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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. 

v 
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Texsol: Material Properties and 
Engineering Performance 

PHILLIP LIAUSU AND !LAN 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 institutioµs 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 (1,2), 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. I. 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; 

• 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 

0 Texsol = 0 soil + Ll0, 
(Ll 0 varies from 0 to 10); 

• Yield strain that is greater than that of the natural sand, indi
cating the ductile behavior of Texsol with 

£Texsol = £soil + LlEr 

(LlE 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 oc 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 015 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 



4 

Retaining wall in Asterix theme park Plailly (before seeding) 

Widening of Highway A12 - Bois d' Arey 

FIGURE 1 Examples of Texsol engineering applications. 

illustrate the effect of the inclination angle oc on the apparent cohe
sion C, and the internal friction angle 0 c of the reference Texsol 
material. With the present state of knowledge, the anisotropy of 0t 
is not taken into account and 0 1 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 follow the empirical equation derived from the analysis of 
the test results obtained for the reference Texsol material 

C, = 0.03 oc2 + 1,27 oc + 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 elect the proper reinforcing material 
and to evaluate the long te;m 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 (t) with a slope smaller than 10-2 per cycle (i.e., less 
than 2 percent axial strain between I and 100 years). The samples 
loaded at 45 percent gave a strain rate of 5.10-3 per cycle of log (t). 
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). 

• 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. 

• The rate of strain under constant load has been found to be 
around 5.10-3 per cycle of log (t) 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. 

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

• 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 



Liausu and Juran 

a, - a3 (kPol 

1000 

500 

100 

2 3 4 s 

(a) 

er 1 - a3 (kPal 

JOO 

200f 

100 

so 

so 100 

(b) 

150 
k?a 

100 Texsol 
Fil polyester 
JJO dlex 
a o.1s•1. 

so 

-- -- SOkPa 
Sand de cla.i:n O/Smm 

200 

10 
C(%J 

a U<Pal 

2250 

2000 

1750 

1500 

1250 

1000 

750 

500 

250 

0 

(c) 

OV (::m 1l 

30 

20 

10 

0 

-10 

-20 

-30 

-SO 

Unconfined Compressive 
Strength (kPa) 

0.1 0.2 

100 

O.J 
Threads Content (%J 

FIGURE 2 (a) Example of triaxial stress-deformation curves, (b) failure envelope for Texsol and natural sand, (c) Texsol 
Tl: 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 

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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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 

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

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

• Tests with monotonic or cyclic lateral loading; 
• 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 ofTexsol 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-

7 

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 (lbaraki, 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/m3

, 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 a loss 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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shortly afterward. For example, such observations have been made 
on the many walls built along the A 7 motorway in France. The 
longitudinal concrete surface collectors and drains placed in the cut 
areas where Texsol walls are built show no accumulation of sand 
material, which would have been carried from the toe of the walls 
toward the storm sewer. 

In the course of a testing program on Texsol conducted by the 
Japanese Ministry of Construction, measurements have been made 
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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 geomembrane. 

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: 

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 ofTexsol 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.). It 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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FIGURE 10 (a) Schematic of green method of Texol production; {b) typical construction site using Texsol green method. 

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 as e s the 
engineering performance of Texsol structures have demonstrated 
that the reinforcement of sand by continuous polyester fiber pro-

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. 

11 
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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 tum, 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. Heam 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; 
• Independent facing allowed to tilt about its base but anchored 

to the reinforced fill; and 
• 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 6.1m(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, deflections 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 (J-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 PMax is 
determined by the yield load A of the anchors for facing panels. The 
value of PMax 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 (1) 

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

MMax = 0.27AH (2) 

Similar procedures computing PMax' R, and MMax 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 

Panel Anchors 

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 

TABLE 1 Statical Relations and Design Data for Panels 

Panel Statics Anchor Force (N) 
Height Anchors PM .. R MMax Tilt Wind Ult. 

(m) (count) (kPa) (N) (N-m) A.: .. hl Aw .• , A .. 
3.1 4 3.9 A lb 2A 0.82A 56 2,670 3,540 
4.6 6 3.9 Alb 3A 2.0A 67 2,670 3,560 
6.1 8 3.9 A lb 4A 3.SA 67 2,670 3,560 

a Panel with two 254 mm deep webs. 

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 

(3) 

where MP is the plastic bending capacity of the loop bar and l 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 la from the near end of the loop bar, the yield capacity of 
the two part anchor is 

A = 2MP(_!_ + - 1-) 
la f - la (4) 

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 
flexible 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 la = l/4 is used to compute earth 
pressures and to design the facing panels. 

Moments in Panels (N-m) Panel Re bars 
PM .. Tilt Wind Earth P. Ult. Thick. Gr60 

(kPa) Mo .. Lo M~. Mp M .. (mm) (Two Way) 
5.7 -27 -1,020 2,920 3,240 127 #4@305 mm 
5.7 -33 -1,020 7,300 8,110 152 #4@203mm 
5.7 -33 -1,020 12,800 14,200 152· #4@203mm 
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Loop Bar Anchor Blind 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, Awind' is 
computed as 

Awind = wbH/n (5) 

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 Asiabl 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 e, 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 
As1abl = 4H 

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

We 
Astabl = 8H 

e 
~ 

:~t:~: 

(6) 

e 
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Gooseneck Anchor 

where Wis 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 
Astabl = 400 

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

w 
Astabl = 

800 
(7) 

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, 
and for anchor-controlled earth pressures. The table al~o lists rebar 
requirements for concrete panels. For panels, a concrete compres-

e 
~ 

10· WALL 
FULL -HEIGHT PANEL 

20· WALL 
FULL-HEIGHT PANEL 

20· WALL 
ST ACK ED 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 

PLACE FOOTING. PANEL. 
AND BRACE MAKE PANEL JOINTS 

INST ALL SECOND ANCHOR 
REMOVE BRACE 
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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 
(I 0 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 (J 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, 

BEGIN MSB WALL 
NSTALL ~T ANCHOR 

FINISH WALL 

FIGURE 5 Construction sequence of independent facing systems. 
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FIGURE 6 Prototype MSE wall with independent full-height facing. 

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 (J J). 

Properties of fill reinforcements are listed in Table 2. The 
facing panel was a reinforced concrete panel approximately 
3.1 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 (112 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/m3 and 1 560 kg/m3 

(112.2 pcf and 97.5 pcf) respectively. The sand reached a com
pacted density of 1 712 kg/m3 (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 comers 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 wi.th 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/m2 

890N 
60% 
4.45KN/m 
1.99*10-4 cm/sec 
0.508mm 
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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 (I-psi) surcharge was held for approximately 75 hr. The 
35-kPa (5-psi) surcharge was held for 30 min. The 69-kPa (IO-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. 

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

• 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 lb). The third anchor showed an upper bound load 
slightly greater than 4.5 kN (1,000 lb). 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. 

• 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 

Step Time Action Surcharge Dial 1 Dial 2 Dial3 Dial4 Dials 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 4.09 22.48 23.04 22.83 13.21 10.41 
6 137.8 Additional 34 kPa 138 5.18 6.35 32.77 32.77 32.64 19.30 14.99 
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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-lb) 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 hig~er 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 Stabilization 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: 1 V 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 (J). 

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 ofliving 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 (1). 

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 

CROSS SECTION VEW 

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 

LIVE CUTl'mS 
COMPACTED FU 

PLANVEW 

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 

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

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 (I.SH: l.OV) slope in a sandy 
soil, <I> = 35° and 'Y = 118 pcf (18.5 kN/m3), with very low cohe-

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, c = 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 (0) 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, 10). 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 (9,11) 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/m3 of soil). 

Root concentrations reported in actual field tests (12, 13) were 
used to estimate likely root cohesion ( ciJ 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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face is displaced downward. The results of the stability analyses 
show that both seepage direction (0) 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 (14 ). Redirection of seepage from parallel flow direction 
(0 = 33°) to vertical flow (0 = 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 (> l .5H: l .OV) 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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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 (c = 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: I; the inclination 
of the natural slope above the cut was approximately 3: I. Cut slope 
heights varied in general from 20 ~o 60 ft (6.1 to 18.3 m). Slope fail-
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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 eC).rthen 
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/m2 ($0.37/ft2

) 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 2.5 m (8 ft) thick, 
$60.30/m2 ($5.60/ft2); soil bioengineering, $145.30/m2 ($13.50/ft2); 
concrete crib walls, $371.40/m2 ($34.50/ft2

). 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 \Vith 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 

• 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. 

• 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. 
• 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 

• The ability to evaluate the full range of available structures, 
• The ability to use local or surplus construction materials, 
• The ability to realize the maximum cost savings, and 
• 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: 

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

• 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. 

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

• Proper lirr1itations 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: 

• Standard designs and trial solutions can be evaluated quickly. 
• Good construction support is likely, which commonly goes 

along with use of manufacturers' products. 
• 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 $ l 80/m2 ($17 /ft2), and minimum in-house designed 
walls (geotextile walls) have cost $I 10/m2 ($10/ft2

) 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 wall 
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 FHW A (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/m2 ($15 to $25/ft2

) 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 California, instrumented since 1984, 
have performed very well. Results reported elsewhere (7,8) 
show that many geocomposite drains available today have good 
crushing strength properties and adequate flow capacity and satisfy 
needed filtration criteria. However, available products performance 
varies considerably. The drains themselves cost $20 to $45/m2 

($2 to $4/ft2), installed. 

Welded Wire Walls 

Welded wire walls up to 9 m (30 ft) high are the most commonly 
used MSB system in the Forest Service (Figure 1). These walls have 
also been constructed to heights greater than 27 m (90 ft). Many 
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FIGURE 1 Seven-year-old welded wire wall with some face 
settlement due to use of native soil backfill (Plumas National 
Forest, California). 

contractors are familiar with their assembly and local manufactur
ers' representatives have provided excellent construction support 
services to contractors, with technical advice and by providing 
0n-the-job training to contractors. They are relatively easy to 
construct on grades and curves, can be adapted to many sites, can 
have a 50- to 75-year design life, and have often been used for 
bridge abutments and around culverts. Again, design information is 
readily available (3). 

Use of fine backfill material in welded wire walls has occasion
ally led to vertical face settlement, from poor compaction along the 
wall face and from fine soil migration through the wire face of the 
wall. A layer of heavy ultraviolet-resistant geotextile is now usually 
placed against the wire mesh to contain the fine soil near the face. 
Use of tamped pea gravel or coarse material in the face zone will 
further minimize this problem and is generally recommended. 

Limited experience has been gained on projects with welded wire 
soil reinforcement and use of rigid precast concrete face panels. The 
panels form a durable aesthetic wall facing. However the rigid pan
els are sensitive to foundation settlement and any face deformation. 
Select backfill is recommended with this facing system. 

Geotextile Walls 

Geotextile-reinforced soil walls were pioneered by the Forest Ser
vice in 1974. They have perhaps the least expensive materials cost 
of any wall available. For reinforcement materials alone, the cost is 
as low as $15/m2 ($1.25/ft2) of wall face. Design procedures are 
widely published (1-3). These procedures have led to many 
successful and perhaps conservative designs for walls 3 to 6 m 
(10 to 20 ft) high or higher. 

Reinforcement lift thickness (compacted) typically varies from 
15 to 45 cm (6 to 18 in.). Thicker lifts are difficult to form. Base 
geotextile embedment length is typically nominal for pullout resis
tance and is dictated by the length required to resist sliding failure 
in external stability calculations. 

Because of the flexibility of geotextiles, temporary forms must 
be used to support the wall face as each lift is constructed, making 
this process somewhat slow and labor intensive. Long 5- by 30-cm 
(2 by 12-in.) lumber and metal brackets are usually used for 
the forms. 
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Most geotextiles must be protected from long-term degradation 
by sunlight. A gunite layer is often applied to the wall face. In 
remote forest applications, a protective coating of asphalt emulsion 
may be specified, which must be repeated several times during its 
service life. The final wall face itself usually has an irregular shape, 
but its appearance is acceptable in most rural settings. This type of 
wall is also ideal for temporary construction applications. 

Geogrid walls have been built using a design concept very simi
lar to that used for geotextile walls, where additional strength and 
less creep are desired for a high wall or a stronger, more durable 
facing is wanted. 

Lightweight Geotextile Walls 

Several walls up to 8.5 m (28 ft) high have been constructed in Ore
gon and Washington using wood chips or sawdust. This material, 
wrapped in a geotextile, produced a lightweight structure ideal for 
placement on an active slide deposit. Design and construction pro
cedures for this wall were roughly similar to those of a normal geo
textile wall since wood chips have a high friction angle (25 to 40 
degrees, based on triaxial tests). Wood chips were spread and com
pacted in 45-cm (18-in.) lifts between the reinforcing layers. Com
paction was difficult to measure so a procedural specification 
of several passes per lift was used. · A final typical moist density of 
approximately 6.3 kN/m3 (40 pcf) was achieved. 

Gradation of the wood backfill used has ranged from fairly clean 
75-mm (3-in.) maximum size chips to a fairly dirty sawdust. Per
formance has been satisfactory and settlement of the material after 
10 years has been limited to about 5 percent of the structure height 
as slow decomposition continues. 

Chainlink Fencing Walls 

Several chainlink fencing walls up to 6.7 m (22 ft) high have been 
constructed by the Forest Service using conventional 9-gauge gal
vanized chainlink fencing material placed in 30- to 60-cm (12- to 
24-in.) lifts in the backfill material for reinforcing. 

Pullout resistance and strength parameters for custom design of 
the chainlink wall are similar to those of a welded wire material. 
The construction procedures for forming the face are similar to 
those used for a geotextile wall. A 6-mm (1/4-in.) galvanized screen 
is placed at the wall face to confine the backfill material. Hay bales 
have also been used to form temporarily the face of this type of wall. 

Timber-Faced Walls 

An ideal type of reinforced soil wall appears to be one incorporat
ing the ease and cost savings of geotextiles or geogrid reinforcement 
with durable and aesthetic timber or other facing members. A geo
textile-timber wall developed in Colorado (9) appears to be a nearly 
ideal combination of materials (geotextile and railroad ties) that is 
easy to construct, aesthetic, and cost-effective. Several such walls, 
up to 5.5 m (18 ft) high, have been constructed by the Forest Ser
vice and appear pleasingly rustic and particularly appropriate for a 
rural or forest setting (Figure 2). However, because timbers are 
treated with wood preservatives, this type of wall facing system is 
not used near water courses. 

The connection detail of the reinforcing material to the timbers 
varies. Techniques have included sandwiching the geotextile or 
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FIGURE 2 Timber-faced geogrid-reinforced wall in forest 
setting constructed with native soil backfill (San Juan National 
Forest, Colorado). 

geogrid between the timbers, stapling the material to the timbers, 
wrapping it around the timbers and adding a face plate, and using 
an intermediate wrapped board sandwiched between the main tim
bers. Each facing connection technique has proven to be adequately 
strong for low to moderate-height walls given the relatively low lat
eral stress on the wall face with frequently spaced, extensible rein
forcing materials (JO). Timbers are often pinned together with 
spikes or rebar. 

Segmental Concrete Block-Faced Walls 

A wide variety of concrete block facings exists today; they are 
typically used with geogrid reinforcement. This combination of 
materials is easy to construct, cost-effective, and aesthetic, particu
larly in rocky areas. The walls have only recently been built by the 
Forest Service, using manufacturer-provided designs. 

The connection detail of holding the geogrid in place with dow
els set into the blocks is simple, easy to construct, and generally 
effective. Other face-connection techniques involve sandwiching 
the reinforcement between the blocks or shear keys in the blocks. 
On relatively high walls with native backfill, a drain should be 
located behind the backfill and behind the concrete blocks as 
recommended by manufacturers. State-of-the-practice information 
on use and limitations of segmental concrete block walls is 
presented elsewhere (11). 

Tire-Faced Walls 

Several tire-faced, earth-reinforced walls, up to 3.1 m (10 ft) high, 
have been designed and constructed by the Forest Service in north
ern California, using a slit-film woven geotextile reinforcement 
with used tires for the facing members. Because used tires are plen
tiful and free, geotextile is inexpensive; because construction is sim
ple, the cost of this type of low wall is minimal. This type of wall is 
particularly easy to build with in-house crews or local hand labor, 
with minimal construction equipment, and is ideal for applications 
such as road shoulder support. 

33 

The design consists of layers of geotextile on a 19- to 38-cm (8-
to 15-in.) vertical spacing placed between every one or two rows of 
tires. Tires are staggered on top of each other. Soil is compacted 
behind each layer of tires in 18- to 20-cm (7- to 8-in.) lifts. Local 
material is backfilled into each tire and hand compacted, filling 
effectively only the middle "hole" in the tire (12). 

This type of wall needs to be built with a nearly 1H:4V face bat
ter and tires staggered horizontally, one-half tire diameter on each 
successive layer, to prevent the backfill soil from falling through the 
hole and space between tires on the next lower layer. The stagger 
and vertical offset of the tires can provide planting space in the tire 
holes for vegetation, adding long-term biotechnical stabilization to 
the wall and improving appearance. 

Settlement of the tire face is a limitation for this type of wall. 
After more than 5 years of monitoring one wall, deformation 
appears acceptable, with face settlement on the top row of tires of 
about 0.3 m (1 ft), or 10 percent of the wall height. Soil and pock
ets of vegetation have partially masked the tires. 

Geocell-Faced Walls 

Several geocell-type walls have been constructed by the Forest Ser
vice up to 6 m (20 ft) high since 1988. Walls have been either grav
ity structures or "zoned" gravity (geocell-reinforced) structures 
where some geocell layers extend into the backfill. These, geogrid 
and geotextile-reinforced geocell-faced wall designs, and testing 
information are discussed elsewhere (13). 

The geocell fill and backfill materials have been native granular 
material. The cells provide confinement for loose, granular soils. 
The lightweight expandable cells are ideal for moving the material 
to remote sites. With a battered wall face, each "cell" forms a 
planter for vegetation. The dark or tan high-density polyethylene 
material has reasonable resistance to deterioration. 

Reinforced Fills 

Reinforced fills placed with a lH: 1 V or steeper face slope have 
offered an economical alternative to retaining structures for those 
sites where the ground is too steep for a conventional fill slope yet 
is flat enough for a reinforced fill. Reinforced fill heights have 
ranged from 5 to 15 m (15 to 50 ft) on forest projects, and over twice 
this height elsewhere. 

USE OF LOCAL BACKFILL MATERIAL 

On-site or local materials, often of marginal quality, are consistently 
and successfully used by the Forest Service for backfill in retaining 
structures and reinforced embankments. They are desirable because 
of the unavailability or expense of imported materials. "Marginal" 
soils are defined as fine-grained, low-plasticity materials that 
may be difficult to compact, have poor drainage, or have strength 
parameters sensitive to density. 

Coarse rock fill material, occasionally available, is excellent for 
backfill if it is well graded. Material with a 15-cm (6-in.) maximum 
size is commonly specified. However, rock fill often has enough 
oversize material to make layer placement difficult and to damage 
the reinforcement material. Free-draining rock fill is necessary only 
in special applications such as in coastal or streamside structures 
subject to periodic inundation. 
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Select granular free-draining backfill material, commonly speci
fied by wall manufacturers, can be expensive to import. The cost 
advantage of using local material or material excavated on site can 
be significant, particularly in rural areas. The average cost of local 
backfill material, reflecting materials, placement, compaction, and 
haul cost, is estimated at $10.50/m3 ($8/yd3), compared with 
imported select backfill at roughly $23.50/m3 ($18/yd3

). Given a 
medium-sized structure with 140 m2 ( 1,500 ft2

) of wall face and an 
estimated backfill quantity of 575 m3 (750 yd3

) the differential cost, 
or savings, is $7 ,500. Some of the savings may be offset by 
increased construction costs. However, nationwide, hundreds of 
thousands of dollars could be saved annually by using local backfill 
materials. 

Select Material 

Relatively clean free-draining granular soils are generally recom
mended by manufacturers and preferred by contractors as backfill 
for retaining structures. Select backfill material requirements rec
ommended by AASHTO (J 4) for reinforced structures conform to 
the following gradation limits: 

Sieve Size 

10 cm (4 in.) 

No.40 

No. 200 

Percentage Passing 

100 
0-60 
0-15 

The plasticity index (Pl) as determined by AASHTO T-90 should 
not exceed 6. The material should exhibit an angle of internal fric
tion of not less than 34 degrees, at a compacted density of 95 
percent of AASHTO T-99. No testing is needed for backfill where 
80 percent of the material is larger than 1.9 cm (314 in.). The mater
ial should be free of organic matter or other deleterious materials. 
Requirements also include other durability and corrosion consider
ations. Note that some agencies recommend use of material 1.9 cm 
(314 in.) or smaller to prevent geosynthetic reinforcement damage. 

Some manufacturers, such as the Reinforced Earth Company 
(Terre Armee Int.), will occasionally allow use of "intermediate" 
soils containing up to 40 percent fines, provided that the Pl does not 
exceed 30 (15). Use of intermediate soils is limited to special cases, 
particularly outside the United States, where select materials are not 
available. With intermediate soils, specific design, evaluation, and 
careful construction control are required. Select material specifica
tions are typically used, particularly where deformation must be 
minimized and where rigid face panels are used. 

Marginal Backfill Material 

Under many circumstances essentially any nonplastic to moderate 
plasticity, frictional soil can be used as backfill, provided the wall 
is designed to resist the external and internal forces. In remote areas 
it is generally more economical to use local native or fine-grained 
backfill, with drainage, and design for those appropriate strength 
parameters than to import select free-draining materials. 

When fine-grained or marginal material is used as a wall backfill, 
several factors must be considered: 

• The structure should be specifically designed for the strength 
properties of that material. 

• Care should be taken to closely control placement moisture 
content and density. 
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• A well-designed and thorough drainage system should be 
included. 

• The likelihood of accelerated corrosion must be evaluated. 
• Relatively slow construction is likely, and slight to moderate 

formation and face settlement should be expected. 

Known or documented failures (J 6) of soil reinforced walls with 
marginal or clay backfill material (which incidentally are uncom
mon) have ignored or overlooked one of these factors. 

Local "marginal" materials used by the Forest Service have var
ied from silty sands to silts and clays [SM, SC, ML, and CL (Uni
fied Soil Classification)] with over 50 percent fines (passing the No. 
200 sieve) and a Pl of up to 15. Marginal silt and clayey soils have 
been successfully used and evaluated by FHWA in its full-scale 
tests on the behavior of reinforced soil (J 0) and in the Denver test 
walls by the University of Colorado and the Colorado Department 
of Transportation (17). 

