initial stabilization treatment of choice was a crushed rock blan-
ket. This system is used frequently by Massachusetts Department of
Transportation for cut slope stabilization. The main objection to this
system was its stark and harsh appearance, which was inconsistent
with the scenic nature of the highway. The main design considera-
tion in the case of a rock blanket was to determine the thickness
required to provide a specified global safety factor of 1.5. In fact, a
crushed rock blanket placed the entire length of the slope was not
required to satisfy mass stability. Instead, a drained rock buttress at
the toe would have sufficed. A toe buttress, however, would have
left upper portions of the slope exposed and vulnerable to piping
and surficial erosion.

The soil bioengineering alternative proposed for the site was a
drained brush-layer buttress fill. Reservations were expressed by the
project engineer about the ability of an earthen brush-layer fill to
resist large shear stresses at the base or toe of the slope and to pro-
vide a required global safety factor of 1.5. Some concern was also
expressed about the possibility of a critical shear surface develop-
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ing through the earthen fill adjacent and parallel to a brush layer.
Because of these expressed concerns two modified brush-layer fill
designs were proposed: (a) a crushed rock blanket with earthen
brush-layer inclusions at periodic intervals and (b) a crushed-rock
section at the base and brush-layer fill on top. The latter design was
ultimately adopted; stability analyses were conducted on various
configurations of this hybrid or composite system. The results of
stability analyses on this composite system (see Figure 11) showed
that it provided the required global factor of safety and that the most
critical failure surfaces passed through the basal rock section at the
toe of the slope.

Biotechnical Solution

Because of these findings, a decision was made to use the compos-
ite rock toe and earthen brush-layer buttress fill design to stabilize
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the cut. An important caveat in this decision was the requirement
that the earthen fill remain in a drained condition—a key assump-
tion in the stability analyses. This requirement along with the large
quantity of groundwater seeping out of the cut dictated that a suit-
able filter course or vertical drain be interposed between the earthen
fill and cut face. This requirement was met by placing either a gravel
filter course or a geotextile filter with adequate in-plane drainage
capacity against the cut face during construction. Water from the
bottom edge of the filter discharged into the rock toe at the base.

The construction work at the Colrain field site began in Novem-
ber 1989. A view of the cut slope after installation of the brush-
layer buttress fill is shown in Figure 4. The appearance of the same
slope some 2 years later is shown in Figure 5. In 2 years, the brush
had fully leafed out and native vegetation had become well estab-
lished on the slope. The slope is stable and has an attractive, natural
appearance.
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FIGURE 11  Factor of safety calculated by Bishop Slope Stability analysis of cut slope stabilized by
composite drained rock and earthen brush-layer fill (Colrain, Mass.).
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Cost Analysis

The costs of several conventional slope stabilization treatments
were determined and compared with the soil bioengineering treat-
ment. The conventional treatment costs included a rock blanket and
concrete crib wall. Cost analyses for the soil bioengineering treat-
ment were conducted at two different stations or work locations
on the project. The cost per square foot for the soil bioengineering
treatment varied by only $2.90/m? ($0.37/ft?) from one location
to another.

The rock blanket costs included expenses for transporting, han-
dling, and placing of 38 mm (1.5-in.) trap stone in a toe buttress or
blanket 3 m (10 ft) high and 2.4 m (8 ft) wide. Placement of the rock
higher up the slope entails greater difficulty and would have
increased costs another 5 to 10 percent. The cost per square foot of
front face for the crib wall includes footings and an estimated cost
for the crib fill. The cost per square foot for the three alternative
treatments was estimated as: rock blanket 2.5m (8 ft) thick,
$60.30/m? ($5.60/ft?); soil bioengineering, $145.30/m? ($13.50/ft%);
concrete crib walls, $371.40/m? ($34.50/ft?). Accordingly, the soil
bioengineering costs were between those of a rock blanket and a
concrete crib retaining wall. It should be kept in mind, however,
that the contractor on the project had often placed rock blankets but
had no previous experience with soil bioengineering. A cost com-
parison between these two methods was thus skewed slightly
by unfamiliarity and a learning curve associated with the soil
bioengineering method.

INSTALLATION GUIDELINES

Procedures for the harvesting, handling, storage, and installation of
live plant material should be followed carefully. Successful biotech-
nical construction requires that harvesting and placement of live
cuttings in the brush layers be carried out during the dormant sea-
son, usually November through April. Harvesting sites with suitable
plant materials can be located with an aerial survey. Stems and
branches up to 76 mm (3 in.) in diameter of willow, dogwood, alder,
poplar, and viburnum shrubs are generally suitable for brush-layer
treatments. They are cut at the harvesting site, bundled, and trans-
ported to the project site on covered flatbed or dump trucks.