Marginal materials should be specifically tested to determine 
their strength properties and strength-density relationship. Peak 
shear strength parameters should be used for analysis. Experience 
with marginal backfill has been favorable, but use can present 
problems in construction and long-term performance. Compaction 
of fine-grained soils is sensitive to moisture content, so close 
construction control is needed and the specified densities (typically 
95 percent of AASHTO T-99) may be difficult to achieve. 
Construction delays may occur. However, once compaction is 
achieved, results have generally been satisfactory. Frost heave in 
cold regions can also be a problem under some circumstances. 

Inability to achieve the specified compaction near the wall face, 
loss of fines through the face, or soil compressibility have resulted 
in some face settlement of structures. Most measured settlement has 
occurred in the first 2 years after construction, with minimal addi
tional long-term settlement. Measured settlements have been 2 to 4 
percent of the wall height. 

Surface drainage should be designed to keep water from infil
trating into the backfill. With fine-grained low-permeability back
fills, long-term saturation of the fill in a wet environment is possible, 
even with a drain installed behind the structure. To prevent satura
tion, layers of free-draining gravel can be built into the backfill. 
(However, this will add to the wall cost.) To prevent surface water 
from entering the fill, the backfill material may be waterproofed 
with a paved roadway surfacing. 

Table 1 shows examples of local marginal soils that have been 
used successfully in Forest Service structures. Note that the soils, 
though fine grained, have good frictional characteristics and were 
compacted. 

In view of the existing information and overall good performance 
of many MSB structures using marginal, fine-grained, low- to 
moderate-plasticity soil, it appears that industry standards could be 
modified to reflect this information and to realize the economic ben
efit of their use. Existing standards could include select material 
specifications suitable for high-risk and high structures or those with 
little tolerance to deformation or differential settlement. Most struc
tures could be constructed using a standard (intermediate) backfill 
material, with limits such as 50 percent fines, a Pl of 20 or less, and 
a minimum peak effective friction angle of 25 to 30 degrees. 

Clay-Rich Cohesive Backfill Material 

Generally poor-quality, clay-rich, cohesive soils with low frictional 
strength should not be used in retaining structures. Exceptions may 
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TABLE 1 Local Marginal Materials used in Forest Service Structures 

Site & 
Forest 

Goat Hill 
Plumas NF 

Mosquito R. 
Tahoe NF 

wall Type use 
{Height, m.) 

Welded Wire SM 
(4. 6 m.) SC 

Welded Wire 
(8.2 m.) 

SM 

SM 
ML 

L.North Fork Reinforced SM 
ML Plumas NF Fill (1:1) 

Gallatin 
Lassen NF 

B.Longville 
Pltimas NF 

Grave 
Plumas NF 

Butt Valley 
Plumas NF 

Thomjack 
Klamath NF 

(15.2 m.) 

HSE-Concrete GW 
Face/W. Wire 
(3.8 m.) 

Welded Wire 
{5.5 m.) 

Geotextile 
(2. 7 m.) 

Tire-Faced 
(3.1 m.) 

Timber-Faced 
(4.6 m.) 

CL
SM 

SM 
SM 

SC 

SM 

Stump Spring Welded Wire SM
SC Sierra NF (6.8 m.) 

Pulga 
Plumas NF 

Agness 
Siskiyou NF 

Camp 5 Hill 
Willamette 
NF 

Welded Wire 
(5.9 m.) 

Chainlink 
Fencing 
(to 6. 7 m.) 

Wood Chips+ 
Geotextile 
{8.5 m.) 

SM
GM 

GM
SM 

GP 

%' Minus 
200 

21 
20 
23 

22 
so 

38 
55 

1+ 

50+ 

26 
15 

38 

27 

42 

44 

15 

0 

PI Phi' 
deg 

5 34 
8 31 
4 27 

NP 
6 

2 
3 

NP 

NP 
NP 

8 

NP 

15 

4 

NP 

NP 

34 
33 

30+ 

26 

35 
38 

26 

30+ 

29 

34 

C' 

kPa 

9.6 
14.4 
16.7 

4.8 
7.2 

9.6 

40.7 
26.3 

19.2 

0 

9.6 

0 

Conunents 

4% Settlement on 
Face, Most in 2 
of the 10 Lifts. 

Minor Settle
ment, Vegetated. 

Minor Slumping, 
Well Vegetated. 

Minor Face Panel 
Separation using 
Light Cinder Fill 

Poor Foundation, 
3 % Settlement. 

Irregular Face, 
Weathering Cloth 
but no Fill Loss. 

10%' Face 
Settlement. 

Minimal 
Settlement. 

Performing Well, 
Min. Settlement. 

Mod. Settlement, 
Poor Compaction. 

Min. Settlement, 
Min. Corrosion, 
Face Vegetated. 

5%' Settlement, 
Continuing Chips 
Decomposition. 

Note: Peak Phi' and c' are ~rom Consolidated-Undrained tests @ 95% of 
T-99 Density. 1 kN/m = 20.9 psf, 1 m = 3.28 ft, NP = Nonplastic 

include special circumstances of low risk, substantial cost savings, 
and under conditions of careful design evaluation, construction con
trol, drainage, and monitoring. Use of clay-rich backfill material 
will likely present problems and will perhaps be more trouble and 
costly than it is worth. However, cohesive soils have good strength 
properties when kept dry and have been used in some reinforced 

structures and reinforced embankments worldwide with moderate 
success and with significant cost savings (18). 

The use of poorly drained backfill materials in reinforced soil 
structures has been reviewed elsewhere (19). Use of cohesive back
fill materials presents design and construction difficulties, making 
drainage and compaction difficult to achieve, and deformation must 
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be expected and acceptable. The material must be compacted under 
relatively dry weather conditions and should be compacted dry of 
optimum. Ideally the soil should be encapsulated to disperse surface 
runoff and prevent the saturation of the material through micro
fissures filling with water. 

Large surface deformations from plastic embankment materials 
suggest that the reinforcement should be longer than that used for 
conventional materials. Inextensible reinforcement can help mini
mize deformations. Pore pressure buildup may occur, which can 
reduce the frictional resistance of the backfill, so relatively high fac
tors of safety should be used in design. Poorly drained soils can 
cause significantly accelerated corrosion rates in materials. 

Walls with clayey soils for backfill can be designed, but long
term creep, deformation, and lateral earth pressures are difficult to 
predict. Walls should be constructed with a batter or a stepped flex
ible face to accommodate the expected deformation. Expansive 
clays should be avoided or modified. Forces on face connections 
may be relatively large. Clay-rich material can more successfully be 
used in reinforced fills than walls because face deformation is 
seldom an issue in fills. 

In structures with clay-rich backfill material, the use of frequently 
spaced reinforcing layers and thick needle-punch nonwoven 
geotextiles appears desirable to add a "wicking" effect to the struc
ture and allow for some pore pressure dissipation, especially during 
construction. 

SELECTED CASE HISTORIES 

Case History 1 

Site: Stump Springs #11, #14, Sierra National Forest, Shaver Lake, 
California: Date constructed: 1983, Wall type: welded wire, 1:6 
batter, Wall height: 4.5-6.8 m (15-22 ft). 

The backfill material is fine silty sand (SM) to a clayey sand (SC) 
with up to 42 percent fines and a PI of 15. The soil is a fine decom
posed granite, and specified compaction was 95 percent of 
AASHTO T-99. 

Numerous slides, washouts, and roadway fill failures occurred 
during a major storm. Repairs included construction of a reinforced 
fill, two concrete crib walls, and five welded wire walls. Welded 
wire walls were chosen because of their relatively low cost, flexi
bility, and ease of construction. Manufacturers' designs were 
selected, and geocomposite drains were installed behind the walls 
and flow was monitored. 

To date all walls and drainage systems have performed well. No 
sign of deformation is seen on the paved road above the welded wire 
walls. Overall settlement is 3 percent of the wall height, resulting in 
some typical face bulging in the wire in specific lifts. 

Case History 2 

Site: Grave site, Plumas National Forest, Oroville, California: Date 
constructed: 1987, Wall type: geotextile wall 1:6 batter, Wall 
height: 2.7 m (9 ft). 

The backfill material is coarse to fine, nonplastic silty sand (SM) 
with up to 26 percent fines. Soil is a decomposed granite excavated 
on site, compacted to 90 percent of T-180. A geocomposite drain 
was placed behind the backfill. 

The site was a small roadway fill failure that occurred as a result 
of a heavy rain. A retaining structure was needed to provide ade
quate roadway width and keep the toe of the fill out of a creek. A 
geotextile wall was chosen because of the low cost, remote area, and 
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simplicity of construction. A lightweight needle-punch, nonwoven 
geotextile was used, placed in 15- and 23-cm (6- and 9-in.) lifts, and 
treated with asphalt emulsion on the face. The Forest Service design 
procedure was used. 

To date the wall has performed well with some bulging of each 
lift, face irregularity, and overall 7 percent face settlement. Exposed 
face geotextile has deteriorated slightly, and animals have chewed 
small holes in the face, but with no loss of backfill material. 

Case History 3 

Site: Butt Valley, Plumas National Forest, Canyon Dam, California: 
Date constructed: 1988, Wall type: tire-faced geotextile wall, Wall 
height: 3.1 m (10 ft). 

The backfill material is a local gravelly clayey sand, with 30 to 
38 percent fines and a PI of 8 to 9, derived from metamorphic rock. 
Field compaction was 93 to 95 percent of AASHTO T-99. 

This small roadway fill failure area required a retaining structure. 
Since a local contractor had access to used tires and several "grav
ity" tire structures had been recently built, an MSB wall was 
designed, using tires as the facing material. A lightweight slit-film 
woven geotextile was chosen for reinforcement and placed between 

.each two layers of tires. Sixteen vertical rows of tires were used. 
Tires are held in place by friction between tire layers or the geotex
tile. The bottom half of the wall is vertical, but because of soil loss 
around the tires, the upper half has a 1 :4 batter. 

Face settlement has been surveyed and monitored since con
struction. No settlement is evident in the roadway on top of the wall, 
but mid wall face settlement has been about 10 percent of the wall 
height. Most settlement occurred in the first 2 years after construc
tion. Today the wall appears stable and partially vegetated. 

Case History 4 

Site: Camp 5 Hill, Willamette National Forest, Oakridge, Oregon: 
Date constructed: 1984, Wall type: geotextile wall with lightweight 
fill (wood chips), Wall height: 8.5 m (28 ft). 

The backfill material is wood chips [7.5 cm max. (3 in.)], having 
a friction angle of about 34 degrees and dry unit weight of 6.3 
kN/m3 

( 40 pcf). Procedural compaction was used, with a specified 
number of roller passes per lift. 

The lightweight geotextile reinforced wall was constructed in a 
large, active slide area where bearing pressure needed to be mini
mized, the flexibility of a geotextile wall was advantageous, and the 
wall could conform to the site. The custom design was based on the 
frictional characteristics of the chips, using a Forest Service-devel
oped design procedure. The slit-film woven geotextile was sprayed 
with asphalt emulsion for protection, but poor adhesion resulted 
with this type of geotextile. 

To date the geotextile wall has performed well and overall 
settlement has been about 0.5 m (1.5 ft), or 5 percent of the total 
height. Gradual settlement continues as the chips decompose with 
some moisture in the chips. The geotextile is disintegrating, but 
because of minimal face pressure, no chip loss has occurred. The 
historic slide has not moved. 

Case History 5 

Site: Gallatin Marina, Lassen National Forest, Eagle Lake, Califor
nia: Date constructed: 1989, 
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Wall type: rigid concrete panel facing with welded wire soil rein
forcement, Wall height: 3.8 m (12.5 ft). 

The backfill material is a well-graded to poorly graded, nonplas
tic, coarse sandy gravel (GW) with minimal fines. The materials are 
soft lightweight volcanic cinders that partially break down during 
compaction, doubling the percentage of sand-size particles. 

The Hilfiker Stabilized Embankment precast concrete panel wall 
type with a smooth, gravel-textured face, was selected and designed 
by the contractor to satisfy the need for a durable, aesthetic wall fac
ing along a marina walkway. Changed site conditions caused mod
ification of the initial wall design and materials source. Panels are 
0.8 by 3.8 m (2.5 by 12.5 ft), connected to the welded wire rein
forcement with pins. The soft foundation was overexcavated to 
bedrock and backfilled with cinders. A geocomposite drain was 
installed behind the backfill. Compaction was difficult to control 
with the lightweight backfill material but was reasonably achieved. 

To date the wall looks good and has performed well, with only 
minor face deformation. With the rigid panels and the lightweight 
variable backfill material used, the minor face deformation has 
caused some offset and cracking of a couple panel corners. 

Case History 6 

Site: Little North Fork, Plumas National Forest, Oroville, Califor
nia: Date constructed: 1989, Wall type: I: I reinforced fill plus 
welded wire toe wall, Fill height: 15.2 m (50 ft), Wall height: 3.2 m 
(10.5 ft). 

The backfill material is local fine silty sand (SM) to a sandy silt 
(ML) with up to 55 percent fines and a PI of 3. The soil is derived 
from weathered metamorphic rock. Specified compaction was 95 
percent of AASHTO T-99. 

This steep slide area and road repair was investigated and evalu
ated for a retaining wall but had marginal foundation materials and 
an unsafe excavation back slope. It was also marginally steep to 
support a 1: 1 fill. Thus a small welded wire retaining wall was cus
tom designed and placed on a firm bedrock area to support the toe 
of the reinforced fill. A geogrid reinforced fill was designed and 
constructed above the wall. 

To date the composite structure has performed well, with little 
wall settlement and with good vegetative growth on the fill face 
except for several local shallow fill face slumps between the layers 
of secondary reinforcement. The geocomposite drainage system 
under the fill continues to function, discharging a moderate flow 
of water. 

Case History 7 

Site: Thomjack, Klamath National Forest, Yreka, California: Date 
constructed: 1989, Wall type: timber-faced geogrid wall, Wall 
height: 4.6 m (15 ft). 

The backfill material is a nonplastic silty sand with gravel (SM) 
and up to 27 percent fines. 

A timber-faced structure was chosen to satisfy a natural, aesthetic 
appearance for this forest road. The wall was custom designed, 
using a biaxial geogrid for reinforcement and 20- by 20-cm (8- by 
8-in.) treated timbers, set on a I :32 batter. Timbers are connected 
to the geogrid with staples or the geogrid is sandwiched between 
the timbers. 
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To date there has been no visible settlement and overall perfor
mance has been excellent. Its rustic appearance is pleasing. No 
appreciable volume of backfill has been lost through the partially 
open face. 

SUMMARY AND CONCLUSIONS 

Hundreds of MSB structures, with a wide variety of construction 
and facing materials, using local materials have been successfully 
constructed on Forest Service roads in rural areas over the past 
20 years. 

Welded wire walls and geotextile or geogrid-reinforced soil walls 
with various facing materials (such as timbers, gabions, tires, geo
cells, or segmental concrete blocks) appear ideal for rural applica
tions on low- to moderate-volume roads. Reinforced fills can offer 
an economical alternative to conventional retaining structures. 
These structures represent the low range of costs for retaining struc
tures available today and are appropriate in many settings. Sub
stantial cost savings can be realized by their use, not only for the 
federal government, but also for state transportation agencies, coun
ties, and the private sector. 

Use of in-house geotechnical skills is cost effective for projects 
involving retaining structures. For actual structural design, either a 
custom design or a standard design provided by vendors may be 
suitable. However, to evaluate the most applicable type of structure, 
to perform site evaluation and foundation assessment, to evaluate 
design and construction modifications, and to perform needed exter
nal and global stability analysis (typically not provided by vendors), 
timely input from qualified geotechnical personnel is necessary. 

Finally, significant additional cost savings can be realized by 
using local, typically on-site backfill material. Its use by the Forest 
Service has been satisfactory. However, use of marginal materials 
introduces the need for positive drainage, some additional 
construction effort, and allowance for some settlement or overall 
deformation. In most noncritical applications, these factors are 
acceptable and economical. Use of marginai materials will likely 
become more widely accepted. 
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Retaining Structure Selection at 
Project Level 

TIMOTHY G. HESS AND TERESA M. ADAMS 

With recent advances in retaining structure technology, the retaining 
structure selection process has become increasingly complicated. 
Because of the potential for cost savings, the benefits of optimizing the 
selection process are significant. Eight state departments of transporta
tion (DOTs) are characterized in terms of how they select and analyze 
designs of, and obtain subject-matter expertise on, retaining structures. 
Results indicate most retaining structure types are specified by DOT 
engineers, including those designed by engineering consultants. 
However, 90 percent of the DOTs select only retaining structures for 
which they have in-house design expertise. The rational is presented 
for DOTs to have design expertise within their agencies for the full 
range of retaining structure technologies available if they are to select 
optimal structure types. 

Recent advances in retaining structure technology complicate the 
selection of retaining structures at the project level. In the past, 
retaining structure options consisted of a limited number of exter
nally stabilized structures with few other choices available. Today, 
the decision maker has numerous options encompassing internally 
and externally stabilized structures. As a result, retaining structure 
selection has become an optimization problem covering not only 
new technologies but also new engineering concepts. To select the 
optimum structure for a given project, the decision maker must have 
expertise in a wide variety of retaining structure technologies or 
access to subject-matter expertise. 

The benefits of optimizing the retaining structure selection 
process are tremendous. State departments of transportation 
(DOTs) collectively overspend approximately $700 million per 
year by not optimizing decisions to take advantage of new retaining 
structure technologies and materials (1). 

As part of an effort to characterize the retaining structure selec
tion process, questionnaires were sent to subject-matter experts at 
eight state DOTs: California, Colorado, Florida, Kentucky, New 
York, Ohio, Texas, and Washington. Six of the experts are geo
technical engineers and two are structural engineers. These DOTs 
are considered national leaders in the application of diverse retain
ing structure systems (J. DiMaggio, FHW A, personal communica
tion with T. M. Adams, July 1993). The data collected are repre
sentative across the United States. All the questionnaires were 
completed. Subsequently, six of the experts explained their 
responses during telephone interviews. 

Varying design and construction practices influence the selection 
process. Each expert estimated the percentage of retaining structures 
designed by DOT engineers and consultants. Table 1 summarizes the 

T. G. Hess, Department of Civil and Environmental Engineering, Univer
sity of Wisconsin-Madison, Current affiliation: U.S. Army Corps of Engi
neers, Rock Island District, Design Branch, P.O. Box 2004, Rock Island, Ill. 
61204. T. M. Adams, Department of Civil and Environmental Engineering, 
University of Wisconsin-Madison, 2208 Engineering Bldg., 1415 Johnson 
Dr., Madison, Wis. 53706. 

results. Three of the eight states use DOT engineers to complete the 
design and construction plans for less than 25 percent of their retain
ing structure projects. All three of these states are east of the Missis
sippi River. In the other five states, DOT engineers complete the 
design and construction plans for 50 to I 00 percent of the projects. 
All but one of these states are west of the Mississippi River. 

The responses to the questionnaire and telephone surveys were 
analyzed. The results indicate that it is essential for state DOTs to 
develop and maintain subject-matter experts for the full range of 
retaining structure solutions and to build communication channels 
between subject-matter experts and project engineers. 

OBJECTIVE 

This paper characterizes the selection of earth-retaining structures 
associated with highway projects. In particular, the paper focuses 
on characteristics of the decision maker, the decision process, the 
information available at the time of the decision, the importance of 
project parameters, and the impact of available expertise at the time 
of the decision. The objective is to answer the following questions 
about retaining wall selection at the project level. 

• Who selects the type of earth-retaining structure to construct? 
e Are selection decisions made in house (within the DOT) or by 

consultants? 
• Does the decision maker's lack of expertise restrict the out

come of the decision? 
• At what stages of highway construction are retaining walls 

selected? 
• Is a formal decision process used to select retaining walls? 
• Who designs the wall and prepares the construction plans? 
• Who prepares preliminary and detailed cost estimates for 

retaining structures? 
• Who determines the construction methods and specifies the 

construction materials? 
• Are retaining structure decisions optimized by value engineering? 
• Do decision makers receive comments on constructability 

from the field? 
• What project parameters influence the type of wall selected? 
• What information is available at the time of retaining structure 

selection? 

The availability of new economical retaining structure systems 
stimulates the desire to optimize the choice of retaining structure. 
Obviously, the decision maker has control. Some questions gath
ered information on whether a geotechnical engineer, structural 
engineer, or project manager is the decision maker. Other questions 
determined whether professional consultants are included in the 
decision process and under what circumstances. 
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TABLE 1 Design Practices by State 

Percent of Retaining 
Structures Designed 

States by DOT Engineers 

FL, KY, OH 0-25% 

CO, NY TX 

CA, WA 

26-50% 

51-75% 

76-100% 
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SCOPE OF RETAINING STRUCTURES 

For simplicity, a consistent terminology was adopted. In this 
paper,projectmanagerrefers to engineers who are project managers 
or project engineers. Design includes both engineering design and 
engineering analysis. The scope of retaining structures is earth
retaining walls; thus in this paper, structure and wall are synonyms. 

In spring 1993, a survey for collecting knowledge about selecting 
earth-retaining structures for highway projects was developed. The 
survey covered 24 conceptual retaining structures included in a 
formalized retaining wall selection procedure described in the 
Colorado DOT bridge design manual (2). Twelve retaining 
structure experts, including owners, consultants, contractors, and 
educators, completed the survey. Considering their suggestions, six 
wall designs were deleted and five wall designs were added. The 
revised scope of retaining structures was presented to 12 additional 
experts in January 1994. Considering their responses, the scope of 
walls was edited again. Five more walls were deleted from the list. 
Table 2 contains the final set of 18 retaining structures. 