Live cut material should be placed in the ground as soon after har-
vesting as possible. In the case of brush-layer installations, the cut
stems and branches are laid atop successive lifts of compacted soil
in a crisscross fashion (as shown schematically in Figure 2).
Soil overlying each brush layer must be worked in between the
branches to ensure contact between the brush and soil. The vertical
spacing between brush layers normally varies from 0.30 to 0.91 m
(1 to 3 ft) with closer spacings used at the bottom. The length of the
cut stems should extend the full width, or as far as possible into an
earthen buttress fill. A gravel drainage course, vertical chimney
drains, or fabric filter with good in-plane drainage capacity must be
placed between an earthen buttress fill and the cut face of a slope.
Detailed guidelines and instructions for the selection, harvesting,
handling, storage, and installation of live, cut plant materials can be
found elsewhere (5).
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CONCLUSION

Soil bioengineering solutions can be used to stabilize and repair
slope failures along highway rights-of-way. Live brush layers can
be used with or in place of inert polymeric reinforcements in over-
steepened slopes. The growing tips of the brush layers filter soil
from runoff and mitigate surficial erosion. The stems and adventi-
tious roots in the brush layers reinforce the soil. The brush layers
also act as horizontal drains and hydraulic wicks that favorably
modify the hydrologic regime near the face of a slope. Stems and
branches of plant species that root easily from cuttings (such as
willow and alder) should be used. In addition, construction and
installation should be carried out during the dormant season.
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Experiences with Mechanically Stabilized
Structures and Native Soil Backfill

GORDON R. KELLER

Practices and experience with mechanically stabilized backfill retaining
structures typically using native soil backfill on low and moderate
standard rural roads by the U.S. Department of Agriculture, Forest Ser-
vice, are documented. Information is provided describing innovative
and low-cost alternative earth-reinforced retaining structures, including
welded wire walls, chainlink fencing walls, geotextile walls, and walls
faced with materials such as timbers, tires, hay bales, geocells, and
concrete blocks. The design process has involved either generic or
custom in-house designs, or proprietary designs with custom site adap-
tation and materials evaluation. Local, often marginal-quality backfill
material is typically used. Its use is discussed, along with advantages
and problems with marginal materials. Selected case histories with
various wall types and backfill materials are presented.

The three basic objectives of this paper are to

o Document that the U.S. Department of Agriculture (USDA),
Forest Service, has successfully constructed hundreds of mechani-
cally stabilized backfill (MSB) structures nationwide over the past 20
years, typically using native soil backfill. These walls and reinforced
fills, built with a wide variety of designs and construction materials,
have performed well overall and satisfied their intended use.

o Discuss the Forest Service’s retaining structure design process,
and the merits and trade-offs of custom designs and use of in-house
geotechnical personnel versus the use of commercial vendors and
proprietary designs for structures.

e Document the successful use of local, often marginal backfill
materials in most structures, and to discuss the advantages, disad-
vantages, and limitations of the use of marginal materials.

Considerable experience and knowledge have been gained in the
use of relatively low-cost retaining structures for construction or
repairs of rural roads with space constraints, particularly in steep
mountainous terrain and unstable ground. Site access is often diffi-
cult and locations are remote, making the use of geosynthetics and
soil reinforcement concepts, modular or prefabricated components,
and on-site backfill materials highly desirable.

Composite facing and reinforcement elements used with on-site
backfill material offer substantial cost and construction advantages
over many conventional retaining structures. Simple construction
techniques are desired and often necessary. Minimizing cost is often
an objective. MSB structures discussed here are ideal for forest or
rural applications as well as far many private, local, and public road
and highway needs.

A wide variety of retaining structures has been used. Wall types,
typically up to 7.5 m (25 ft) high, have including welded wire walls,

U.S. Department of Agriculture, Forest Service, Plumas National Forest,
P.O. Box 11,500, Quincy, Calif 95971.

geotextile walls, chainlink fencing walls, lightweight sawdust
walls, and walls faced with segmental concrete blocks, hay bales,
tires, geocells, or timbers. Some soil-reinforced rigid concrete face
panel structures have also been used. Reinforced fills with local
embankment material have been an economical alternative to walls
in some areas. Considerations for each of these types of structures
are briefly discussed. Selected case histories that represent a range
of structures and backfill materials used are presented.

Many walls are designed in house by geotechnical personnel
using available design methodologies to take advantage of custom
designs, risk assessment, and cost savings of earth reinforcement
systems and local materials. Other walls are designed and con-
structed using readily available manufacturers’ standard designs,
along with laboratory testing to ensure that backfill material meets
design parameters. Drainage is nearly always incorporated into
designs, commonly with geocomposite drains. Filtration, durabil-
ity, and transmissibility requirements for the geocomposite
drainage systems are specified.

Local backfill material is most often used on Forest Service pro-
jects. Fortunately typical soils found in a mountain environment
have a high friction angle, satisfying needed design strength crite-
ria. However, fine-grained native soils can present design and con-
struction problems, such as unacceptable deformation, poor com-
paction and drainage, and some risk. Nevertheless they may offer
significant cost savings over conventional coarse granular backfill.
Fine silty sands to silts with some clay and soils with up to 50
percent fines have successfully been used as backfill.

DESIGN PROCESS

One of three basic design approaches is used on Forest Service
projects.