Eight state DOTs ranked the 18 walls in Table 2 according to 
frequency of use, with 1 being most frequent. A ranking of 18 indi
cates most infrequently or never used. Table 2 lists the 18 retaining 

TABLE 2 Ranking of Retaining Structures From Most Frequently Used to Least Frequently Used 

Description 

Mechanically stabilized earth wall. Select fill reinforced earth with strips, 
mats, or grids of metal or geosynthetic tensile reinforcements 

Shallow embedded cantilever wall with tiebacks anchored to the stabilized 
zone 

Cast-in-place cantilever T-wall 

Soldier piles. Cantilevered H-piles (driven or placed in drilled caissons) 
with wood or precast concrete lagging 

Shallow embedded cantilever wall with deadman anchors 

Gabions. Welded wire baskets filed with course aggregate stone 

Cast-in-place L-wall or invert L-wall 

Crib wall. Single or double, step-front or step-back crib wall constructed of 
precast concrete or lumber stringers and tie members 

Metallic bin walls. Corrugated aluminum or steel bins and in-filled soil 
form composite material 

Mass cast-in-place concrete gravity wall 

Modular wall. Precast/prefabricated. Most are proprietary. Modular units 
and in-filled soil form composite material 

Sheet pile. Embedded sheet pile cantilever wall 

Soil nailed wall. Facing covered cuts with uniformly spaced top-to-bottom 
drilled or driven nails 

Cantilever T-wall with precast post-tensioned stem 

Drilled caissons. Embedded cantilever wall constructed of contiguous, 
secant or tangent drilled caissons back-filled with concrete. With or 
without lagging 

Multi-anchored facing wall. Precast concrete multi-anchored facings with 
tiebacks anchored to the stabilized zone or fill · 

Multi-anchored facing wall. Creeping slopes doweled with caissons or piles 
for stability. Precast concrete facings are anchored to the dowels 

Diaphragm wall. Embedded cantilever wall constructed of a trenched slurry 
concrete diaphragm wall 

E=externally stabilized structure, !=internally stabilized structure 

Stabilization 
Method 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

E 

Average 
Ranking 

l.9 

6.6 

7.4 

8.5 

9.6 

10.3 

10.6 

11.5 

l l.6 

11. 9 

11.9 

13.5 

13.8 

14.4 

15.0 

15.3 

15.5 

16.8 
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structure types ordered from most to least frequently used based on 
average ranking. 

The wall types in Table 2 are internally or externally stabilized. 
Internally stabilized walls rely on the soil itself for stability and are 
often considered geotechnical solutions. Externally stabilized walls 
use structural mechanisms for stability and are usually regarded as 
structural solutions. 

The most frequently used retaining structure is the mechanically 
stabilized earth wall. Various externally stabilized cantilever struc
tures comprise the remaining four most frequently used wall types. 
Three infrequently used wall types are diaphragm walls and 
doweled or tieback multianchored facing walls. 

CHARACTERISTICS OF DECISION MAKER 

Each DOT identified the project participants (DOT engineer, 
consultant, or contractor) who select the wall type, complete the 
design, determine construction methods, specify materials, and pre
pare cost estimates for retaining structures associated with highway 
projects. The results characterize the overall responsibility of each 
participant for retaining structure selection and design. 

Table 3 shows the percentage of responses indicating the respon
sible project participant for various activities. At some DOTs, more 
than one participant performs an activity. For example, the type of 
retaining structure selected by a DOT engineer or consultant may 
depend on whether the wall is also designed by the DOT engineer 
or the consultant. In these cases, the responses were distributed so 
that the results are evenly weighted among the eight DOTs. Three
fourths of the responses indicate that a DOT engineer selects the 
type of retaining structure. Only half the responses indicate that 
design, analysis, and construction plans are completed by a DOT 
engineer. This means many retaining structures are selected by 
DOT engineers, then designed by consultants or contractors. Data 
collected during the interviews explain this. Six experts say their 
DOT never seeks the services of a consultant solely for selecting the 
type of retaining structure. Consultants select and design or design 
only. The data presented in Table 3 include all retaining structure 
projects, regardless of whether DOT engineers or consultants 
prepare the design and construction plans. 

Table 4 shows a breakdown of who selects the wall type for pro
jects sent to a consultant for design. Half the responses indicate a 
DOT engineer decides the type of retaining structure for these pro-
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jects. The most frequent decision maker within the DOT is the pro
ject manager. Project managers are responsible for the project 
schedule and project coordination. Project managers, usually in the 
DOT roadway design division at the regional level, often have back
grounds in geometric design. Otherwise a project manager's back
ground may be in a variety of other engineering disciplines. This 
suggests a need for direct communication between project 
managers and subject-matter experts for selecting wall types. 

According to Tables 3 and 4, 12 percent of the responses indicate 
the construction contractor selects the retaining structure. This per
centage is probably not representative of all state DOTs, but 
because of the unique contracting practices of one of the DOTs 
interviewed. This particular DOT requires the construction con
tractor to select and design all retaining structures associated with 
the project. The contractor must select a retaining structure from a 
preapproved list and hires a consultant to complete the design. 

Each DOT indicated by discipline who within the DOT performs 
planning and design activities when these activities are done by 
DOT engineers. Table 5 shows the results. At some DOTs, various 
participants perform the activities depending on the scope of the 
project. Thus, some DOTs indicated more than one discipline. 
In these cases, responses were adjusted accordingly. As shown in 
Table 5, half the responses indicate that the project manager selects 
the type of retaining structure. If the schedule permits, the project 
manager usually makes the decision on the basis of advice from a 
geotechnical or structural team member and sometimes from both. 
About 40 percent of the responses indicate that the structural 
engineer selects the type of retaining structure, and less than 10 per
cent indicate the geotechnical engineer is directly responsible for 
selecting the type of retaining structure. Typically at a DOT, most 
project managers are within the roadway design division and 
most structural engineers are within the bridge division. Because 
these engineers are selecting the type of retaining structure, it is 
imperative that they have knowledge in the full range of retaining 
structure technologies available or involve subject-matter experts 
from other divisions. 

When asked who completes the design and prepares construction 
plans for retaining walls, a third of the responses indicate a geo
technical engineer, and twice as many indicate a structural engineer. 
When this information is considered along with the frequency of 
wall type in Table 2, it appears structural engineers within the 
bridge divisions are not strictly selecting and designing traditional 
externally stabilized retaining structures. At several DOTs studied, 

TABLE 3 Planning and Design Activities by Project Participant 

Percent of ResEonses * 
DOT Consultant Contractor 

Project Activity Engineer 

Select Type of Retaining Structure 76 12 12 

Complete Design and Prepare Construction 54 46 0 
Plans 

Determine Major Construction Methods 43 7 50 

Specify Construction Materials 92 8 0 

Prepare Preliminary Cost Estimate 72 28 0 

Prepare Detailed Cost Estimate 88 12 0 

*multiple responses are uniformly distributed so that results are evenly weighed among 
DO Ts 
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TABLE 4 Retaining Structure Selection by 
Discipline When Design is Contracted Out 

Percent of 
Discipline Responses* 

DOT Geotechnical Engineer 12 

DOT Structural Engineer 12 

DOT Project Manager/Engineer 26 

Consultant 3 8 

Contractor 12 

*multiple responses are uniformly distributed so 
that results are evenly weighed among DOTs 

structural engineers in the bridge divisions design all retaining 
structures, externally and internally stabilized. At other DOTs, how
ever, internally stabilized structures are designed solely by geo
technical engineers in the geotechnical divisions, with the bridge 
division having responsibility for external solutions involving steel 
and concrete. Less than 10 percent of the responses indicate the pro
ject manager completes the design and plans. A project manager 
completes the design and construction plans for sites conducive to 
standard plans. 

The division of the organization is not particularly important as 
long as optimal solutions are designed. It is important for retaining 
structure types to be selected and designed by an engineer or team 
of engineers with knowledge of the full range of retaining structure 
technologies available. Otherwise a DOT cannot be sure it is 
specifying optimal retaining structure solutions. 

CHARACTERISTICS OF DECISION PROCESS 

Characteristics of the decision process include the project phase 
during which the retaining structure type is selected, the selection 
procedure, and the impacts of value engineering and constructabil
ity comments cm the decision process. Each DOT surveyed 
provided information about these characteristics. 

Each DOT indicated the phase of the project during which the 
type of retaining structure is selected. Responses indicating multi-
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ple phases were uniformly distributed so that results are evenly 
weighed among the DOTs. As shown in Table 6, almost three
fourths of the responses indicate that the wall type is selected dur
ing preliminary or final design. Few responses indicate· that the 
structure type is selected during the planning phase. About one
fourth of the responses indicate that the retaining structure type is 
selected during the construction phase. 

There are three scenarios for selecting a retaining structure 
during the construction phase. The first involves the use of a 
proprietary retaining wall. The use of a proprietary wall is usually 
determined during the design phase. The DOT specifies on the 
contract drawings that the contractor will choose a wall system from 
a list of previously approved proprietary walls. Typically, the list 
includes at least three different retaining wall systems. The second 
scenario involves value engineering. For six of the eight states 
surveyed, value engineering studies may change the type of 
retaining structure constructed. For 50 percent of the states, a value 
engineering study team applies value engineering during 
design. For the other 50 percent, value engineering studies are 
conducted during construction by the construction contractor. If 
a contractor proposes a significantly less expensive structure that is 
equal to the specified structure, the proposal is usually accepted and 
the type of retaining structure is changed. The third scenario was 
described earlier. One of the DOTs requires the construction 
contractor to select the type of retaining structure from a 
preapproved list. 

The states indicated whether the types of retaining structures 
selected are never, rarely, frequently, or always on the basis of a 
formal or informal decision process. A formal decision process 
includes a formal design report describing several retaining 
structure alternatives and recommendations based upon some deci
sion analysis. An informal analysis is not documented in a formal 
report. As shown in Table 7, the responses were distributed. Two 
states frequently prepare a formal report, and an informal analysis 
is always or frequently done. One state rarely completes a formal 
report or informal analysis because the contractor selects the struc
ture type. The remaining five states prepare a formal design report 
or an informal analysis, but not both. As a result, half the states 
frequently or always prepare a formal design report and half do not. 

The states were asked how often the engineer, who selects the 
type ofretaining structure, receives comments on the constructabil
ity of different retaining structures. Table 8 summarizes the results. 
Only about one-third of the DOTs have programs that facilitate con-

TABLES Planning and Design Activities at DOTs by Engineering Discipline 

Percent of Res~onses* 
Project Activit~ Geotechnical Structural Project Cost 

Select Type of Retaining Structure 8 42 50 0 

Complete Design and Prepare Construction 29 63 8 0 
Plans 

Determine Major Construction Methods 24 66 10 0 

Specify Construction Materials 50 50 0 0 

Prepare Preliminary Cost Estimate 12 39 49 0 

Prepare Detailed Cost Estimate 0 14 43 43 

*multiple responses are uniformly distributed so that results are evenly weighed among 
DOTs 
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TABLE 6 Phase of Project When 
Retaining Structures are Selected 

Percent of 
Phase Responses* 

Planning 4 

Preliminary Design 58 

Final Design 15 

Construction 23 

*multiple responses are uniformly 
distributed so that results are evenly 
weighed among DOTs 

structability comments from the field. Some of the respondents indi
cate they receive constructability comments only when there are 
problems; otherwise constructability comments are rare. 

AVAILABILITY OF INFORMATION AT TIME OF 
RETAINING STRUCTURE SELECTION 

Performance of internally stabilized wall systems depends on the in 
situ soil conditions or properties of available fill. Wall selection 
decisions for externally stabilized retaining structures depend as 
well on local site and soil conditions. 

Each state indicated whether certain information is always, usu
ally, or never available at the time of retaining structure selection. 
Table 9 summarizes the responses. The experts who indicate that 
soil and water table data are never available noted that during 
selection these parameters may be available for nearby sites. 

IMPORTANCE OF PROJECT PARAMETERS 

Each expert ranked by priority six project decision parameters on 
a scale of 1 to 6, where 1 is most important and 6 is least important. 
Table 10 contains the priority ranking and average rankings. 
On average, estimated cost and cut versus fill application are 
the most important decision parameters. All eight DOTs priority 
ranked one of these parameters as first or second. However, four 
DOTs also priority ranked one of these parameters very low. On 
average, e·xpected deflection ·and aesthetics are least important of 
the six parameters. For several states, aesthetics is not a limiting 
factor because it is possible to add an architectural facia to many 
retaining structures. 

IMPACT OF DESIGN EXPERTISE ON 
RETAINING STRUCTURE SELECTION 
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The DOTs characterized the.impact of design expertise of DOT and 
consulting engineers on the type of retaining structure selected. 
The states estimated the impact of designer expertise on the selection 
process, then the frequency a DOT engineer or consultant has design 
expertise for the type of retaining structure selected. The results indi
cate the effect of design expertise on the selection process. 

Each DOT was asked whether personal expertise of DOT engi
neers affects the type of retaining structure selected. The compiled 
results in Table 11 show almost two-thirds responded that in-house 
design expertise rarely or never affects the selection of retaining 
structure type. Ninety percent of responses indicate DOT engineers 
frequently or always have design expertise for the structure 
selected. This includes all projects designed in house or by a con
sultant. Only about 10 percent ofresponses indicate the DOT rarely 
has in-house design expertise for the structure type. Thus, most 
retaining structures being selected for highway projects are those 
for which DOTs have design expertise. 

The DOTs described the role of engineering consultants. Table 
12 contains the results. Fifty percent of the respondents are uncer
tain whether design expertise of their consultants !nft uences the type 
of wall selected. The other 50 percent believes design expertise of 
consultants rarely or frequently affec_ts the structure type. Each 
DOT estimated the frequency that prime consultants have design 
expertise for structures the consultant selects and designs. Much 
like the results in Table 11, almost 90 percent of the responses indi
.cate consultants frequently or always have design expertise for the 
type of retaining structure selected. The states estimated the fre
quency a prime consultant selects the structure type and then, 
because of lack of expertise, obtains the services of a subconsultant 
to complete the design. Prime consultants more frequently subcon
tract the all-geotechnical or structural work, including selection of 
the structure types. 

OPTIMIZATION OF SELECTION PROCESS 

The last two decades brought the introduction and growing use of 
internally stabilized retaining structures, such as mechanically 
stabilized earth walls, modular walls, and a variety of ground 
improvement techniques. From the results presented, DOT engi
neers select most retaining structures from the types for which they 
have expertise. For the current paradigm to produce optimal solu
tions, it is essential for DOTs to have expertise in the full range of 
retaining structure technologies available. Consequently, highway 
agencies are challenged to develop and maintain in-house design 

TABLE 7 Frequency of Different Retaining Structure Selection 
Methods 

Percent of Res2onses 

Retaining Wall Selection Method Never Rarell'. Freguentlv Alwal'.s 

Wall type is selected based on 12 38 38 12 
formal report comparing several 
wall types. 

Wall type is selected by informal 12 25 38 25 
analysis using designer's 
expertise. 
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TABLE 8 Frequency 
DOT Engineers Receive 
Constructability Feedback 
from Field 

Percent of 
Frequency Responses 

don't know 0 

never 0 

rarely 38 

sometimes 24 

frequently 38 

always 0 

expertise for all feasible retaining structure solutions (3). Because 
of the tremendous cost savings, the state DOT must develop and 
rigorously maintain its knowledge base. . 

Alternatively, DOTs could move the retaining structure selection 
decision out of the DOT. Increasing reliance on design consultants 
and proprietary retaining wall vendors accomplishes this. However, 
there are two problems with this approach. The first occurs because 
consultants rarely or never select retaining structures for which they 
have no design expertise. To optimize the selection process, it would 
be necessary for state DOTs to require engineering consultants to 
have design expertise in most or all of the feasible retaining structure 
solutions. Although this might not be a problem for some larger con
sultants, many otherwise technically capable consultants would be 
restricted from state DOT design contracts. This would severely 
restrict the state's choices in selecting consultants for retaining struc
ture design and would not be in the best interest of the highway 
agency. Second, proprietary retaining wall vendors promote and 
build one or a limited selection ofretaining wall systems. Now, many 
DOTs have excellent success using proprietary wall systems after 
DOT engineers identify the appropriate proprietary system. Most pro
prietary wall systems are based on specific technology not applicable 
to the entire range of grade separation problems. A proprietor should 
not be expected to understand all alternative technologies. 

An alternative to acquiring and maintaining in-house expertise is 
for state DOTs to rely on competitive bidding. At one of the DOTs 
interviewed, most retaining structures are selected by construction 
contractors. The DOT engineers indicate the lines, grades, and loca
tion of a retaining structure on the construction plans without indi-
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eating the type of structure. As part of the bid proposal, the con
tractor selects the most cost-effective retaining structure from a 
group of preapproved wall systems. This particular DOT has a large 
number of preapproved retaining structures, so the competitive 
bidding process usually results in a good choice. The competitive 
bidding process does not guarantee the best solution. To be com
petitive, the construction contractor no doubt picks the most cost
effective structure. However, the contractor has no incentive to pick 
the optimum structure based on other parameters such as durability, 
maintenance, and least life-cycle cost, unless specifically required 
by the DOT. To analyze and specify parameters other than cost, 
DOTs need in-house expertise. 

The best solution for optimizing retaining structure selection is 
for a state DOT to select the type of retaining structure with in
house DOT engineers. Once the type of structure is selected, the 
state can design the structure and prepare construction plans with 
DOT engineers or consultants as appropriate. One exception is a 
highway project entirely planned and designed by a consultant In 
this case, the retaining structure can be selected by the consultant if 
the consultant has the necessary expertise. 

CONCLUSION 

As part of an effort to characterize the selection process for earth
retaining structures on highway projects, information was collected 
from subject-matter experts at eight state DOTs. This information 
focused on the characteristics of the decision maker, the decision 
process, the availability of information at the time of decision, the 
importance of project parameters, and the impact of design exper
tise. The results reveal some interesting patterns. First, consultant 
services are never used exclusively to select the type of retaining 
structure. Half the responses indicate consultants or design-build 
contractors design and prepare construction plans for retaining 
structure types specified by DOT engineers. DOTs and their con
sultants always or frequently have the design expertise for the type 
of retaining structure selected. 

Recent advances in retaining structure technology bring the intro
duction and use of numerous new retaining structure systems. These 
advances require state highway agencies to develop and maintain 
in-house knowledge of new technologies if they are to continue to 
specify the best retaining structure solutions. State DOTs should 
assess their knowledge level and ensure they possess up-to-date 
expertise for current retaining structure technologies. A DOT 
should develop and maintain expertise within its organization for 
the full range of retaining structure solutions available today, 
especially those listed in Table 2. 

TABLE9 Availability of Information at Time of Wall Selection 

States Surveyed 

Project Data 2 3 4 5 6 7 8 

Soil borings with A N u u u A A A 
strata identified· 

Water table location A N u u u A A A 

Soil lab test report A N u u u A A A 

Horizontal and A u A A u A A A 
vertical alignments 

A=always, U=usually, N=never 
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TABLE 10 Importance of Project Parameters for Selecting Retaining Structures 

States Surve:t:ed 

Project Parameter A B c D E F G H Average 

Cut/Fill Application 2 6 4 2 2 2.4 

Estimated Cost 5 2 2 5 5 2.8 
Tolerance to Settlement 4 3 2 3 5 4 2 4 3.4 

Wall Height 2 5 4 5 3 4 3 3.5 

Expected Deflection 3 6 3 6 6 3 3 5 4.4 

Aesthetics 6 4 5 4 6 6 6 4.6 

TABLE 11 Percentage of Responses Indicating How Design 
Expertise of DOT Engineers Influences Type of Retaining Structure 
Selected 

Design ExEertise Never Rarel:t Freguentl:t Alwavs 
Expertise of DOT engineers 24 38 38 0 
influences type of structure 
selected 

DOT engineers have expertise 0 12 38 50 
for the type of retaining 
structure selected 

DOT engineers do not have 38 50 12 0 
expertise for type of retaining 
structure selected 

TABLE 12 Percentage of Responses Indicating How Design Expertise of 
Consultants Influences Type of Retaining Structure Selected 

Design ExEertise Don't Know 

Prime consultant's expertise 50 
influences type of retaining 
structure selected 

Prime consultant has expertise 0 
for the type of retaining 
structure selected 

Prime consultant does not 12 
have expertise for the type of 
retaining structure selected 
and subcontracts design to 
specialty consultant 
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Contracting for Mechanically Stabilized 
Backfill Walls 

GEORGE A. MUNFAKH 

The key differences in the mechanically stabilized backfill (MSB) walls 
av~il~ble in the U.S. market are discussed, particularly with respect to 
their impact on the walls' stability and long-term performance. These 
differences are mainly in the soil-reinforcement interaction, the strength 
and stiffness of the reinforcement, the bond between soil and 
reinforcement, and the durability of the system. Other factors that make 
a difference include the strain compatibility between soil and 
reinforcement, the deformation characteristics of the backfill, and the 
aesthetic and environmental impacts of the facing. Contracting proce
dures for MSB wall projects are discussed, and lessons learned from 
case applications are highlighted with particular reference to contract
ing methods and economical benefits. A preferred method that would 
ensure low cost, speedy process, and minimum confrontation between 
the design engineer and the vendor is recommended. 

Mechanically stabilized backfill (MSB) walls and embankments 
have many advantages over conventional systems. Low cost, 
simple and rapid construction, no required formwork, construction 
at low temperatures, aesthetically pleasing facings, flexibility, and 
tolerance to vertical and horizontal movements make the use of 
these systems attractive. In recent years, construction of MSB walls 
and embankments has resulted in substantial savings in cost and 
right-of-way and marked reductions in environmental impacts, such 
as when used for embankments adjacent to or crossing wetlands. 

The MSB walls come in a wide variety of looks, shapes, sizes, 
and materials, each promoted by a specialty contractor, a product 
manufacturer, or a combination of both. Although their basic prin
ciple is the same, distinct differences in these systems are serious 
enough to affect their performance if they are not attended to. These 
differences also make contracting for such systems a difficult, 
sometimes frustrating task facing the wall owners and their engi

neering representatives. 
The purpose of this paper is to discuss contracting for MSB walls 

in the United States. Different procurement procedures will be dis
cussed and lessons learned from several case applications will be 
presented. The differences in the available wall systems that fall 
under the MSB category will be discussed and guidelines will be 
established for use by the design engineer in approving or rejecting 
a particular wall system proposed by the contractor. 