1. Custom retaining structures are selected, designed and con-
structed, or contracted by the Forest Service with technical input
from in-house geotechnical personnel;

2. Vendor-provided structures and designs are selected by the
Forest Service, with technical input from geotechnical personnel on
wall type, loading conditions, foundation and site-evaluation, and
so forth or;

3. A consultant-, contractor-, or vendor-provided design, with
some site evaluation, is used with the approval of the Forest Ser-
vice. Geotechnical personnel may or may not be involved in the
process.

Most structures built have used either the first or second
approach. Basic retaining structure selection and design informa-
tion have been documented in the Forest Service Retaining Wall
Design Guide (1).
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The design process, type and thoroughness of site evaluation, and
wall selection usually depend on the skills of the personnel involved
in the project. Geotechnical personnel are not common in the
Forest Service agency. Most regional offices have either an indi-
vidual or small staff of geotechnical personnel. A few individual
forests in the West have a staff geotechnical engineer or an engineer
who is responsible for several forests. In any event, the geotechni-
cal personnel are involved in a wide range of projects and are spread
thin, and time and project involvement are always limited. Thus the
time committed to any project depends on the current workload and
priorities, and available time may dictate what type of retaining
structure and design process to use.

The main advantages of custom in-house designs with unique
structures include

e The ability to evaluate the full range of available structures,

e The ability to use local or surplus construction materials,

e The ability to realize the maximum cost savings, and

e An opportunity to advance the professional state-of-the-
design practice, combining practical application with research and
development. :

Additional advantages of having geotechnical personnel knowl-
edgeable of soil reinforcement concepts involved include the
following:

e Staff has the opportunity to perform all aspects of the project,
inclading site investigation, foundation assessment, materials eval-
uation, construction control, drainage needs, and external and
global stability analysis, as well as overall design and details.

e Design and construction field changed conditions can be bet-
ter evaluated and accommodated.

¢ The risk and trade-offs of various types of structures and mate-
rials used can be better assessed.

e Current developments by other agencies and within the pro-
fession can be used and implemented.

o Proper limitations and applications of earth reinforcement con-
cepts can be made, and misuse avoided.

The following are the advantages of using vendor products or
manufacturer’s standard designs:

e Standard designs and trial solutions can be evaluated quickly.

* Good construction support is likely, which commonly goes
along with use of manufacturers’ products.

e With limited time and resources, internal design is satisfied,
though perhaps conservatively, so available time can be spent on
external and global stability, foundation conditions, and other
project aspects.

In reality, the use of vendor-supplied designs and products has
been satisfactory and necessary at times and has cost the agency
only a limited amount of money. The differential construction cost
of a vendor’s wall versus custom-designed walls has typically been
about $30 to $50 per square meter (a few dollars per square foot) of
face. However, the minimum cost of a vendor-provided wall has
been around $180/m? ($17/ft?), and minimum in-house designed
walls (geotextile walls) have cost $110/m? ($10/ft?) of wall face.
Still the major advantages of having in-house expertise are overall
cost-effectiveness, the total evaluation that can be accomplished,
and the flexibility it offers. '
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The actual design process used by agency geotechnical person-
nel has depended on time, information available, and type of walil
desired. Most early geotextile-reinforced and chainlink fencing
wall designs were based on the ultimate strength design method
developed by the Forest Service (2). Welded wire walls were
designed by or followed design tables developed by the Hilfiker
Company or now use design information such as that presented in
NCHRP 290 (3). Reinforced fill designs have used methods involv-
ing modified slope stability limit equilibrium analysis (4).

Today many design procedures are being proposed, refining the
earlier relatively conservative design methods. A recommended
synthesis of design procedures has been presented by FHWA (5).
Also, generic and product specific PC based computer programs are
available to facilitate the design process. For low- to medium-height
structures, the standard designs available from manufacturers or the
generic designs for low geotextile walls with given backfill and
loading conditions (6) are very simple to use and practical in many
applications. Note, however, that many manufacturer’s PC
programs are product specific and do not allow the user to check
calculations independently.

MSB STRUCTURES

Many recent innovative designs have been developed using soil
reinforcement concepts, and numerous walls have been built on
rural roads using a variety of reinforcing, facing, and backfill mate-
rials. Of the walls constructed by the Forest Service in the past
decade, MSB structures have been used at least 80 percent of the
time, mainly because of cost and ease of construction. Most use
local or on-site backfill material and easily fabricated flexible rein-
forcement elements. For walls less than 7.5 m (25 ft) high, cost has
typically ranged from $160 to $270/m? ($15 to $25/ft>) of face. Both
frictional reinforcement systems (i.e., geotextiles) and passive resis-
tance reinforcement systems (i.e., welded wire and geogrids) are
commonly used.

Walls are often located on landslides or on sites with minimal
foundation information, so some limited wall deformation is desir-
able. Site and foundation investigations are rare for small walls.
Soil-reinforced structures that minimize foundation pressures, have
relatively wide foundations, and tolerate deformation are desirable.
Brief descriptions of many of the MSB structures used by the For-
est Service follow.

For wall drainage, geocomposite drains have been successfully
and extensively used since 1975. They are particularly applicable
where the excavated back slope is steep or nearly vertical, making
conventional gravel drains difficult to construct. Geocomposite
drains on several wall sites in Califo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>