MSB WALLS-AN OVERVIEW 

MSB walls are mechanically stabilized earth walls that involve the 
use of backfill. They are formed basically by the inclusion of rein
forcing elements within a compacted backfill behind a vertical or 

Parsons Brinckerhoff Quade & Douglas, Inc., One Penn Plaza, New York, 
N.Y. 10119. 

near-vertical wall face. The backfill soil and the reinforcing ele
ments act in unity to form a composite structure that resists the 

applied loads. 
The development of these walls began when Henry Vidal intro-

duced and patented the system of terre armee (reinforced earth) in 
1966. The first application of the system was a highway project in 
Nice, France. Its first U.S. application was a 55-ft-high wall in the 
San Gabriel Mountains of Southern California. Since then, numer
ous types of walls have been developed and successfully applied in 
construction of highways, bridges, railroads, dams, seawalls, and 
other structures. Table 1 lists most of the MSB walls used in the 

United States. 
An MSB wall has three main components: reinforcing inclusions, 

backfill, and facing. Different materials (metals, polymers, geotex
tiles) and shapes (strips, grids, sheets, rods, fibers) have been used 
for reinforcement. The backfill material usually consists of cohe
sionless free-draining soil, but other soils have been used with some 
systems. At the edge of the reinforced backfill, a facing is provided 
to retain the soil at the face and protect the exposed reinforcing ele
ments from weathering effects. The facings currently used include 
precast concrete elements, metal sheets and plates, welded wire 
mesh, concrete blocks, timber, rubber tires, shotcrete, and others. 

Construction of MSB walls involves placement of alternating 
layers of compacted backfill and reinforcement, with each reinforc
ing element connected to a facing unit or wrapped around the back
fill layer at the face. Drains are installed, if needed, and the exposed 
reinforcement is protected from weathering effects. Before place
ment of the first backfill layer, the site is prepared and unsuitable 
soils are removed. Although the general construction approach is 
the same, certain construction details may differ from one system to 
another as a result of differences in the reinforcing elements, the 
wall facings, the labor and equipment requirements, and the 

experiences of the specialty contractors. 
The design of an MSB wall involves determining external and 

internal stability. For external stability, the backfill and reinforcing 
elements are considered a coherent body subjected to loads from the 
in situ soil behind it and any surface loads from traffic, adjacent 
structures, and so forth. The reinforced-soil block is then analyzed 
against sliding, overturning, bearing capacity failure, and deep
seated shear failure. The internal stability of the system involves 
analyzing the tension in the reinforcement, the pullout resistance in 
the soil-reinforcement interface, and the durability of the reinforc
ing elements against long-term weathering effects. In seismically 
active areas, the seismic capacity of the reinforced-soil system is 
analyzed. The design ofMSB walls has been documented in a num
ber of comprehensive references (l-3). Recommended safety 
factors against internal and external stability considerations are 

summarized elsewhere (4). 
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TABLE 1 MSB Walls Used in the United States 

Wall System 
Reinforced Earth 
VSL Retained Earth 

Reinforcement 
Steel Strips 
Steel Grid 
Plastic Strips 

Facing 
Concrete Panels 
Concrete Panels 
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Websol Reinforced Soil System 
Welded Wire Wall 
Reinforced Soil Embankment 
Eureka Reinforced Soil 
Hilfiker Stabilized Embankment 
T ensar Geog rid System 
Matrix Geogrid Wall 
USFS Geotextile Wall 
CTI Wall 
Modular Block Geotextile Wall 
Mechanically Stabilized Embankment 
Georgia Stabilized Embankment 
Miragrid System 

Welded Wire Mesh 
Welded Wire Grid 
Welded Wire Mesh 
Welded Wire Mesh 
Geosnythetic Grid 
Geogrid Mats 
Geotextile Sheet 
Geosynthetic Grid 
Geotextile Sheets 

T-Shaped Concrete Panels 
Wrapped Around Wire Mesh 
Conrcete Panels 
Cast-in-Place Concrete 
Large Smooth Concrete Panels 
Wrapped Grid, Shotcrete, Blocks 
Wire Mesh and Geotextile 
Wrapped Sheets, Shotcrete 
Timber 
Stacked Concrete Blocks 
Precast Concrete Units 
Concrete Panels 

Steel Bar Mats 

GeocellWall 

Steel Bar Mats. 
Geosynthetic Grid 
Geosynthetic Grid 

Precast Concrete Units 
Cellular Confinement System 
Concrete Blocks Pyramid Modular Block System 

Maccaferri Terramesh System 
Anchored Earth Wall 
Tire-Faced Wall 

Steel Strips, Geostraps 
Steel Wire Mesh Sheets 
Steel Rods 

Rock Filled Wire Baskets 
Concrete Panels 
Stacked Tires Geotextile Sheets 

KEY DIFFERENCES IN MSB WALLS 

Although all MSB walls follow the same basic principle and design 
philosophy, there are distinct differences among the available sys
tems, because of the use of different types and configurations of 
reinforcing elements, types and geometries of wall facings, and 
composition and grading of backfill materials. These differences 
should be carefully evaluated when attempting to substitute one 
wall system for another. 

The key differences in the MSB walls are in the soil-reinforce
ment interaction and the fundamental aspects of the design, namely 
the strength and stiffness of the reinforcement, the bond between 
soil and reinforcement, and the durability and long-term perfor
mance of the system. In addition to its impact on the design, chang
ing the wall system may affect other aspects of the project, such as 
rate of construction, aesthetics, and environmental impact. Follow
ing is a brief discussion of the key differences in MSB walls on the 
market. The differences are mainly the result of changes in the three 
major components of the reinforced-soil system: the reinforcement, 
the backfill, and the facing. 

Soil-Reinforcement Interaction 

The stress transfer between the soil and the reinforcement takes 
place through one or both of the following interactions: (a) friction 
along the soil-reinforcement interface and (b) passive soil resistance 
along the transverse members of the reinforcement. 

The relative contribution of each factor depends on the size and 
configuration of the reinforcement, the soil properties, and the 
stress-strain characteristics of the system. For strip or sheet rein
forcement (reinforced earth, Websol, USFS, CTI, etc.), the interac
tion between the soil and the reinforcing elements is mainly through 
friction along the soil-reinforcement interface. In grid-reinforcing 
systems (Tensar, Welded Wire, VSL, RSE, MSE, GASE, etc.), the 
pullout resistance is provided by friction and passive soil resistance. 

The reinforcing elements are either extensible or inextensible. In 
inextensible systems (metal or polymer), the strains required to 
mobilize the full strength of the reinforcing elements are smaller 
than those needed to mobilize the full strength of the backfill. For 
extensible materials (geotextile), the required strains are much 
larger. Therefore, relatively large internal deformations usually 
occur in these walls. In these cases, the soil's strength properties 
should be measured at large strains (residual strength). Based on the 
results of pullout tests, displacements as small as 1.3 mm (0.5 in.) 
for mobilization of the friction along the reinforcing elements and 
as large as 100 mm (4 in.) for complete mobilization of the passive 
soil resistance along the transverse members of the reinforcement 
are reported (5). Strain compatibility between the soil and the rein
forcement is an important factor to be evaluated when comparing 
two wall systems. 

Strength and Stiffness of Reinforcing Elements 

The tensile strength of the reinforcement is influenced by its size, 
shape, arrangement, material characteristics, and a number of 
external factors, such as temperature, durability, and construction 
damage. These factors often differ from one system to another. 

Where steel is used, the allowable tensile stress is equal to 0.55 
Fy (yield stress of steel) for strip reinforcement and 0.48 Fy for grid 
reinforcement with longitudinal and transverse grid members being 
of the same size. 

In geosynthetic reinforcement, the tensile strength depends on the 
tensile properties of the load-carrying elements (fibers) and the geo
metrical arrangement of these elements within the geosynthetic 
matrix. The tensile characteristics of various load-carrying elements 
used in geosynthetic materials are illustrated in a work by Lawson 
(6). With the exception of polyaramid fibers, which exhibit charac
teristics similar to steel, the stress-strain behaviors of the geosyn
thetic materials are characterized by lower maximum strengths and 
higher maximum extensions than those exhibited by steel. 
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The allowable tension capacity of the geosynthetic reinforcement 
is influenced by three major factors representing creep, durability, 
and construction damage. Creep is the increase in extension of a 
material under a constant applied load that occurs when the mater
ial's behavior has reached the plastic state. Because the ambient 
temperatures of most polymeric-based materials coincide with or 
are close to their viscoelastic phase, creep becomes a significant fac
tor in assessing their long-term load-carrying capacity. Creep, on 
the other hand, is not a significant factor when steel reinforcement 
is used. 

Creep reduction factors (defined as the creep limit strength, 
obtained from creep test results, divided by the ultimate tensile 
strength) of 0.2 to 0.4 for different types of geotextile are reported 
(3). At high temperatures, significant creep is experienced by rein
forcements made of polyethylene or polypropylene. On the other 
hand, little change occurs in the load-carrying characteristics of 
polyestic reinforcement due to temperature. 

Placement and compaction of the backfill material against the 
geosynthetic may reduce its tensile strength. Variations in the instal
lation damage factor of different geosynthetic reinforcements 
are illustrated elsewhere (6). These variations should be taken 
into account when an MSB wall with one type of geosynthetic 
reinforcement is substituted for another. 

Bond Between Soil and Reinforcement 

Tensile stresses in the reinforcing elements are transferred to the 
surrounding soil by forming a bond between the soil and the 
reinforcement. This bond is formed through friction, passive soil 
resistance, or a combination of both. 

The frictional bond is developed along both sides of the section 
of the reinforcing element in the resisting zone behind the failure 
plane. To maintain equilibrium, the frictional bond must resist the 
maximum tensile load carried by the reinforcing element (pullout 
resistance). 

The apparent coefficient of friction between the soil and the rein
forcement is a function of the composition and gradation of the 
backfill material and the shape and material properties of the rein
forcing elements. For instance, the apparent coefficient of friction 
of ribbed steel strips is twice that of flat tape geotextiles. 

Durability and Long-Term Performance 

The service life of an MSB wall depends to a great extent on the 
durability of the reinforcements and to a lesser extent on that of the 
facing elements. The durability of metallic reinforcements is usu
ally measured by their resistance to corrosion. That of geosynthet
ics is assessed by the resistance to (a) ultraviolet light exposure, (b) 
hydrolysis in polyester, and (c) oxidation in polyethylene and 
polypropylene. These durability factors should be carefully evalu
ated when comparing two types of MSB walls. 

The use of an MSB wall with metallic reinforcements in place of 
one reinforced with geosynthetics should be carefully evaluated in 
the presence of highly corrosive environments, such as stray DC 
currents adjacent to railroad tracks or deicing salts in areas with 
frequent snowfalls. 

The durability of geosynthetic reinforcements is more compli
cated than that of metallic ones. Geosynthetics are generally made 
of synthetic polymers manufactured by different processes. Four 
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synthetic polymers are usually used in production: polyamide, poly
ester, polyethylene, and polypropylene. Although all are subject to 
degradation by exposure to ultraviolet light, their reactions to other 
durability effects differ from one to another. For instance, although 
polyester is susceptible to hydrolysis and loss of strength when in 
contact with water, the other three materials are not affected. On the 
other hand, thermal oxidation in the presence of heat and oxygen, 
which tends to cause a breakdown and cross linking of the molecu
lar chain, is mostly felt by polyethylene and polypropylene. 

Other Factors That Make a Difference 

The performance of an MSB wall is also influenced by certain fac
tors that may be characteristic of a particular system; thus, the wall 
may be negatively influenced if another system is used. For 
instance, although most walls use granular backfill, some promote 
the use of on site materials. Because the granular soils are well 
drained, the effective normal stress transfer between the reinforce
ment and the backfill soil would be immediate as each lift of back
fill is placed. For the design loads normally associated with MSB 
walls, the granular soils behave as elastic materials; thus, no post
construction movements are anticipated. If fine-grained soils are 
used, their poor drainage characteristics may produce high pore 
water pressures, which delay the transfer of stresses from the soil to 
the reinforcing elements, thus producing greater loads against the 
facing and more deformations during construction. This may 
require a slower construction schedule or result in a lower safety 
factor during construction. 

The reduced dilatancy and internal drainage of the fine-grained 
soil also affect the long-term stability and deformations of the sys
tem. Outward movements of the wall may be experienced from con
solidation of the backfill. Long-term seepage forces and freeze-thaw 
softening effects may also be experienced if a poorly drained, 
fine-grained soil is used for backfill. 

The facings used have different impacts on the performance of 
the MSB walls. When discrete elements such as concrete panels are 
used, they provide flexibility to tolerate differential movements 
without structural distress. Walls with metal facing elements (metal 
plates or grids), on the other hand, have the disadvantage of a 
shorter life because of the potential for corrosion of the metal. When 
metal wires are used (welded wire or gabions), they also have the 
disadvantages of an uneven surface, exposed backfill, and suscepti
bility to vandalism. However, they provide good drainage, flexibil
ity, and ability to vegetate the facing. 

Aesthetics and environmental impacts are important factors to 
consider when substituting wall types. Certain facings (metal plates 
or grids), for instance, may be more economical but not as attrac
tive as the ones originally selected. To reduce traffic noise in envi
ronmentally sensitive areas, walls with open and vegetated facings 
(gabions, welded wire, etc.) are acoustically superior to those using 
concrete facings. The open nature of the wall face and the foliage 
covering in some are effective in absorbing the noise hitting them, 
compared with other walls where the traffic noise is reflected on 
hard or smooth continuous surfaces. 

CONTRACTING FOR MSB WALLS 

The earth-retaining structure is usually a part of a large civil engi
neering project. In most countries around the world, the contracts 
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for MSB walls are awarded on a design-build basis. The terms of 
reference specify the requirements of the final product using per
formance-type specifications; it is left to the contractor to select a 
wall system, design it, detail it, and, ultimately, build it. In the 
United States, however, the present contracting policies and proce
dures for civil engineering projects require the engineer to select 
and design the structure and to prepare detailed plans and specifi
cations to be followed closely by the contractor in the field. The 
construction manager and the field inspectors make sure this is 
done. Technical, practical, economical, and political factors affect 
the wall selection. These factors are discussed elsewhere and a 
selection process is recommended (7). 

Because of the many systems available on the market and in the 
interest of economy, alternative designs are usually performed for 
each project. These designs have been made in one of three ways: 

• As a design task performed by the design engineer, 
• As the result of a value engineering study performed during 

design or construction, or 
• As an alternative design proposed by the contractor. 

Because of the specialized nature of the MSB walls, the vendors 
are often asked to perform the internal design of the system and the 
design engineer addresses external stability. The design engineer 
then prepares a set of construction plans and specifications for bid
ding purposes. Because procurement of proprietary items is usually 
not allowed on public-sector projects, the bidding documents usu
ally specify a particular system or "proven equal." The general con
tractor then shops around for the cheapest MSB wall on the market 
and proposes it as the "equal." As shown in this paper, however, key 
differences exist among the many systems that can be categorized 
as MSB walls. These differences would affect the wall's perfor
mance and may even result in failure if they were not attended to. 
The task of the design engineer then would be to ensure that a 
proposed alternative is a true equal and to recommend the modifi- · 
cations that should be made to make it so. The recommended 
changes can be in either the design procedures and parameters or 
the materials used and construction details. 

Another method of procurement that has proven beneficial is one 
in which the engineer designs more than one system and prepares 
plans and specifications for alternative designs. The contractor is 
then asked to bid on one or more of the designed alternatives. In this 
way, the alternative designs will not be questionable and the pro
curement process will allow fair and equitable competition among 
qualified specially contractors. 

CASE STUDIES 

Following are brief case studies documenting contracting proce
dures used in procurement of MSB wall projects. 

Case 1-North Halawa Valley Access Road, Hawaii 

To construct the H-3 Highway tunnel through the Koolau·Mountain 
Ridge of the island of Oahu, access roads with extensive retaining 
walls were needed on both sides of the mountain. Because the 
retaining walls were to be constructed in mountainous terrain with 
difficult accessibility, alternatives requiring heavy machinery were 
ruled out, and the wall selection concentrated on the three most 
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promising alternatives-a reinforced earth wall, a gabion wall, and 
a geotextile wall. To minimize construction cost, all three alterna
tives were designed and the prospective bidders were asked but not 
required to bid on all three. All walls were required to have a ser
vice life of I 0 years and to be resistant to the moderately to highly 
acidic in situ soils. 

Figure I illustrates typical cross sections of the alternatives. 
Design of the walls has been discussed elsewhere (8). The average 
bidding price for the geotextile wall was approximately 32 percent 
less than that for the reinforced earth wall and 42 percent less than 
that for the gabion wall. The contract was awarded in 1987 for con
struction of geotextile walls at a bid price of $175/m2 ($16.1 O/ft2). 
Because all alternatives were designed ahead of time and detailed 
in the bidding documents, there were no controversial issues and 
construction proceeded smoothly and expeditiously. 

Case 2-Baltimore Central Light Rail Line, Maryland 

The Baltimore Central Light Rail Line is a 43-km-long (27-mi) 
transit facility linking Baltimore County, Baltimore City, and Ann 
Arundel County in Maryland. At least nine different retaining wall 
types have been constructed on this project. The bid documents for 
each segment included alternative retaining wall types to obtain 
the lowest cost. In addition, two wall types, a tensar wall and a 
techwall, were proposed and designed by the contractors as 
cost-cutting alternatives. 

The wall alternatives designed and detailed in the bidding docu
ments included MSB walls, gravity-type walls, cast-in-place con
crete walls, and others. The MSB walls included reinforced earth 
and VSL retained earth. For each MSB wall shown, a conventional 
alternative was included. In each case, however, the MSB alterna
tive received the lowest bid. Reinforced earth walls were selected 
in three contracts for low bids of $675 to $795/m2 ($62 to $73/ft2). 
VSL retained earth walls received the low bids of $468 to $479/m2 

($43 to $44/ft2
) in a fourth contract. The bid price for the tensar wall 

is not available because it was included in the lump-sum bid of a 
total construction package. 

The internal stability calculations of the MSB systems were per
formed by the vendors and submitted as shop drawings; review and 
approval of these submittals went smoothly because they were per
formed according to criteria established in the contract documents. 
The tensar wall, however, was proposed by the contractor. Because 
there were no design criteria in the contract documents for this type 
of wall, a lengthy review process occurred and several discussions 
took place between the designer and the vendor regarding design 
issues, factors of safety, and construction details. The proposed 
design was finally approved after all the designer's requirements 
were met. Figure 2 shows construction of a tensar wall with a 
full-height panel facing. 

Case 3-Bronx Parking Facility, New York 

High retaining walls were needed to construct a car parking lot adja
cent to a school in the Bronx, New York. Several alternatives were 
analyzed in the design stage and a reinforced earth wall was selected 
and included in the bidding documents. Because proprietary items 
were not permitted on that project, the contract specifications 
allowed substitution of the designed MSB wall with a proven equal. 
The general contractor proposed a wall alternative using geosyn
thetics for reinforcement and modular blocks for facing. The con-
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FIGURE 1 Cross sections of wall alternatives. 

tractor also proposed on site material for backfill in place of the 
granular backfill originally specified for the project. 

A lengthy review process, including material testing, took place 
and a number of modifications for the contractor's scheme had to 
be done before the proposed alternative was accepted (Figure 3). 
The facts learned from the analyses performed during this evalua
tion are (a) the backfill should be granular and free draining, (b) uni
form compaction is a must, ( c) the foundation of the wall facing 
should be below the frost line and flexible enough to accommodate 
initial movements, (d) the facing units should have adequate com
pressive strength and the wall facing should be flexible enough to 
tolerate vertical and horizontal movements, (e) free drainage imme
diately behind the wall facing is a must, and (f) the methods of 
analysis and the safety factors used by the vendors in their designs 
should be carefully evaluated. 

Case 4-Amman-Naur-Dead Sea Highway, Jordan 

To cross a landslide area along the Amman-Naur-Dead Sea High
way in Jordan, split-level carriageways were constructed behind 
retaining walls. Two retaining wall alternatives were considered: a 
cast-in-place concrete wall and an MSB wall. Because no MSB 
walls had been built in Jordan before that time and after evaluating 
previous experiences of the various systems considered, the rein
forced earth (RECO) wall was selected by the Jordanian Ministry 
of Public Works for inclusion in the bidding documents, with no 

mention of any equal. 
After winning the project, however, the general contractor 

shopped around and proposed an alternative scheme developed by 
the Hilfiker Corporation, as a modification of their reinforced soil 
embankment system, to resemble the reinforced earth features 
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FIGURE 2 Construction of a full-height-panel tensar wall. 

FIGURE 3 Geogrid reinforced wall with modular block facing. 

included in the bidding documents. No reduction in the bidding 
price was offered for the proposed alternative. 

The internal stability calculations submitted by the contractor 
showed adequate safety factors. The Ministry, however, refused to 
substitute wire mesh for the steel strips of the original RECO 
design. The contractor then proposed to use steel strips with wire 
ribs welded to the strip surface to resemble the conventional ribbed 
strips used in the reinforced earth system. Extensive pullout tests 
were performed at Utah State University on both conventional 
RECO ribbed strips and the new proposed strips. Both strips were 
embedded in a silty coarse sand backfill material and tested under 
overburden pressures corresponding to approximately 6 m (20 ft), 
12 m (40 ft), and 18 m (60 ft) of fill. The soil was compacted to 95 
percent of maximum density as per AASHTO T-99 Method C and 
allowed to reach equilibrium under the vertical load for at least 30 
min before testing. The pullout resi tance of the welded strips was 
approximately 15 percent higher than that of the conventional 
RECO strips; the welded ribs were not damaged or sheared off 
during testing. 

Based on the testing results supplied, substitution was allowed, 
and the alternative scheme was constructed (Figure 4). 

FIGURE 4 MSB wall along the Amman-Naur-Dead Sea 
highway. 

CONCLUSION AND RECOMMENDATIONS 
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Although the basic principle of the MSB walls is the same, there are 
key differences among the various systems that affect their stability 
and long-term performance. These differences are mainly in the 
soil-reinforcement interaction, the strength and stiffness of the rein
forcement, the bond between soil and reinforcement, and the dura
bility of the ystem. Other factors that make a difference include the 
strain compatibility between soil and reinforcement, the deforma
tion characteristics of the backfill material, and the aesthetic and 
environmental impacts of the wall facing. These differences should 
be carefully evaluated when comparing two MSB systems. 

Because of the influx of the MSB systems into the U.S. market 
and the serious differences among the many systems, the wall 
design should not be left freely in the hands of the contractor. 
Selecting the best system or proving an equal is, therefore, a diffi
cult task facing the design engineer who must be familiar with the 
differences among the various systems and their impacts on the 
wall's performance. A preferred method that would ensure low cost, 
speedy process, and minimum confrontation would be to design a 
number of alternatives and include them in the bidding documents. 
The contractor is then asked to bid on one or more of the already
designed alternatives. In this way, the alternative designs will not 
be questionable and the procurement process will allow fair and 
equitable competition. 

In all the case studies presented, regardless of the contracting 
procedures used, the MSB walls finally constructed were more 
economical than the other retaining walls included in the bidding 
documents. 
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Survivability and Durability of Geotextiles 
Buried in Glenwood Canyon Wall 

J. R. BELL AND ROBERT K. BARRETT 

Geotextiles buried for up to 11 years in a geotextile-reinforced soil 
retaining wall constructed in 1982 in Glenwood Canyon, Colorado, by 
the Colorado Department of Transportation were exhumed from the 
wall in 1984 and again in 1993. Survivability and durability of the 
geotextiles were evaluated by comparing the wide-width tensile 
strengths of the excavated samples to the strengths measured before 
construction. The geotextile-reinforced wall was built by conventional 
methods with a very coarse, rounded, well-graded, pit-run gravel as the 
backfill soil. Four nonwoven geotextiles in two weights each were 
included in the wall. Wide-width tensile tests were performed on 31 
exhumed samples of eight specimens each, resulting in 248 tests. 
Sample mean strengths were compared with preconstruction mean 
strengths. The results showed that exhumed sample strengths were 
lower by 4 percent to 51 percent. The average mean strength loss was 
27 percent. For the conditions of this wall, construction was the domi
nate cause of damage. Little if any degradation occurred during the 9 
years between the first and second sampling. The large sizes of the cuts 
and abraded areas in the exhumed geotextiles made small specimen 
tests, such as the burst or grab tensile tests, impractical. Some conclu
sions were limited by the large coefficients of variation for some 
damaged specimen populations, which required samples of more than 
eight specimens for reasonable precision. 

Since their first use, there have been concerns about the survivabil
ity and durability of geotextiles. Are they damaged by construction? 
Are they degraded by long-term burial? This paper presents the 
results of a study by the Colorado Depariment of Transportation 
that provides some answers to these questions. 

In spring 1982, an experimental geotextile-reinforced soil retain
ing wall was constructed in Glenwood Canyon, Colorado, as part of 
the Interstate 70 project. Four relatively low-strength nonwoven 
geotextiles in two weights each were included in the wall. The wall 
and its performance have been described elsewhere (1). The wall 
was to facilitate construction and was temporary. It was, therefore, 
decided to exhume geotextile samples from the wall after its design 
life and compare their strengths with the initial strengths of the 
geotextiles. The excavations were performed in two phases.· The 
first was 2 years after construction in summer 1984 and the second 
was 11 years after construction in 1993. 

The wall construction was the conventional U.S. Forest Service 
wrapped-face method. The backfill was end dumped on the geo
textile, spread with a small bulldozer, and compacted by a vibratory 
smooth drum roller. The backfill was a free-draining, pit-run, 
rounded, well-graded, clean, very coarse sandy gravel. Nearly 100 
percent was smaller than 150 mm (6 in.) with about 50 percent 
larger than 20 mm (0.75 in.) and 30 percent passing the No. 4 U.S. 

J. R. Bell, Department of Civil Engineering, Oregon State University, 
Corvallis, Oreg. 97331. Robert K. Barrett, Colorado Department of Transpor
tation, Grand Junction, Colo. 81502. 

standard sieve. Construction specifications required compaction to 
95 percent of AASHTO T-180. The wall was 4.5 m (15 ft) high and 
100 m (330 ft) long. A typical section is indicated in Figure 1. 

The nonwoven geotextiles used are described in Table 1. The 
designations are appropriate for 1982 when the wall was built. 
The project was divided along its length into 10 segments, each 10 m 
(33 ft) long, and only one geotextile type. In some segments, the top 
nine layers contained the lighter weight fabric and the lower layers 
the heavier weight. 

SAMPLING AND TESTING 

The scheme was to investigate the effects of burial in the wall by 
comparing preconstruction wide-width tensile strengths to the 
strengths of exhumed samples. It was reasoned that the results could 
be influenced by 

• Duration of burial; 
• Geotextile type, polymer, and weight; 
• Fabric variability; 
• Construction stresses; 
• Wall stresses due to gravity and loads; 
• Damage during excavation and storage; and 
• Test methods and procedure. 

To address each of these factors, it was planned to 

• Sample at least two times after construction; 
• Sample each geotextile and weight each time; 
• Sample at several locations within the wall section; 
• Test eight randomly selected specimens per sample; and 
• Always follow the same procedures for excavation, storage, 

and testing. 

Sampling 

Two years after construction ( 1984 ), samples were taken to inves
tigate survivability. At that time, degradation due to aging was 
assumed small, and strength loss was attributed to construction, 
postconstruction traffic, and internal wall stresses from gravity. The 
1993 samples were taken 9 years after the first samples so aging 
effects could have become apparent. The study was limited by time 
and other constraints that made it impossible to sample all fabrics 
both times. 

Samples were planned from five locations in the wall section, as 
indicated in Figure 1. Different depths were chosen to show the 
effects of overburden pressure. Layer 3 was the highest layer that 
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FIGURE 1 Glenwood Canyon wall section and sample locations. 

contained all geotextile types and weights. In some wall segments, 
Layers 1 and 2 contained odd fabrics. Layer 9 was the lowest layer 
that contained all fabrics and weights. Layer 10 was the layer clos
est to Layer 9 that contained the heavier fabric in wall segments 
with two fabric weights. 

In Layer 3, samples were planned from a zone well back from the 
wall face. At this location, outside of the theoretical Rankine active 
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zone, shear stresses from the wall are nil. Also at this depth, over
burden stresses are low, and the main effects should have been from 
construction stresses and postconstruction traffic. In Layers 9 
and 10, samples were removed from zones both near the wall face 
and well back from the face. Back from the face, effects would be 
from overburden and construction; traffic and shear effects would 
be negligible. Near the face, shear stresses in the Rankine active 
wedge may also have affected the fabrics. Samples were identified 
by wall segment number, layer number, and whether from the front 
or back. For example, Sample 5-9F would be from the front of 
Layer 9 in wall Segment 5. 

This sampling plan was strictly adhered to in 1984 except in 
Segment 6; Layer 11 instead of 10 was sampled as a result of 
misalignment of the geotextile seam in Layer 10 during construc
tion. In 1993, because of time and other constr"aints, sheets were 
excavated from Layers 1 and 2 instead of Layer 3, and from Layer 
8 instead of Layer 9. Samples from Layer 1 and some samples from 
Layer 2 were taken in the center of the sheet and are designated 
with a C. 

The general excavation procedure was to dig a pit straddling the 
sewn seam between two desired wall segments. The pit was wide 
enough to give a fabric strip at least 750 mm (30 in.) wide on each 
side of the seam. Thus, two different fabric types were represented 
in each excavation pit. Power equipment was used to advance the 
pit, but hand methods and great care were used to remove the last 
soil layer above the geotextile sheet to be sampled. Any observed 
excavation damage was indicated on the geotextile with a marker 
pen. The sheets were labeled, the back and top marked, and placed 
in.opaque plastic bags for storage and shipping. 

Specimen Selection 

Each test sample consisted of eight specimens 203 mm (8 in.) by 
203 mm (8 in.). The scheme for selecting specimens in a sample is 

TABLE 1 Test Geotextiles and Unaged (1982) Parameters 

'Trade Name" Nominal Filament Unaged Failure 
(Manufacturer) Mass (Construction) Strength Strain 

Code No. g/m" 2 Polvmer kN/m % 

''Trevira" Continuous 
(Hoechst Fibers) (Needled) 

H1115 170 Polyester 6.8 80 
H1127 370 16.6 75 

"Fibretex" Continuous 
(Crown Zellerbach) (Neooled) 

CZ200 200 Polypropylene 5.8 140 
CZ400 400 10.1 145 

"Supac" ~tap le 
(Phillips Fibers) (Needled& 

P4oz 135 Heat Bonded*) 12.3 65 
P6oz 200 Polypropylene 24.3 60 

"Typar" Continuous 
(DuPont) (Heat Bonded) 

03401 135 Polypropylene 7.7 60 
03601 200 12.6 55 

* One side only 1 g/m" 2 = O.Q3 oz./yd. "'2 1 kN/m = 5. 7 lb./in. 
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illustrated in Figure 2. Areas 610 mm (24 in.) wide by 813 mm 
(32 in.) along the seam were laid out on the geotextile sheets on each 
side of the seam as shown. For Layers 2 and 3, the two areas at the 
back were used. For the deeper layers, all four areas were used. 
Sheets from Layer 1 and some from Layer 2 were taken from the 
middle of the wall segments and, therefore, included only one 
geotextile type and did not include a seam. On these sheets a single 
area near the center of the exhumed geotextile sheet was used. 

Eight specimens were selected from the 12 possible in each area 
by a blind draw. The selected specimens were cut from the sheet, 
labeled, and marked to show their orientation with respect to the 
wall. Specimens were tested regardless of fabric damage. Adjust
ments were made only if damage marked as due to excavation 
occurred in the specimen test area. In this event, a substitute speci
men was cut from the nearest available location. A total of 248 
wide-width tensile strength specimens from 31 samples cut from 21 
exhumed geotextile sheets were tested. 

Test Procedure 

At the time of the preconstruction testing in 1982 there was 
no American standard wide-width tensile strength test method; 
however, except for the grips, the method used (2) was the same as 
ASTM D4595 approved in 1986. All tests in 1984 and 1993 were 
performed by the same procedure and with the same grips used 
in 1982. 

The full width of the 203-mm (8-in.) by 203-mm (8-in.) speci
men was held by the test grips, as illustrated in Figure 3. The spec
imens were orientated to measure the strength perpendicular to the 
wall face (cross-machine direction). The initial grip spacing was 
102 mm (4 in.). The specimens were placed in the grips to test the 
middle 102 mm (4 in.) without regard to specimen damage. The 
geotextile specimens were conditioned by soaking in water for a 
minimum of 12 hr before testing. The tests were performed at a con
stant deformation rate of 10.2 mm/min (10 percent per min.) in a 
MTS Systems Corporation test machine. Load and elongation out
puts were recorded by an x-y plotter. 

The loads on the geotextiles in force per unit width (kPa/m) at 
various strains (percentage) were computed from the x-y plots and 
tabulated for each specimen. The maximum, minimum, and mean 
were determined at each of several strains for a sample. For 

FIGURE 2 Exhumed geotextile sheet with specimen locations 
marked. 

FIGURE 3 Geotextile specimen with major damage 
in test grips. 
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illustration, plots of these data for 1984 tests Typar 3601 Sample 
1-3B are plotted in Figure 4 with the corresponding initial 1982 
strength curves. 

RESULTS 

Plots such as Figure 4 are interesting and useful, but where a large 
number of samples are involved they are cumbersome. To simplify 
the results presentation, each load-strain curve is represented by the 
strength defined as the maximum load per unit width. The results in 
this form are summarized in Table 2. This table also presents fail
ure strains and, for the mean strengths standard deviations, coeffi
cient of variance and retained strength ratio. Coefficient of variance 
is defined as the ratio of the sample standard deviation to the mean 
and is expressed as a percentage. 

The retained strength ratio is used as the measure of survivabil
ity and durability and is defined as the ratio of the mean sample 
strength from Table 2 to the initial (1982) mean strength from Table 
1. As an example, the retained strength ratio value for Typar D360 I 
Sample l-3B illustrated in Figure 4 is 65 percent. Retained strength 
ratio values for most samples are presented in Table 3. 

Also listed in Table 2 is the number of specimens required in a 
sample to ensure that the mean of the sample tested represents the 
true mean of the geotextile sheet with an accuracy of plus or minus 
10 percent with probabilities of 90 and 95 percent as calculated by 
the methods of ASTM D-2905. It is apparent from this table that 
less than half of the samples have a greater than 95 percent proba
bility of 10 percent accuracy, and only about two-thirds have better 
than 90 percent probabilities of this accuracy. In the worst case, the 
probability of 10 percent accuracy is only about 70 percent. 

DISCUSSION OF RESULTS 

All the excavated samples have lower mean peak strengths than the 
original geotextile samples except the 1984 Fibretex 400 (CZ400) 
samples, which are higher. The Fibretex data are inconsistent and 
irrational. There is no known explanation for this inconsistency. 
This fabric was not sampled in 1993; therefore, although the results 
are included in Table 2 for completeness and to illustrate a sampling 
problem, further discussions ignore the CZ400 tests. 
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FIGURE 4 Load versus strain for 036011984 Sample 1-3B and 
unaged tests. 

Layer 1 is a special case. This was a cover layer and not struc
turally part of the wall; therefore, the same care to protect the fabric 
during construction was not exercised for this layer as the others. 
Also, because it is the top layer, construction and postconstruction 
traffic may have caused greater damage to this layer than to Layers 
2 and 3. Therefore, the low retained-strength ratios for Layer 1 are 
not considered comparable to the values from the other layers. They 
are included in Table 3 for D3401 and H 1115 geotextiles to show the 

TABLE 2 Summary of 1984 Test Results 

relative magnitudes of damage that did occur in some instances. The 
Layer 1 values are shown in parentheses in Table 3 and are not 
included in the averages. Layer l values for CZ200 and P6oz fabrics 
are omitted from Table 3 for simplicity and are also not included in 
the averages. These considerations eliminate CZ200, CZ400, and 
P6oz from further discussions. 

The average retained strength ratio as shown in Table 4 for the 
samples represented in Table 3 is 73 percent and the range is 49 per-

Stren2th Required* Mean 
Fabric Sample Max. Min. Meam Retained Std.Dev. Coef.Var. Specimens Strain 

kN/m kN/m kN/m % kN/m % 95% 90% % 
Tervira Hl115 6-3B 5.2 3.6 4.4 65 0.6 14 11 8 55 

6-9B 5.7 3.6 5.1 75 0.7 15 12 8 59 
6-9F 6.1 4.5 5.2 76 0.6 12 8 6 60 

Tervira H1127 2-3B 10.5 7.8 9.5 57 0.9 10 6 4 57 
2-9B 9.7 8.5 8.9 54 0.4 5 3 1 61 
2-9F 9.6 6.8 8.1 49 0.8 9 6 4 59 

6-llB/F 12.6 6.9 9.7 59 1.8 19 19 14 50 
Fibretex CZ400 4-3B 17.6 10.5 13.8 137 2.9 21 24 17 141 

4-9B 16.5 10.9 14.0 139 2.2 16 14 10 140 
4-9F 14.7 10.6 13.3 132 1.4 11 7 6 150 

Su.pac P4oz. 7-3B 13.0 9.2 10.9 89 1.3 12 8 6 44 
7-9B 11.3 6.8 9.2 75 1.5 16 14 10 58 
7-9F 13.4 10.4 11.7 96 1.2 10 6 4 55 

Typar 03401 5-3B 6.4 4.8 5.7 74 0.5 9 6 4 39 
5-9B 6.2 4.5 5.4 71 0.6 12 8 6 32 
5-9F 7.7 5.4 6.5 85 0.9 13 10 7 53 

Typar 03601 1-3B 10.5 7.0 8.1 65 1.1 14 11 8 31 
l-9B 11.4 9.8 10.6 85 0.6 5 3 1 42 
1-9F 13.0 8.7 10.7 85 1.3 12 8 6 36 

5-lOB 11.9 9.8 11.1 89 0.7 6 3 1 38 
5-lOF 12.4 9.8 10.8 86 0.8 8 4 3 42 

*Number to give indicated probability of 10% accuracy. 1 kN/m = 5.7 lb./in. 
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TABLE 3 Summary of 1993 Test Results 

Strength Required* Mean 
Fabric Sample Max. Min. Mean Retained Std.Dev. Coef.Var. Specimens Strain 

kN/m kN/m kN/m % kN/m % 95% 90% % 

Tervira Hl 115 6-lC 4.1 2.0 2.8 41 0.7 25 35 25 56 

Tervira Hl127 10-2B 11.5 7.6 10.0 60 1.6 16 14 10 61 
10-BB 11.9 9.7 11.3 68 0.7 6 3 1 59 
10-8F 11.1 7.6 9.5 58 1.1 12 8 6 59 

Fibretex CZ200 9-lC 5.5 3.9 4.7 80 0.6 13 10 7 122 

Supac P6oz. 10-lC 23.4 19.8 21.l 87 1.3 6 3 1 54 
Typar 03401 8-lC 4.8 3.5 4.0 53 0.4 11 7 6 23 
Typar 03601 9-2B 10.4 7.3 9.0 72 1.1 12 8 6 31 

9-8B 12.1 9.4 10.5 83 1.0 9 6 4 3B 
9-BF 11.2 4.0 B.7 69 2.4 2B 42 29 31 

*Number to give 90% or 95% probability of 10% accuracy. 1 kN/m = 5.7 lb./in. 

cent to 96 percent. Also, failure strains are generally lower for the 
exhumed samples. It is important to note that the percentage reduc
tion in peak strength may be either more or less than the percentage 
reduction in stress at low strains. The general trend is for the stress 
reduction to be less at low strains; therefore, the interpretations 
made in this paper may be conservative when considered relative to 
working stresses. 

Only one backfill soil was used in the wall and, although this 
material was not the worst that could have been selected, it proba
bly was more damaging to the geotextiles than most backfills would 
have been. The large particle sizes concentrated stresses and a geo
textile directly between two large particles might have suffered 
greater damage than if the backfill had been finer. The material was, 
however, well graded and the particles were rounded. Compaction 
was greater than usually specified, which could have contributed to 
geotextile damage. 

Only one construction procedure and one set of equipment were 
used. The construction methods were conventional. Greater care 

TABLE 4 Retained Strength Ratio V aloes 

Layer 
and Year 

Location Sampled 03601 
Upper IC 1993 
Layer 2B 1993 72 

Values 3B 1984 65 
BB 1993 83 
BF 1993 69 

Lower 9B 1984 B5 
Layer 9F 1984 85 

Values lOB 19B4 89 
lOF 19B4 86 

llB/F 1984 
Upper 69 
Lower 83 

1984 82 
Average* 1993 75 

Values All 79 

may have reduced geotextile damage but would probably not have 
been cost effective. 

Figure 3 shows a geotextile test specimen with major visible dam
age. Nearly all specimens had some visible damage but there were 
great variations. Sometimes there was only slight abrasion. Some
times there were cuts and tears more than 20 mm (0.75 in.) long, as 
in Figure 3. Some specimens had several visible cuts and some had 
none. This resulted in high sample standard deviations and reduced 
accuracy, making it impossible, with the number of specimens 
tested, to identify minor effects or make fine distinctions between 
factors. Only relatively large differences are statistically significant. 

Early in the planning of the study, it had been anticipated that rel
atively few wide-width tensile strength tests could be used to mea
sure the retained strength and a large number of burst tests could be 
used to evaluate variability. The large sizes of many of the damaged 
areas made the burst test impractical. This required many more 
large specimen wide-width tensile tests, increased the cost, and 
reduced the total number of tests possible. 

Retained StrenJ?th Ratio (%) 
Geo textile 

03401 Hl127 Hll15 P4oz 
(53) (41) 

60 
74 57 65 89 

6B 
58 

71 54 75 75 
85 49 76 96 

59 
74 59 65 89 
78 58 76 86 
77 55 72 B7 

62 
77 58 72 B1 

Heat Bonded Polypropylene Samples 79 
Needle-punched Polypropylene Samples 87 
Needle-punched Polyester Samples 62 
All Samples 73 

Values in ()not included in averages. 
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With the data available, comparisons may be attempted for the 

following factors: 

• Duration of burial, 
• Location in a layer (front or back), 
• Depth in the wall, 
• Geotextile mass, 
• Geotextile construction, and 
• Geotextile polymer. 

Duration of Burial 

Figure 5 presents the average retained strength ratios for the exhumed 
geotextiles by year sampled. There is no trend of increased damage 
with time of burial for the two fabrics sampled both years. Compar
ing the data in Table 3 for front versus back and upper versus lower 
leads to the same conclusion. Chemical tests are in progress and may 
show some time effects, but long-term durability as indicated by 
wide-width tensile strength is not a problem for the 9-year period 
between tests and for the conditions of this wall would probably not 
be a significant factor for any reasonable design life. 

It is concluded that durability is not a factor in this wall. All loss 
of strength is due to construction and postconstruction traffic, which 
for this wall had ceased by 1984. Survivability, however, with sam
ple strength reductions of up to 50 percent, is important and must 
be considered in design with appropriate partial factors of safety. 

Since durability is not a factor, 1984 and 1993 test results are 
combined to increase the data base for all further comparisons. 

Location in Layer 

Excavated geotextile sheets from the lower layers were sampled 
front and back. Table 3 shows eight pairs of samples. These are pre
sented graphically in Figure 6. Of the eight, three have nearly the 
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same retained strength ratios, three have greater, and two have 
lower retained strength ratios for the back samples. When all pairs 
are averaged, the ratio of front-to-back strength ratios is nearly one. 
There is indication that there may be somewhat greater damage to 
the geotextiles near the face of the wall relative to the fabrics well 
back from the face and that the damage is progressive. This would 
suggest the shear stresses in the Rankine active wedge contribute to 
the fabric damage, but considering the variations of the samples the 

evidence is not persuasive. 

Depth in Wall 

Table 4 separates the geotextiles in the upper part of the wall (Lay
ers 1, 2, and 3) from those in the lower part (Layers 8, 9, 10, and 
11 ). The averages of the retained strength ratios for upper, lower, 
and all samples for each geotextile are plotted on Figure 7. Of the 
five g~otextiles for which there are data for both zones, two indicate 
what may be significantly greater damage in the upper layers and 
three show no significant difference. This supports the conclusion 
that damage is due to construction with some additional damage by 
postconstruction traffic in the upper layers. There is no indication, 
for the depth investigated, that the weight of the overlying material 
contributes to the geosynthetic damage. 

Geotextile Mass 

Two heavier geotextiles (D3601 and Hl 127) are compared with the 
lighter weight fabrics of the same type (D3401 and H1115) in Fig
ure 7. Hl 127 and Hl 115 show considerable difference, but com
parison indicates the heavier fabric suffers greater relative damage. 
This is counterintuitive. Table 3 shows that there are only three 
samples for Hl 115, and the overall average for this fabric is 
strongly influenced by the two lower samples, which have the high
est retained strength ratios of all the 10 Trevira samples. It appears 

H1127 
Geotextile 

H1115 P4oz 

1~ 1984 ~ 1993 

FIGURE 5 Retained strength ratio and year sampled. 
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FIGURE 6 Retained strength of back samples relative to front samples. 

that for the test conditions and the geotextiles used, little if any vari
ation exists in the relative damage of different weights of the same 
geotextile. 

Geotextile Construction and Polymer 

The averages of all retained strength ratios for the three types of 
geotextiles represented by the data are presented in Figure 8. These 
are a heat-bonded polypropylene, a needle-punched polyester, and 
a needle-punched polypropylene. The first two are each represented 
in two weights. Only one weight of needle-punched polypropylene 
was tested. This needled polypropylene (Sumac P4oz) is con
structed of staple filaments; the others have continuous filaments. 
This geotextile is also lightly heat bonded on one side. This needled 
polypropylene is represented by only four samples (32 specimens). 
There are at least IO samples (80 specimens) each for the other two. 

The polypropylene geotextiles samples retained ctn average of 81 
percent of their initial strengths, and the polyester fabrics retained 
an average of 62 percent. The needled polypropylene may suffer 
slightly less relative damage than the heat-bonded polypropylene, 
but there are too few samples to consider this difference significant, 
so all polypropylene samples are considered in the above average. 
These data suggest partial factors of safety of 1.25 and 1.6 for non
woven polypropylene and polyester geotextiles, respectively. It 
appears reasonable that partial factors of safety for survivability 
should be different for different polymers because they have differ
ent mechanical characteristics. 

Summary 
'\. 

The greatest damage is mechanical abrasion and cutting due to con-
struction operations. At least for the duration of this study, there is 

no significant decrease in strength with time after the first excava
tions to indicate chemical aging or continued degradation from in 
situ stresses. There is some indication of reduced strength in the 
upper layers that may be from postconstruction traffic. 

CONCLUSIONS AND RECOMMENDATIONS 

The study included a coincident series of IO geotextile reinforced 
earth-retaining walls. Each was IO m (33 ft) wide and 4.5 m high, 
and all were constructed with coarse, rounded, well-graded pit-run 
gravel backfill and with a variety of relatively low-strength, non
woven geotextile reinforcements. The wall was constructed using 
the traditional U.S. Forest Service wrapped-face methodology. The 
backfill was compacted to at least 95 percent of AASHTO T-180 
with a large vibratory smooth drum roller. The test walls were faced 
with shotcrete 3 months following construction. 

Viable survivability and durability data were obtained from three 
nonwoven geotextiles. Survivability and durability were evaluated 
by comparing wide-width tensile strength of samples exhumed in 
1984 and 1993 with initial strengths measured before construction 
in 1982. Conclusions are limited to these specific conditions and 
geotextiles. 

• There was no loss of strength in samples obtained and tested in 
1993 compared with 1984. Durability was not a problem in this wall. 

• There was an average loss of strength for all samples of 27 per
cent, principally as a result of construction damage. Survivability 
was a significant factor for this wall. 

• Not all geotextile were equal in construction survivability. The 
polypropylene geotextile samples lost an average of 19 percent of 
their strength to construction damage, and the polyester geotextile 
samples lost an average of 38 percent. 
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FIGURE 7 Retained strength ratio versus vertical location in the wall and mass. 

• Choice of backfill and construction methods and equipment 
contributed to the initial loss of strength. These could be considered 
moderately severe conditions. 

• There was little difference in relative strength loss between 
lighter weight and heavier weight fabrics of the same type and poly
mer. 

• The large coefficients of variance for the damaged specimen 
populations required relatively large samples to yield reasonable 

100 

'# 
0 7 
~ a: 
.I::. 
C» 
c e 
ti) 
"O 
CD 
c 

"ii 
05 a: 

Heat Bonded 

accuracy. Further, the large sizes of the cut and abraded areas within 
the specimens eliminated the use of index tests, such as the burst or 
grab tensile tests. 

This study provides preliminary design parameters for the use of 
non woven geotextiles in moderately severe construction conditions. 
The study shows that in situ stresses and aging did not contribute 
significantly to the degradation of the geotextiles. It is concluded 

Needled Needled 

j ~ Polypropylene ~ Polyester 

FIGURE 8 Retained strength ratio versus geotextile construction and polymer. 
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that the partial factors of safety for survivability of 1.25 for 
polypropylene and 1.6 for polyester may be used as conservative 
values for most reinforced walls constructed with 140 to 400 glm2 

(4 to 8 oz) nonwoven geotextiles. These values are probably over
conservative for sand backfills, but for large angular crushed rock 
backfills damage could easily exceed these recommendations. 

Because of the many possible combinations of backfills and rein
forcements and because of diverse construction specifications and 
equipment, extensive field testing will be required before confidence 
is gained in interpolated and extrapolated survivability values. 

As a closing recommendation, each department of transportation 
and other agencies using geotextile reinforcement applications is 
urged to start developing suites of data for the typical backfills, con
struction methods, and choices of reinforcements. These data could 
be obtained most cost effectively through exhumations during 
actual construction projects, but preconstruction evaluations with 
test backfills approximating actual construction conditions and 
methods may be justified on large or critical projects, or both. Test
ing should be directed by the designer of record. Particular care 
must be exercised in exhuming the samples. To be most valuable, 
the results of these studies must be published. 
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Pullout Mechanism of Geogrids Under 
Confinement by Sandy and Clayey Soils 

I 

DAVE TA-TEH CHANG, TSUNG-SHENG SUN, AND FAN-YI HUNG 

The frictional mechanism of geogrid-soil interaction is considered in 
two parts: one is passive resistance from the soil mass ahead of the 
transverse ribs and the other is produced by the frictional resistance. The 
factors influencing the mechanical performance of geogrid-soil interac
tion are studied. With three types of geogrids, three types of soils (two 
sandy soils and one clayey soil), and various testing conditions, a series 
of pullout tests for geogrid was conducted. Through t~e testi~g p:o
gram, the significance of influencing factors and the stram contnbuhon 
measured by strain gauges are studied. According to the results of the 
experiments, the pullout resistance of geogrid tends to increase as the 
confining pressure is increased. For sandy soils, the passive earth pres
sure offers the most pullout resistance; when using fine grained soil, it 
is replaced by friction resistance. 

The concept of earth reinforcement involves placing certain mate
rials in the soil to increase the bearing capacity of the soil mass and 
to stabilize slopes. From the civil engineering standpoint, excessive 
deformation of the reinforced soil mass is prevented by frictional 
resistance that occurs where the ·soil grains are in contact with the 
reinforcement element. 

Geogrid is effective as a reinforcement element because it offers 
the following two forms of resistance to the pullout failure mecha
nism when used as a reinforcement element for soil structures: 
(a) friction between soil and the surface of the geogrid and (b) the 
passive earth resistance of the soil against the transverse ribs. 
The researchers' investigations have been focused on ascertaining 
which of these two offers the greater resistance in the geogrid-soil 
interaction. 

To obtain rational parameters for design, it was taken into con
sideration that soil available on the work site is generally the back
fill material of choice, owing to the difficulty of obtaining sand for 
use in public construction projects. For this reason a reinforced 
earth wall demonstration site was established for this study in Tian
liao, a mudstone district in Kaohsiung County on the route of a new 
freeway system. Two types of geogrid were used to examine and 
compare pullout interaction behavior with sandy and clayey soils. 

MECHANISMS OF INTERACTION BETWEEN 
REINFORCEMENT AND SOIL 

Stress transfer between the geogrid and the soil is primarily a func
tion of frictional resistance and passive earth pressure. The former 
is generated by friction between the soil and the surface of the 
geogrid; the latter is a function of the grid-shaped construction, 
which causes the transverse ribs to interlock tightly with the inter-

Civil Engineering Department, Chung Yuan University, Chung Li, Taiwan 
32023, R.O.C. 

vening soil. Becaus~ pullout force causes the geogrid to move rela
tive to the surrounding soil, passive earth pressure develops against 
the transverse ribs. Thus a reinforcing effect is attained by bringing 
into play the latent interaction potential inherent in friction resis
tance and soil passive resistance. 

For pullout-resistance behavior, many properties of soil and 
geogrid are known as the influence factors (1). The pullout resis
tance to geogrid is thought to be developed by the following two 
stress-transfer mechanisms: (a) frictional resistance between soil 
grains and contact grid surface and (b) the resistance from the soil 
passive mass against the transverse ribs (2). To evaluate the fric
tional resistance (P1), and ideal expression has been derived and 
suggested (3): 

where 

A, = gross area of geogrid, 
a. = fraction of solid surface area in grid, 
av= vertical effective stress, and 
8 = friction angle between soil and geogrid surface. 

(1) 

Equation 1, the formula for estimating P1, is widely accepted and 
frequently used. The passive resistance of soil bearing on the trans
verse ribs is a problem similar in kind to the base pressure on deep 
foundations in soil. Passive resistance is a function of the grid
shaped structure, which causes the transverse ribs to bind tightly 
with the intervening soil. Because pullout forces cause the geogrid 
to move relative to the surrounding soil, passive earth pressure 
develops against the transverse ribs. It has been suggested that this 
passive earth pressure be expressed in terms of the bearing capac
ity from the punching failure mode as given in Figure 1 (2). 

To determine the potential interaction of the geogrid with not 
only granular soil but also fine-grained soils, a testing device was 
designed and built for this study. The device was used to ascertain 
the basic mechanical characteristics of the geogrid during pullout 
testing under confined conditions. Strain distribution along the 
geogrid was measured only to supply supplementary data; it is not 
a focus of this study. The confining box suggested by the Geo
synthetic Research Institute (4) was not used in this study. 

LABORATORY TEST PROGRAM 

Materials 

Two types of sandy soil were used in the test program: one was 
collected from the backfill sand used for the test wall in Tianliao, 
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FIGURE 1 Passive bearing punching shear failure mechanism (2). 

Kaohsiung County, and the other was Ottawa sand (C-190). Rela
tive density for both was controlled at 80 percent. The clayey soil 
was weathered mudstone, which was also obtained from the same 
test site in Kaohsiung County. Water content was maintained at 
OMC + 2 percent, and the degree of compaction was 95 percent. 
See Table 1 and Figure 2 for the basic properties and grain-size dis
tribution curves of the aforementioned soils. The two types of 
geogrids used were manufactured from HDPE, labeled "A" and "B" 
(Table 2). To reduce the boundary effect, samples of the A and B 
geogrids measuring eight squares in width and three squares in 
length were used. The portion of each geogrid buried in the soil was 
fixed at 39 cm. Another part of the study focused on exploring the 
frictional resistance of the geogrid-soil interface for specimens of 
the same size. Pullout tests were conducted on the A and B grids 
from which the transverse ribs had been cut. It is believed that pull
out resistance from the trimmed specimen is a factor of frictional 
resistance only. In addition, the differences in contact area between 
trimmed specimens and intact specimens must be allowed for so 
that the frictional resistance for intact grid specimens can be cal
culated. The passive resistance from the transverse ribs, therefore, 
is determined for comparison purposes. 

Pullout Box 

The top and bottom pullout boxes are 40 cm long, 50 cm wide, and 
15 cm deep internally, with a 1-cm opening between the two adja
centboxes. See the structural sketch in Figure 3. To prevent bound
ary effects from occurring, the upper and lower boxes were fitted 
with sleeves. Below the boxes is an adjustable bearing plate that 
allows the pulling forces to be aligned into the same plane as the 
geogrid, pulling it out via the opening between the two boxes. Nor
mal stress is applied using air bags into which compressed air can 

TABLE 1 Properties of Tested Soils 

be directly pumped. Polystyrene packers are placed inside the air 
bag in the lower box to ensure both that the air compartment in the 
lower box is completely sealed during compaction of the sample, 
and that the normal stress is evenly distributed, reducing the effect 
of the laboratory boundary effect. Normal stress of 0.5, 1.0, and 1.5 
kg/cm2 is applied during the test. The pulling system consists of a 
constant rate motor assembly. The pulling force can be adjusted 
through a set of gears. 

Measuring System 

Two linear variable differential transformers (LVDTs) with a max
imum stroke of ::±:: 10 cm are attached to the puller. An amplifier 
accurate to 10-3 mm measures the pullout displacement of the 
geogrid, and the two L VDTs provide verification. The strain gauges 
are smeared with paraffin to prevent moisture-induced short 
circuits, and are cemented to the surface of the rib. In this way, one 
can ascertain the way strain is distributed when the geogrid is sub
ject to pulling forces. The Kyowa KLM-6-A9 strain gauge with 
Kyowa EC-30 cement was used; with this combination, strains of 
up to 20 percent can be measured. The strain gauge is attached to 
three transverse ribs 2 cm from their junctions, ensuring that the 
transverse ribs are all the same width at the point of attachment. 
They are located 5, 21, and 37 cm from the front wall of the box. A 
Tokyo Sokki Kenkyujo TDS-301 data logger with an amplifier 
simultaneously records the values registered by load cells, L VDTs, 
and strain gauges. ~ 

Testing Procedures 

During testing, strain rate was controlled at I mm/min (4); the por
tion of the grid buried in the soil was fixed at 39 cm. The soil in the 

Property Backfill sand C-190 sand Weathered mudstone 
Dry unit weight,yd (g/cm3

) l. 791 1.715 1.865 

Angle of internal friction . <!> 45. 37. 29. 

Cohesion. (kg/cm:) ------ ------ 0.364 
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FIGURE 2 Grain size distribution of tested soils. 

top and bottom pullout boxes was compacted into the boxes in five 
even layers, and the geogrid specimen was buried in the middle, 
aligned with the opening between the boxes and with the direction 
of pulling-force application. Compressed air was then pumped into 
the air bags in accordance with the required normal stresses and left 
for 24 hr so the pressure could equilibrate. The leads from the strain 
gauges were connected to the data logger, and when the reading 
from the strain gauge stabilized after 24 hr of pressurization-indi
cating that settlement of the sample had ceased-the L VDT was 
placed in position, the motor and data logger were turned on, and 
the data logger was set to take readings every 10 sec until the pull
out forces decreased. 

TABLE 2 Properties of Geogrids Used 

Geog rid A B 

Polvrner tvoe HDPE HDPE 

Shaoe of aoertures oblong oblong 

Thickness of longitudinal ribs, mm 1.4 0.95 

Length of lon!!itudinal ribs, mm 144 144 

Soacing of lon!!itudinal ribs. mm 16 16 

Width of transverse ribs, mm 16 16 

Thickness of transverse ribs, mm 3.9 2.7 

Thickness of iunction, mm 3.9 2.7 

Tensile strength. kN/m 87 60 

Elongation, % 10.8 8.8 

ANALYSIS AND DISCUSSION 

As previously discussed, the two main mechanisms of pullout resis
tance for geogrids are the frictional resistance and the resistance due 
to passive earth pressure. However the pullout resistance exhibited 
by the geogrid varies with different soil media. 

Effect of Soil Properties on Pullout Behavior of Geogrid 

As Figures 4, 5, and 6 show, the geogrid's pullout resistance during 
initial pullout displacement in backfill sand is actually lower than in 
coarse sand or weathered mudstone. After completion of initial pull
out displacement, pullout resistance rises steadily. This discrepancy 
arises because backfill sand is well graded and has a high proportion 
of large grains, which may slide easily when pressed by the transverse 
ribs. These large grains move until they are packed tightly against the 
smaller grains, giving rise to greater soil passive resistance and a con
current steady increase in pullout resistance. The grains in C-190 sand 
and weathered mudstone have relatively lower <!> values, so pullout 
resistance is more likely to stabilize at a constant value when the 
transverse ribs have caused the soil grains to slide. 

To discover the relationship during the experiment between the 
friction resistance at the surface of the grid and the passive resis
tance against its transverse ribs, the pullout tests were conducted on 
A and B grids from which the transverse ribs had been removed. By 
adjusting the effective contact area of the geogrids in this way and 
ascertaining their frictional resistance with the soil, a comparison 
could be made between the frictional resistance figures of geogrids 
with and without transverse ribs. As shown in Figures 7 and 8, fric
tion resistance makes up 30 percent of the total pullout resistance 
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exhibited by the geogrid in sandy soil. The remaining 70 percent is 
contributed by soil passive resistance; thus, the effect of soil passive 
resistance is greater than that of frictional resistance. Numerical 
methods (5) were used to predict the components of pullout in dense 
sand: it was found that passive resistance made up most of the resis
tance_ It can also be seen from Figure 9 that Grid A offers greater 
pullout resistance than Grid B_ Although Grids A and B are almost 
identical in shape, the transverse ribs of Grid A are 1.2 mm thicker 
than those of Grid B, so the bearing surface for the soil passive 
resistance of Grid A is greater than that of Grid B; thus, the bearing 
surface of the transverse ribs directly influences the amount of soil 
passive resistance that is developed. 

Some interesting findings were discovered in the weathered mud
stone test results. A representative confinement finding of 1.5 
kg/cm2 is included in Figure 10. From Figure 10, it is observed that 
most of the pullout resistance exhibited by the geogrid in clayey 
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soils is contributed by frictional resistance; thus, the frictional resis
tance effect contributes more to the pullout resistance of the geogrid 
in weathered mudstone than does soil passive resistance. The find
ings also indicate that, during the initial stage when pullout dis
placement had not yet exceeded 2 mm, the total pullout resistance 
was equivalent to its friction resistance. It was only after this initial 
stage that total pullout resistance values gradually exceeded the 
frictional resistance figures. This phenomenon arises in the initial 
stages, where the displacement that occurs is due to elongation in 
the front portion of the grid specimen itself, not to relative dis
placement between the grid and the soil mass. The main resistance 
to pulling forces is contributed by static friction between the grid 
and the soil. The soil passive resistance of the transverse ribs devel
ops only when there is relative displacement between the soil and 
the grid, so it is only when this displacement occurs that total pull
out resistance gradually becomes higher than friction resistance. 
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From the evaluation described, it can be summed up that in sandy 
soils most of the pullout resistance is contributed by soil passive 
resistance. In clayey soils, frictional resistance provides the largest 
part of pullout resistance. 

Bearing Resistance on Transverse Ribs 

As has been pointed out, the pullout resistance is composed of 
frictional and passive resistance. This can be expressed with the 
following formula: 

(2) 

(3) 

where 

Pr= total pullout force, 
PF = total friction resistance at grid surface during pullout, 
P 8 = bearing force at transverse ribs, 

Pf(l.RI = surface friction force at longitudinal ribs, and 
P11rRJ = surface friction force at transverse ribs. 

To calculate the bearing resistance generated at the transverse 
ribs in this experiment, the transverse ribs were cut from one of two 
identical geogrid specimens; then pullout tests were conducted for 
both. Because the resistance figures obtained were a function of the· 
frictional resistance generated at the longitudinal ribs and the cut 
surface, the following modified formula must be used to obtain true 
total frictional resistance values during pullout: 

Arm+ LR! 
PF = pf(LR +cut surface) 

A(LR + cut surface) 

(4) 

where 

pf(LR +cut surface) = frictional resistance Of longitudinal ribs and the 
cut surface, 

A
1
rn +LR! = surface area of longitudinal and transverse ribs, 

and 
A(LR +cut surface) = surface area of longitudinal ribs and cut surface. 

During pullout in sandy soils, the soil grains at the bearing surface 
of the transverse ribs are packed into a denser state, thus maximizing 
the interlocking effect between the soil and the transverse ribs and 
increasing the passive resistance at the bearing surface. On compar
ing the bearing forces at the transverse ribs under the effects of dif
ferent confinements as depicted in Figure 11, it is evident that in back
fill sand or coarse sand the bearing force rises as confining pressure 
is increased. This may be attributed to the densely packed structure 
of the grains in this well-graded backfill sand, which causes the rate 
of increase in bearing force to rise as more confining pressure is 
applied. The bearing force shows no marked increase in uniformly 
graded coarse sand however. The foregoing phenomenon explains 
why the angle of internal friction, the bearing area of the transverse 
ribs, and the vertical effective overburden stress all influence the bear
ing resistance at the transverse ribs. The passive bearing failure model 
(Figure 1) for geogrids in sandy soils is thus confirmed. 

As described, the pullout behavior of the grid differs for sandy 
and clayey soils. It was discovered in this study that, under pullout 
action in clayey soils, a pullout failure plane was observed against 
the upper and lower surfaces of the longitudinal and transverse ribs 
of the grid. This is because the clay grains are very small and cohe
sive and also because the low angle of internal friction lessens shear 
resistance. This caused a "breakthrough" phenomenon that resulted 
from the knifelike cutting surface of the transverse ribs pressing 
against the soil in the grid's apertures during the pullout process. 
Figure 11 demonstrates that in clayey soils the bearing forces at the 
transverse ribs are not affected by confinement, and remain rela
tively stable. This explains why in clayey soils the passive resis
tance aspect of the pullout resistance is related to the degree of soil 
cohesiveness, and is not affected by confinement. Hence in the fail
ure model depicted in Figure 1, there are no passive bearing zones; 
the only possibility is that failure is limited to elastic bearing zones. 
Thus, it can be seen that the formula of Jewell et al. (2) requires 
amendment, because it is not suitable for evaluating passive resis-
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FIGURE 11 Comparison of bearing forces at the transverse ribs. 

tance during pullout in cohesive soils. ~fore data and further 
research are needed to establish the correct method. 

Effect of Soil Confinement 

Figure 9 shows the total pullout resistance of grids under normal 
stress in different soils. The pullout resistance of the grid increases 
with increasing confinement pressure, but the rate of increase differs 
depending on the soil type. Backfill sand gives higher rates of 
increase, and weathered mudstone gives the slowest rate of 
increase. Friction, the bearing capacity factors of soil passive resis
tance, and the angle of internal friction of the soil are all closely 
interrelated in terms of pullout resistance. Where the angle of inter
nal friction of the soil is high, the bearing capacity factors will also 
be high, hence the relatively high rate of increase in pullout 
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resistance as confinement pressure is increased for grids in sand 
backfill. By contrast, the rate of increase in pullout resistance as 
confinement pressure is increased is relatively low for grids in 
weathered mudstone. Furthermore, because the thickness of the grid 
is significant, when pullout forces are applied, the displacement 
results in dilation of soil particles, which leads to an increase in 
confined pressure. Hence pullout resistance tends to increase. 

Strain Distribution Along Geogrid 

Figures 12 and 13 are strain-distribution diagrams for all measure
ments of monitoring points at which the pullout displacement is 
25 mm. The diagram clearly shows that when pulling forces are 
applied to the grid, the greatest strains are found at the measurement 
points nearest the portion where the pulling force is being applied, 
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FIGURE 12 Strain distribution among all measuring points on Geogrid A 
when pullout displacement had reached 25 mm. 
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FIGURE 13 Strain distribution among all measuring points on Geogrid B 
when pullout displacement had reached 25 mm. 

and most of the strain occurs at the two front measurement points. 
Thus most of the pullout resistance effect is provided by the grid's 
two front apertures. This unequal strain distribution under the pull
out effect proves that strain transfer is uneven along the grid during 
pullout. This strain distribution pattern suggests that if the buried 
portion of the grid is too long strain will gradually be transferred 
from the front of the grid to the back when pulling forces are 
applied. This leads to the overdesign of the reinforcement material 
because when the front portion of the grid has achieved its maxi
mum anchoring effect, the rear portion may not have undergone any 
deformation at all. This unequal strain-distribution phenomenon 
confirms the results obtained elsewhere (6). 

CONCLUSION 

Based on the foregoing, the following conclusions can be drawn 
from the analysis of the grid's mechanical characteristics. 

• With the granular soil as the confining medium, soil passive 
resistance is the main contributor to the pullout resistance of the 
grid. With fine-grained soils as the confining medium, the propor
tion of pullout resistance composed of passive resistance decreased 
significantly. 

• The pullout resistance of the grid increases as confining pres
sure increases. Where the angle of internal friction of the soil is 
high, the bearing capacity factors will also· be high, so the grid 
exhibits a relatively faster rate of increase in pullout resistance as 
confining pressure is increased. 

• For the grids used in the study, the pullout resistance in sandy 
soil was higher than in fine-grained soil. 

• The strain distribution of the geogrid during testing was tri
angular; the strain gradually reduced from a maximum at the pullout 
end to zero at the other end. 

REFERENCES 

l. Bauer, G. E., and Y. M. Mowafy. The Effect of Grid Geometry and 
Aggregate Size on the Stress Transfer Mechanism. Proc., 4th Interna
tional Conference on Geotextiles, Geomembranes and Related Products, 
Vol. 2, 1990, p. 801. 

2. Jewell, R. A., G. W. E. Milligan, R. W. Sarsby, and D. Dubois. Inter
action Between Soil and Geogrids. Proc., Symposium on Polymer Grid 
Reinforcement in Civil Engineering, Thomas Telford Limited, London, 
England, 1984, pp. 19-29. 

3. Mitchell, J. K., and C. V. Villet. NCHRP Report 290: Reinforcement of 
Earth Slopes and Embankments. TRB, National Research Council, 
Washington, D.C., 1987. 

4. Koerner, R. M. GR! Test Methods and Standards: Geogrid Pullout. 
Geosynthetic Research Institute, Drexel University, Philadelphia, Pa., 
1992. 

5. Wilson-Fahmy, R. F., R. M. Koerner, and L. J. Sansone. Experimental 
Behavior of Polymeric Geogrids in Pullout. Journal of Geotechnical 
Division, ASCE, Vol. 120, N. 4, 1994, pp. 661-677. 

6. Holtz, R. D., and B. B. Broms. Wall Reinforced by Fabrics-Results of 
Model Test. Proc., 1st International Conference on the Use of Fabrics in 
Geotecnics,Paris,France, Vol. l, 1977,pp.113-117. 

Publication of this paper sponsored by Committee on Geosynthetics. 



TRANSPORTATION RESEARCH RECORD 1474 73 

One-Dimensional Compression 
Characteristics of Artificial Soils Composed of 
Multioriented Geosynthetic Elements 

• 
EVERT c. LAWTON, JAMES R. SCHUBACH, RICHARDT. SEELOS, AND NATHANIEL S. Fox 

Results and conclusions are presented from laboratory one-dimensional 
primary and secondary compression tests on specimens of artificial soils 
composed of multioriented geosynthetic elements. The purpose of the 
tests was to determine the influence of the parameters on the one
dimensional compression characteristics of artificial soils composed 
of the following elements: properties of the polymeric constituent 
material and size and geometric shape of the elements. Values of one
dimensional primary and secondary compression parameters for these 
artificial soils are also compared with those for natural soils. 

In previous work, the use of multioriented geosynthetic inclusions 
for reinforcing granular soils was investigated (1,2). In addition, the 
potential use of multioriented geosynthetic elements as lightweight, 
highly porous artificial soil was noted, and laboratory California 
bearing ratio (CBR) and permeability tests on specimens composed 
entirely of these elements were conducted. In the present study, the 
one-dimensional compression characteristics of artificial geosyn
thetic soils are examined, and typical results and conclusions from 
40 constant-stress primary and secondary compression tests are 
presented. Each specimen tested was composed of discrete, multi
oriented, geosynthetic elements of a single prototype; overall, 20 pro
totypes manufactured in three different shapes from six polymeric 
materials were tested. The goals of this study were to determine 
the influence of the following parameters on the one-dimensional 
primary and secondary compression characteristics of artificial 
geosynthetic soils: properties of the polymeric constituent material 
and size and geometric shape of the elements. 

BACKGROUND 

Previous laboratory tests on artificial soil specimens composed of 
multioriented geosynthetic elements have indicated the following 
properties (2): dry densities of the specimens ranged from 2.39 to 
3.53 kN/m3 (15.2 to 22.5 pct), which represent a reduction of about 
80 to 90 percent compared with typical compacted soils; coeffi
cients of permeability varied from 0.14 to 0.17 cm/sec (0.28 to 0.34 
ft/min), which are comparable to those for clean sands and clean 
sand-gravel mixtures; and CBR values ranged from 0.7 to 3.7. It 
was concluded from this limited laboratory testing program that 
lightweight, highly porous artificial soils could be produced from 
multioriented geosynthetic elements but that additional research 

Evert C. Lawton, James R. Schubach, and Richard T. Seelos, Department of 
Civil Engineering, University of Utah, 3220 Merrill Engineering Bldg., Salt 
Lake City, Utah 84121; Nathaniel S. Fox, The Earthwater Corp., 769 Lake 
Dr., Lithonia, Ga. 30058. 

was needed to establish the stress-strain-strength and degradation 
characteristics of these artificial soils. 

CURRENT STUDY 

Multioriented Elements 

Twenty artificial soil prototypes were manufactured using six poly
meric materials, six basic shapes, two sizes, a:nd two stem shapes 
(Figure 1, Tables 1-3). All the prototypes consist of six stems 
extending radially from a central hub; 16 prototypes had enlarged 
heads on four stems, and four prototypes had no heads on any stems. 
All prototypes were cast in specially designed, two- or three-cavity 
injection molds. Where heads were cast on the end of the stems, 
manufacturing limitations permitted heads to be included on only 
four of the six stems. The multi oriented elements are generally sim
ilar in shape and size to toy jacks and are therefore referred to as 
"jacks" for brevity. 

The size of the headless prototypes is defined as the distance from 
the outer tips of either two corresponding heads (for prototypes with 
heads) or two corresponding stems (headless prototypes) measured 
along a longitudinal axis passing through the center of two stems in 
parallel (including the hub). The size of all prototypes with heads 
was 25.4 mm (1 in.). Headless prototypes were manufactured in 
both 19 .1 and 25 .4 mm (Vi and 1 in.) sizes. 

The first shape (called "Original" herein) was used in previous 
studies (J,2) and is the most complex shape used in this investiga
tion. The stems of the Original shape are square prisms, with the 
cross-sectional area of the four stems that support the heads being 
less than the headless stems; the heads are cubes and their cross
sectional area is greater than the cross-sectional area of the stems to 
which they are attached (Figure 1). 

The stems of the other five basic shapes have the same nominal 
cross-sectional area ( 10.1 mm2

) and vary according to the size of the 
elements (19.1 or 25.4 mm as previously defined). The shape of the 
stems and heads (square prism or cylinder) and the absence of stems 
or orientation of the heads relative to the two headless stems are 
described as follows (see Figure 1): (a) headless, (b) all four heads 
parallel to the headless stems (rocket shape), (c) all four heads per
pendicular to the headless stems (pinwheel shape), and (d) two 
heads parallel and two heads perpendicular to the headless stems 
(up-down shape). 

Selected properties of the six polymers from which the proto
types were made are given in Table 2. The materials are appropriate 
for injection molding manufacturing processes and were selected to 
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FIGURE 1 Geometric shapes of multioriented geosynthetic 
prototypes. 

provide a wide range of strength and deformation characteristics. 
The strongest and stiffest material is the 20 percent glass-filled 
polypropylene (PPG) with a flexural modulus (E) of 4,479 MPa 
(650 ksi) and a tensile strength (F1) of 55.1 MPa (8.0 ksi); the weak
est and most flexible material is the low-density polyethylene 
(LDPE) with E = 282 MPa (41 ksi) and F1 = 8.3 MPa (1.2 ksi). 
Values of specific gravity rang~ from a high of 1.24 for 40 percent 
mineral-reinforced polypropylene (PPM) to a low of 0.88 for 
copolymer polypropylene (PPPE). 

Although the same mold was used to manufacture jacks of the 
same shape, the dimensions of the jacks made from different poly
mers varied somewhat from the nominal values. For example, the 
total volume per jack for the Original shape varied from 1,650 mm3 
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(0.101 in.3) for high-density polyethylene (HDPE) to 1,830 mm3 

(0.112 in.3
) for PPM . 

Experimental Procedures 

One-dimensional, constant-stress primary and secondary compres
sion tests were performed on dry specimens of artificial jack soils 
confined within 152-mm (6-in.)-diameter steel molds. I.n the pri
mary compression tests, loads were applied in increments to the 
maximum applied stress (av) possible with the ava!lable equipment 
(300 kPa = 6.3 ksf). After the primary compression tests were com
plete, the maximum stress was maintained for 7 days to measure 
secondary compression. 

Pilot tests conducted on specimens of the same prototype but 
varying heights showed that the height of the specimen affected the 
results somewhat owing to friction between the jacks along the 
exterior of the specimens and the interior surfaces of the molds. 
However, the generar stress-strain characteristics and relative rela
tionships for different prototypes were essentially independent of 
specimen height. As a compromise between manufacturing cost and 
ratio of specimen height to element size, a specimen height of 102 
mm (4 in.) was selected for the main testing program. Thus, for 
specimens composed of 25.4 mm (1 in.) jacks, the ratio of specimen 
diameter to jack size was about 6: 1 and the ratio of specimen height 
to jack size was about 4: 1. For the 19.1 mm (%in.) jacks, the ratios 
were about 8: 1 and 5.3:1. 

To avoid undesirable gaps around the edges of the specimens, the 
specimens were made by placing jacks one by one into the mold 
until the final height was achieved. Thus, the relative densities of 

TABLE 1 Shapes and Nominal Dimensions of Multioriented Inclusions 

Nominal Geometric Dimensions 

Stems Heads 

Width Width Nominal 

or or Total 

Sizea Head Length Diameter Length Diameter Volume 

ShaEe {mm} Stem ShaEe ShaJ!e {mm} ~mm~ {mm} {mm} {mm3} 

Original 25.4 Square Prism Cubic 3.97 3.18 6.35 6.35 1,760 

Square Prism None 11.11 4.76 None None 

Headless Rectangular 25.4 Square None 11.11· 3.18 None None 704 

Headless Rectangular 19.1 Square None 7.94 3.18 None None 512 

Headless Cylindrical 25.4 Cylinder None 11.11 3.58 None· None 704 

Headless Cylindrical 19.1 Cylinder None 7.94 3.58 None None 512 

Rocketb 25.4 Cylinder Cylinder 7.94 3.58 12.70 3.58 1,080 

Cylinder None 11.11 3.58 None None 

Pinwheelc 25.4 Cylinder Cylinder 7.94 3.58 12.70 3.58 1,080 

Cylinder None 11.11 3.58 None None 

Up-Downd 25.4 Cylinder Cylinder 7.94 3.58 12.70 3.58 1,080 

Cylinder None 11.11 3.58 None None 

aoistance from the outer tip of either two corresponding heads (for jacks with heads) or two corresponding stems (for 
headless jacks) along a longitudinal axis passing through the center of two stems in parallel (including the hub). 

b All four heads are parallel to the headless stems. 

c All four heads are perpendicular to the headless stems. 

dTwo heads are parallel and two heads are perpendicular to the headless stems. 



Lawton et al. 75 

TABLE2 Selected Properties of Polymeric Materials 

Polymeric Material 
Polypropylene Polypropylene Polypropylene Polypropylene High Density Low Density 
20% Glass Mineral Homopolymer Copolymer Polyethylene Polyethylene 

Property Filled (PPG) Filled (PPM) (PP) (PPPE) (HDPE) (LOPE) 

Tensile strength (MPa) 55.1 31.7 34.8 21.0 22.0 8.3 

Elongation at yield(%) 2 10 11 10 10 850 

Flexural Modulus (MPa) 4,480 2,340 1,720 1,070 l,Q70 282 

Notched Izod Impact (J/cm) 0.53 0.27 0.37 1.07 1.05 0.75 

Deflection Temperature (°C) 138 132 140 145 130 88 
@455 kPa 

Specific Gravity 1.04 1.24 0.89 0.88 0.95 0.92 

All values supplied by manufacturers or distributors 

TABLE 3 Basic Characteristics of Multioriented Inclusions 

Prototype 

Shape 

·Original 

Headless Rectangular 

Headless Cylindrical 

Rocket 
Pinwheel 
Up-Down 
Rocket 
Pinwheel 
Up-Down 

Polymer 

PPG 
PPM 
pp 
PPPE 
HDPE 
LOPE 

PPG 
PPG 
LOPE 
LOPE 

PPG 
PPG 
LOPE 
LOPE 

PPG 
PPG 
PPG 
LOPE 
LOPE 
LOPE 

Size 
(nun) 

25.4 
25.4 
25.4 
25.4 
25.4 
25.4 

19.1 
25.4 
19.1 
25.4 

19.1 
25.4 
19.1 
25.4 

25.4 
25.4 
25.4 
25.4 
25.4 
25.4 

the specimens were intermediate between a loose state representing 
a situation where the jacks would be dumped in place and a dense 
condition produced by vibratory compaction after being placed. 
Because there were differences in the dimensions and volume for 
jacks of the same shape but different material, there were inevitable 
differences in initial void ratio for nominally identical specimens. 
For example, for the Original shape jacks, the initial void ratios for 
the specimens made from the six different polymers varied from 
2 to 2.8 (see Figure 2a). 

Because the specimens were dry and the pore spaces were large, 
the pore air pressures generated during each loading increment were 
dissipated almost instantaneously. Therefore, the first reading 

Mass Volume 
per per 
Jack Jack Specific 
(g) (mm3) Gravity 

1.74 1.770 0.98 
2.13 1,830 1.16 
1.58 1,780 0.89 
1.53 1,740 0.88 
1.54 1,650 0.93 
1.57 1,750 0.90 

0.50 500 1.00 
0.68 700 0.97 
0.44 490 0.90 
0.61 690 0.88 

0.44 460 0.95 
0.62 660 0.95 
0.39 430 0.92 
0.56 620 0.91 

1.01 1.050 0.96 
1.00 1,020 0.98 
1.00 1,000 0.98 
0.91 1,000 0.91 
0.90 1,000 0.91 
0.91 1,000 0.91 

( 15 sec) for each loading increment was assumed to represent the 
end of primary compression and the beginning of secondary com
pression. The specimen deformations were very large in some 
instances, so all deformation results are presented in terms of true 
strain instead of engineering strain, where true strain is given by the 
following equation: 

E., = JH dH =In Ji. 
Ho H Ho 

(1) 

where H0 is the original height of the specimen, and His the height 
of the specimen at any time after loading. 
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FIGURE 2 Effect of polymeric material type on one-dimensional 
primary compression of artificial jack soil: (a) strain versus stress, 
(b) tangent modulus versus stress. 

Results From Primary Compression Tests 

Effect of Polymer Type 

The type of polymer used to manufacture the jacks has a significant 
effect on the relationship between applied vertical stress and pri
mary compressive strain, as shown in Figure 2a for specimens of 
Original shape jacks. The flexural modulus of the plastic appears to 
be the most important factor; as flexural modulus increases, the 
compressibility of the artificial soil decreases. In one-dimensional 
compression, the decrease in volume results primary from two phe
nomena: (a) rearrangement of jacks from sliding along the stems 
and heads and (b) distortion of the jacks occurring primarily from 
bending of stems. Therefore, less bending of sterns and less com
pression occur for stiffer plastics. As the applied load is increased, 
additional bend.ing of stems occurs. At some point the bending of 
stems produces additional contact points between jacks, and the 
stiffness of the material increases. This is illustrated in Figure 2a by 
the flattening of the strain-stress curves with increasing stress. Note 
that the flattening of the curves is less for the stiffer plastics because 
less additional contacts are produced at lower values of strain. This 
stiffening effect is more clearly demonstrated in Figure 2b, where 
the results from Figure 2a are plotted in terms of one-dimensional 
tangent modulus (M,) versus u,,. For each specimen, M, increases 
with increasing u.,. Values for M, for each specimen were obtained 

TRANSPORTATION RESEARCH RECORD 1474 

by performing a polynomial least-squares regression on the strain
stress data with E., as the dependent variable and u" as the indepen
dent variable, differentiating the regression equation to obtain the 
slope of the strain-stress curve (dE.,/du,.), calculating the slope at the 
same levels of stress applied in the test, and inverting the slope to 
obtain the tangent modulus (du)dE,). 

Owing to the substantial amount of time required to manufacture 
the number of jacks required for a test-which ranged from about 
350 to 1,600 jacks-the remaining prototypes were made from only 
the stiffest and strongest material, PPG, and the most flexible and 

weakest material, LDPE. 

Influence of Stem Shape and Size 

To determine the influence of the size and shape of the sterns on the 
compressibility of artificial jack soils, headless jacks were manu
factured using PPG and LDPE with two stem configurations (square 
prism and cylinder) and in two sizes (25.4 mm= 1 in. and 19.1 mm 
= 314 in.). The nominal cross-sectional area of the stems for all four 
prototypes was the same (10. l mm2 = 0.0156 in.2

). The lengths of 
the stems measured from the outer edge of the hub to the tip of the 
sterns were 7.9 and 11.l mm (5/16 and 7/16 in.) for the 19.1 mm 
(3/4 in.) and 25.4 mm (1 in.) sizes, respectively. The results from pri
mary compression tests conducted on artificial soil specimens made 
from these jacks (Figure 3) indicate that the length of the stem (for 
a given cross-sectional area) significantly affects the compressibil
ity, but the cross-sectional shape of the stem does not. Both these 
trends are consistent with the assumption that one-dimensional 
compression of artificial jack soils occurs· primarily from bending 

of the stems. 
It can be shown that a solid square and a solid circle with the same 

area have the following ratio for their moments of inertia: 

(2) 
3 

For sterns made from the same polymer (therefore same E) and with 
the same cross-sectional area, those with a square cross-sectional 
shape have a flexural rigidity (El) about 5 percent greater than those 
with a circular cross-sectional shape. Thus, for specimens contain-
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FIGURE 3 Influence of stem shape on strain-stress curves for 
headless jacks. 
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ing the same number of jacks, the load per jack, and therefore the 
load per stem, would be the same, and the specimens containing 
jacks with square prismatic stems should compress about 5 percent 
less than those with cylindrical stems. To compare the compression 
characteristics for the same size and same polymer but different 
cross-sectional shapes, the ratios of change in height for the com
parable samples (AHsqrl AHcir) were calculated at each level of 
stress. For the 24 combinations of polymer, size, and stress level, 
AHsqrl AHcir varies from 0.84 to 1.25, averaging 1.06, suggesting that 
the jacks with square stems are slightly more compressible than 
those with circular stems, which is opposite of the expected result. 
To account for the differences in number of jacks per specimen (N1) 

caused by the slight differences in volume between the jacks with 
square stems and those with circular stems, and for random differ
ences in placement, the deflections for each specimen were nor
malized by multiplying them by N1 . The calculated values of 
(AH·N1)sqrl(AH·N1)cir range from 0.64 to 1.09, averaging 0.94. This 
average value suggests that the jacks with square stems are about 6 
percent less compressible than those with circular stems, very close 
to the 5 percent predicted from Equation 3. Therefore, moment of 
inertia of the stems appears to affect the compression characteris
tics. Cross-sectional shape does not. 

Substantial differences in stress-strain behavior are evident· for 
the 25.4 mm (1 in.) and 19.l mm (314 in.) jacks made of the same 
polymer, as indicated in Figure 3. For the same polymer, the 
25.4-mm (I-in.) jack specimens compressed an average of 82 per
cent more than the 19.1-mm (3/4-in.) jack specimens. Two factors 
support this relationship: (a) the specimens containing larger jacks 
have fewer jacks per specimen (average N1 = 1,409) than those 
made of smaller jacks (average N1 = 776), and thus the load per jack 
is higher for the larger jacks; and (b) the stems of the larger jacks 
are longer and therefore more flexible. To provide additional insight 
into the effect of size on the one-dimensional compressibility of 
artificial jack soils, the following simplified theoretical relationship 
is developed. 

Assumptions 

• All deformations occur as a result of bending of stems. 
• Each specimen contains an equivalent number of layers of 

jacks (NL), with the same number of jacks in each layer. NL is 
inversely proportional to the size of the jacks (S1) and is not neces
sarily an integer. 

• The vertical deflection of a specimen under an applied load is 
equal to the vertical deflection per jack times the number of layers 
(AH= AH1·NL). 

• Each jack in a specimen carries the same vertical force, 
F1 = F)N;, where Fv is the total applied vertical force. Each jack 
compresses by the same amount (AH1). 

• N1 is inversely proportional to S1. 

• AH1 is inversely proportional to the flexural rigidity (EI) of the 
stems. 

• AH1 is proportional to F1 . 

• The vertical force carried by each stem in a jack is the same, and 
this force is applied at the tip of the stem. The deflection of each stem 
can be approximated by small deflection theory for a cantilever beam 
with a point load at the end of the beam. Therefore, AH1 is propor
tional to V·cos20, where Lis the length of the stem and 0 is the angle 
of the longitudinal axis of the stem referenced to horizontal. The 
average value of 0 is assumed to be the same for each specimen. 
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• The constant of proportionality for any specific relationship is 
independent of the other factors. 

• The compression and extension of the stems caused by the lon
gitudinal components of the applied forces is negligible compared 
with the deflections caused by bending of the stems. With these 
assumptions, the following ratio for deflections of two specimens 
supporting the same total vertical load (F.,) can be derived: 

(L3) 
AH" = __!!___:_ 

(L3) 
El & 

(3) 

In Equation 3, the influence of size of jacks is evident only in terms 
of length of the stems; the effect of size on the number of jacks is 
offset by a proportional change in the number of layers. 

For the situation where the size is varied but the polymer is the 
same [(E/) 0 = (El)&], Equation 3 reduces to 

AH (L )3 
AH: = L: 

(4) 

For the 25.4- and 19.1-mmjacks, the theoretical ratio of deflections 
based on Equation 4 becomes AH25.JAH19.2 = 2.74, compared with 
the actual average value of 1.82. The simplifications in this theory 
are numerous and a deviation from the theoretical ratio is expected. 
That the actual ratio is less than the theoretical ratio can be 
explained qualitatively in terms of major deviations from two of the 
assumptions. First, the deflections are quite large; hence large 
deflection theory is more appropriate. The deviation from small 
deflection theory increases as the factor PL21El increases (3), where 
P is the bending force (perpendicular to the stems) and the other 
terms are as previously identified. Hence, the deviation from small 
deflection theory is greater for higher stresses, longer stems, and 
more flexible polymers, with the deflection perpendicular to the 
stem less than for small deflection theory and the deflection paral
lel to the stem greater than for small deflection theory. The devia
tion is greater for the perpendicular deflection than for the parallel 
deflection, so the net result for a stem oriented at 45 degrees to the 
horizontal is that the actual vertical deflection is less that predicted 
by small deflection theory, and the difference is greater for higher 
values of PL2/El. Using the average values for number of jacks and 
the lengths of stems, the ratio of PL2/El for the 25.4-mm (1-in.) 
jacks compared with the 19.1-mm (3/4-in.) jacks is 3.6. Thus, the 
actual ratio of deflections should be smaller than the ratio predicted 
from small deflection theory (Equation 4), as is the case. 

A second factor that tends to reduce AH25A/ AH19.2 is sliding of 
jacks relative to each other during loading owing to the smooth sur
faces of the jacks. Because most of the sliding likely occurs along 
the stems of adjacent jacks, it would be reasonable to expect that the 
amount of sliding would be proportional to the length of the stems. 
Thus, the overall value of AH25.4/AH19_2 would be somewhere 
between Lz5.4/L19.1 for sliding and·(LJLb)3 for bending. 

Effect of Heads and Orientation of Heads 

The effect of adding heads to the jacks and the effect of the orien
tation of those heads on the one-dimensional primary compression 
characteristics are illustrated in Figure 4 for jacks made from PPG 
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and LDPE. The jacks with heads in these tests essentially consisted 
of 25.4-mm (1-in.) cylindrical headless jacks with 3.2-mm (1/s-in.) 
heads on four stems oriented perpendicularly to the stems and 
extending 4.8 mm (3/16 in.) beyond the stems on each side; thus, the 
heads were 12.7 mm (1/2 in.) long from tip to tip. The volume of 
the cylindrical jacks with heads was about 50 percent more than the 
25.4-mm (1-in.) cylindrical jacks without heads. The heads were 
oriented in three ways, as described previously, to obtain the three 
shapes (Pinwheel, Rocket, and Up-Down). 

A comparison of the results in Figure 4 shows that for jacks made 
from PPG and LDPE, the specimens containing jacks with heads 
were more compressible than comparable specimens made of jacks 
without heads. Since the jacks with heads are essentially the same 
size as those without heads, NL should be about the same for both. 
However, the jacks with heads require more space horizontally, so 
the number of jacks per specimen is much less for jacks with heads 
than those without heads; the average value of N1-headlesJN1-heads is 
1.86 for PPG and 1.72 for LDPE. For jacks made from the same 
polymer (PPG or LDPE), the ratio of deflections for specimens of 
jacks with and without heads according to the theory described pre

viously is as follows: 

/1Hheads 

f1H headless 

N1 - headless 

N1 - heads 

(5) 
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The average actual value of /1Hhead/ /1Hheadless for the three types of 
jacks with heads compared with the headless jacks for all six stress 
levels is 1.21 for PPG and 1.56 for LDPE. These values are less than 
those predicted from Equation 5, probably as a result ~f sliding 
among jacks during loading, as discussed previously. From the 
curves in Figure 4, it appears that the orientation of the head has 
some influence on the primary compression characteristics, with the 
Rocket shape seeming to be the least compressible, but with no dis
cernible pattern as to which shape is most compressible. When the 
deflection results are corrected for the small variations in NJ. the 
average ratios of 11H·N1 for the other two orientations arbitrarily ref
erenced to the Rocket shape are 1.04, 0.98, 1.02, and 1.42, suggest
ing that the differences in deflections probably result mainly from 
random variations in specimen preparation. Thus, the orientation of 
the heads seems to have little effect on the primary compression 

characteristics. 

Artificial Jack Soils Versus Natural Soils 

To assess the geotechnical characteristics of the artificial soils the 
load-deformation characteristics of the jacks were compared with a 
range of natural soils on the basis of Jan bu' s tangent modulus equa-

tion (4): 

( 

I )I -a 
M =m·a · _Q_ 

t a Ua 
(6) 

where 

m =modulus number, 
a = stress exponent (number between 0 and 1), and 

aa = reference stress = 1 atmosphere. 

Values form and a were determined for all artificial jack specimens 
tested in primary compression and are summarized in Table 4. Val
ues of m give a general indication of the compressibility of the mate
rial; for the same value of a, lower values of m indicate greater com
pressibility. Values of a indicate the influence of stress level on M,. 
For a = 1, M, is independent of stress level, which is typical for 
many types of intact rock. A value of a = 0 indicates that Mr is lin
early proportional to a', which is characteristic of normally consol
idated saturated clays. For many granular soils, a is about 0.5 (5). 

Values of a and m for the artificial jack specimens as a function 
of porosity are compared with typical values for natural soils in Fig
ure 5. The porosities of the artificial jack specimens are within the 
same range as for clays and peats. Both the type of polymer and geo
metric shape significantly affect the values of the tangent modulus 
parameters. The values of a for the artificial soils vary from 0.22 to 
1. The lower values are for the LDPE jacks and are within the same 
range as for silts; the higher values are for the PPG jacks and are in 
the same range as for sands and moraines. The Original shape 
jacks-except for those made from LDPE-have a 2: 0.76. Values 
of m for the artificial jack soils range from 4 to 65. The values for 
the LDPE jacks vary from 4 to 11 and are comparable to those for 
peats and soft clays. Values of m for PPG jacks and Original shape 
jacks (except LDPE) vary from 16 to 65, which compares with 
natural soils ranging from stiff clays to moderately dense silts. Note 
that the modulus number for all PPG specimens falls above the 
upper limit normally found for natural soils of the same porosity, 
indicating that for the same porosity the artificial jack soils are 
stiffer than natural soils. 
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TABLE4 Values of Modulus Number and Stress Exponent for Multioriented Inclusions 

Prototype 

Shape Polymer 

Original PPG 
PPM 
pp 

PPPE 
HDPE 
LDPE 

Headless Rectangular PPG 
PPG 
LOPE 
LDPE 

Headless Cylindrical PPG 
PPG 
LDPE 
LDPE 

Rocket PPG 
Pinwheel PPG 
Up-Down PPG 
Rocket LDPE 
Pinwheel LDPE 
Up-Down LOPE 

Results From Secondary Compression Tests 

A series of secondary compression tests was conducted on speci
mens of jacks made after the conclusion of the primary compression 
tests. Typical results are shown in Figure 6 for the Original shape 
jacks. Approximate values for modified secondary compression 
index (Cae) were calculated for each test by determining a least
squares best-fit linear equation for Ev = f[log(t)] for each plot and 
calculating Cae as the first derivative of the equation: 

Cae = d[log(t)] 
(7) 

where t is the time after loading. The calculated values of Cae are 
listed in Table 5 and vary from about 0.3 to about 2.8 percent. From 
these data, it is clear that the same relationships established for pri
mary compression are also valid for secondary compression. In gen
eral, Cae decreases (a) as M, decreases, (b) as the size of the jacks 
increase, and (c) if heads are added to the jacks. No definite trends 
can be established for either the cross-sectional shape of the stems 
or the orientation of the heads. For saturated fine-grained natural 
soils, typical values of Cae range from about 0.15 to 15 percent (6); 
hence, values of Cae for artificial jacks soils are within the lower end 
of the saturated fine-grained soil range. 

It was also desired to establish secondary to primary compression 
index ratios for the artificial soil specimens. To determine values for 
Ce at a~ = 300 kPa, the results from the primary compression tests 
were plotted in log (a:,) - Ev space, as illustrated in Figure 6 for the 
Original shape jacks. Because the curves are not linear, a least-

Modulus Stress 
Size Number Exponent 
(mm) m a 

25.4 41.9 0.94 
25.4 39.5 0.94 
25.4 29.0 0.83 
25.4 18.5 0.76 
25.4 20.0 0.84 
25.4 9.6 0.51 

19.1 43.7 0.65 
25.4 33.5 0.75 
19.l 10.0 0.48 
25.4 5.9 0.38 

19.1 64.6 0.68 
25.4 22.9 0.73 
19. l 11.0 0.22 
25.4 6.2 0.35 

25.4 20.9 1.00 
25.4 15.9 0.78 
25.4 18.8 1.00 
25.4 5.2 0.49 
25.4 3.9 0.44 
25.4 3.8 0.40 

squares polynomial regression was performed on the data for each 
test, and tangent values for Cce were calculated by differentiating the 
polynomial and inserting a~ = 300 kPa into the equation for the first 
derivative: 

Cce = d[log(a~)] (8) 

The calculated values of Cce varied from 0.062 to 0.84 (Table 5). 
Also shown in Table 5 are values of Ca.IC. for the artificial jack 
specimens, which varied from 0.027 to 0.11. Values Ca.IC. for the 
PPG specimens varied from 0.050 to 0.093 with an average of 
0.071. For the LDPE specimens, Ca.I Cc• ranged from 0.027 to 0.089 
with an average of 0.051, suggesting that Ca.IC. may be greater for 
jacks made from stiffer polymers than for those made from more 
compressible polymers. Note that the range in values of Ca.IC. for 
artificial jack soils is nearly the same as the range for natural soils 
(0.03 to 0.1) (7). 

SUMMARY AND CONCLUSIONS 

A laboratory experimental study consisting of one-dimensional pri
mary and secondary compression tests was conducted to determine 
the one-dimensional compression characteristics of artificial soils 
consisting of multioriented geosynthetic elements Uacks). From the 
results of these tests, the influence of the following parameters on 
the one-dimensional compression characteristics of the artificial 
soils was assessed: geometric shape and size of the jacks and the 
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flexural properties of the polymer from which the jacks were made. 
The general results and conclusions determined from this experi
mental study are summarized as follows. 

1. A substantial portion of the one-dimensional compression of 
artificial jack soils occurs from bending of the stems of the jacks 

about the central hub. 
2. For a gi':'en geometric shape and size of the jacks, the flexural 

modulus of the polymer used in manufacturing the jacks has the 
greatest influence on the one-dimensional primary and secondary 
compression behavior of artificial jack soils. Primary and secondary 
compression are reduced for increased flexural modulus of the 

polymer. 

TABLES Values of Ca., Cm and Ca.fCce for Artificial Jack Soils 

Prototype 
Size 

Shape Polymer (mm) Ccu: Cce Ccu:/Cce 

Original PPG 25.4 0.011 0.12 0.092 

PPM 25.4 0.012 0.12 0.10 
pp 25.4 0.013 0.16 0.081 

PPPE 25.4 0.026 0.23 0.11 

HOPE 25.4 0.022 0.24 0.092 

LOPE 25.4 0.023 0.38 0.061 

Headless Rectangular PPG 19.1 0.0062 0.091 0.068 

PPG 25.4 0.013 0.14 0.093 

LOPE 19.1 0.019 0.35 0.054 

LOPE 25.4 0.027 0.57 0.047 

Headless Cylindrical PPG 19.1 0.0034 0.062 0.055 

PPG 25.4 0.0087 0.17 0.051 

LOPE 19.1 0.025 0.28 0.089 

LOPE 25.4 0.024 0.52 0.046 

Rocket PPG 25.4 0.016 0.24 0.067 

Pinwheel -PPG 25.4 0.014 0.28 0.050 

Up-Down PPG 25.4 0.024 0.27 0.089 

Rocket LOPE 25.4 0.028 0.50 0.056 

Pinwheel LOPE 25.4 0.020 0.73 0.027 

Up-Down LOPE 25.4 0.026 0.84 0.031 
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3. For the same configuration and size of jacks, flexural rigidity 
of the stems significantly affects the primary compression behavior, 
whereas cross-sectional shape has little or no influence. 

4. For the same basic geometric shape of jacks, artificial soil 
specimens made of larger jacks are more compressible than those 
composed of smaller jacks. 

5. Specimens containing jacks with heads are more compressible 
than specimens made from similar jacks without heads. 

6. A simplified theory based on small bending deflection theory 
was developed for comparisons of primary compression of artificial 
soils containing jacks with different characteristics. Using this 
theory, the qualitative trends described in Items 2 through 4 were 
predicted by the theory, but quantitative values differed somewhat 
from the actual values. 

7. Owing to the high porosities of artificial jack soils, their one
dimensional compression behavior is comparable to natural soils 
ranging from peat through moderately dense silt. 
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Stress-Strain and Strength Behavior of 
Staple Fiber and Continuous 
Filament-Reinforced Sand 

S. D. STAUFFER AND R. D. HOLTZ 

Laboratory triaxial compression tests were performed to examine the 
stress-strain behavior and strength characteristics of sands reinforced 
with randomly distributed staple fibers and continuous filaments. A 
medium uniform sand and a medium moderately well-graded sand, both 
with the same D50, were tested in consolidated-drained triaxial com
pression with volume changes measured. The reinforcement consisted 
of randomly distributed 100-mm-long staple fibers and continuous fila
ments of an untwisted, multifilament 100 percent polyester yarn of the 
same type used in Texsol construction. Reinforcement concentration 
was 0.2 percent by weight of sand, the same commonly used in the field. 
Results indicate that randomly distributed staple fibers and continuous 
filaments increase the compressive strength, axial and volumetric strain 
at failure, and postpeak strength loss of the composite compared with 
unreinforced sand behavior. Filament reinforcement was found to con
tribute significantly more to the increase in stress-strain behavior than 
staple fiber reinforcement. Finally, a reinforced well-graded subangular 
sand had a greater increase in the stress-strain characteristics than a 
reinforced uniformly graded subrounded sand. 

Reinforced soil is a composite material in which the strength of the 
soil is enhanced by the addition of tensile reinforcement. The most 
notable example is of course reinforced earth, developed by Henri 
Vidal in France; steel strips are horizontally embedded in engineer
ing fill to provide the reinforcement. Since the introduction of rein
forced earth in 1966, alternative reinforcing materials-such as 
grids, sheets, and fibers made out of materials ranging from steel 
and other metals, plastics, and various synthetic polymers-have 
been developed and used extensively (J). 

Another type of composite material developed in France, Texsol, 
is a mixture of randomly distributed continuous polyester filaments 
deposited simultaneously with sand using special equipment (2). 
The Texsol yarn provides tensile resistance to the sand, thereby 
greatly improving its strength and stability. 

Composite materials consisting of randomly distributed staple 
fibers in granular soils have also been found to improve the strength 
properties of sand. The main advantages of randomly distributed 
staple fibers and continuous filaments when compared with hori
zontally oriented reinforcement are the absence of potential planes 
of weakness and some construction simplicity. 

Previous studies have focused on the behavior of either staple 
fibers or continuous filaments, instead of comp.aring both. Wargo
Levine (3) looked at both staple fiber-reinforced and continuous 
filament-reinforced sand, specifically the influence of fiber and 
filament characteristics on the composite properties. 

S. D. Stauffer, GeoEngineers, 8410 154th Avenue N.E., Redmond, Wash. 
98052. R.D. Holtz, Department of Civil Engineering, University of Wash
ington, FX-10, Seattle, Wash. 98195. 

This paper describes an experimental program to determine the 
stress-strain behavior and strength characteristics of randomly dis
tributed staple fiber (SF)-reinforced sand composites and randomly 
distributed continuous filament (CF)-reinforced sand composites. 
In addition, the influence of sand granulometry (i.e., gradation, par
ticles size, and shape) on continuous filament composites was also 
investigated. 

REVIEW OF PAST WORK 

Composites With Staple Fibers 

Triaxial tests were used to investigate the influence of various per
centages of randomly oriented staple fibers on the properties of a 
granular soil ( 4). Although the presence of fibers decreased the den
sity of the composite, the fibers increased the shear strength and 
failure strain of the sand tested (4). 

Triaxial tests were also performed to examine the stress-strain 
and strength response of SF-reinforced sands (5). It was observed 
that (a) staple fibers increased the ultimate strength and stiffness of 
the composites, (b) shear strength increased linearly with increased 
fiber content until it reached an asymptotic upper limit of 2 percent 
by weight, and (c) the strength increase was more dependent on the 
surface friction of the fiber than the modulus (5). 

A comprehensive experimental program was conducted to inves
tigate the constitutive behavior of SF composites (6, 7). It was found 
that the addition of randomly distributed staple fibers increased the 
shearing strength and stiffness, compared with unreinforced sand. 
An increase in the fiber aspect ratio, C" and sand angularity, or a 
decrease in mean grain size increased the shear strength or both. 
Finally, a planar failure surface oriented at 45° + <j>/2 was observed 
in the composite (6,7). 

CONTINUOUS-FILAMENT COMPOSITES 

Soil reinforced with continuous filaments (Texsol) was developed 
in France in the early 1980s. Some preliminary test results ( 8) 
showed great increases in the shear strength of sands with only 0.2 
percent by weight of continuous filaments. Later a comprehensive 
series of triaxial tests to study the mechanical behavior of randomly 
distributed CF-reinforced sands was performed (9). It was found 
that (a) CF composites showed an increase in shear strength and 
strain at failure when compared with unreinforced soil, (b) the inter-. 
nal friction angle of the composite was always greater than that of 
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unreinforced soil, and (c) an increase in weight percentage of fila
ment resulted in a greater value of pseudo or apparent cohesion. 

The mechanical behavior of Texsol was studied (10) by perform
ing triaxial compression tests, uniaxial compression tests, and direct 
shear tests. The results showed that the compressive strength of the 
CF composites increased in direct proportion to the weight percent
age of the filament and decreased with filament linear density. 

The stress-strain behavior of CF-reinforced sands using triaxial 
compression tests was examined (11). It was concluded that the 
continuous filaments increased the compressive strength, postpeak 
strength loss, strain at failure, and angle of internal friction of the 
sand. 

Staple Fiber- and Continuous 
Filament-Reinforced Sand 

In the only previous study of both staple fiber- and continuous 
filament-reinforced sand, the stress-strain behavior and strength 
characteristics of these composites under both static and dynamic 
loading conditions were investigated (3). It was found, among other 
things, that (a) CF reinforcement makes a greater contribution to the 
strength of the composite than does SF reinforcement; (b) the addi
tion of either staple fibers or continuous filaments to the sand 
increased the compressive strength, strain at failure, and postpeak 
strength loss of the composite compared with unreinforced sand; (c) 
the failure surface of all randomly distributed fiber-reinforced 
sands was planar and had an orientation of 45 + <f>r/2; and (d) fail..: 
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ure in both types of reinforcement appeared to be due to simultane
ous slipping, stretching, and rupture of the fibers and filaments. 

Volume changes were not measured and tests were performed 
with only one sand (3). Thus, it was appropriate to determine the 
effect of sand granulometry (i.e., gradation, mean grain size, and 
shape) on the stress-strain and strength characteristics of continu
ous filament-reinforced sands. 

EXPERIMENTAL PROGRAM 

Consolidated-drained triaxial compression tests were performed to 
determine the stress-strain and strength behavior of SF and CF sand 
composites under static loads. Specimens of two different sands at 
the same relative density were tested unreinforced, or reinforced 
with 0.2 percent by weight of either 100-mm staple fibers or. 
continuous filaments. 

Sands and Reinforcement 

Two sands, both with the same mean grain size, were selected for 
this study. One was a well-graded subangular sand (Mortar sand) 
and the other was a uniformly graded, subrounded sand (Lonestar 
#3 sand). The grain size distribution curves of the sands are 
presented in Figure 1; other selected properties are in Table 1. 

A 100 percent polyester multifilament yarn, provided by Societe 
d' Application du Texsol, Paris, France, was used in the testing pro-
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FIGURE 1 Grain size distribution curves for Mortar and Lonestar #3 sands. 
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TABLE 1 Properties of Sands Used in Experimental Program 

Sand Dso Cu Gs emin 
(mm) 

Mortar 0.52 4.22 2.67 0.41 

Lonestar #3 0.51 1.65 2.65 0.59 

gram. The yarn consisted of 30 untwisted filaments with a linear 
density of 167 dtex and an elongation at rupture of 28 percent. A 
single piece of yarn over 100 m long was used for the CF compos
ites. To make the staple fibers, the Texsol yarn was cut into staple 
fibers 100 mm long and in sufficient quantities to provide 0.2 per
cent by weight of the test specimen. This 0.2 percent value was 
selected because it is a common percentage used in the field (2). 

Specimen Preparation and Testing 

The sand and 0.2 percent reinforcement proportions were deter
mined by considering the fibers and filaments as a solid in the voids
solid matrix. To avoid segregation of sand and reinforcement, a 
small initial water content (Table 1) was used. The components 
were mixed by hand until the reinforcement appeared to be ran
domly distributed throughout the sand. Individual test specimens 
were prepared inside a triaxial membrane supported by a split mold 
under vacuum. The moist tamping method (12) was used to achieve 
a uniform relative density of 80 percent throughout the specimen 
(71 mm in diameter and 152 mm in height). Test specimens were 
then saturated by fl.owing de-aired water through them and by 
applying a back pressure of 200 kPa. Consolidated-drained triaxial 

~ 1000 
a... 
~ 

em ax Dr e Pd Water 
(%) (MN/m3

) Content 
(%) 

0.66 80 0.46 1.83 0.30 

0.88 80 0.65 1.61 0.10 

compression tests under several different effective confining pres
sures were conducted with volume changes measured. The vertical 
load was applied by a material test system at a constant strain rate 
of 0.5 percent. Additional details of the experimental program can 
be found elsewhere (13). 

TEST RESULTS 

This section presents the results of the experimental testing program 
and compares these results with those of previous investigations on 
SF- and CF-reinforced sands. 

Specific sand and reinforcement parameters were considered in 
terms of their influence on the (a) compressive strength, (b) axial 
strain at failure, (c) volumetric strain at failure, (d) stiffness, and (e) 
postpeak strength loss. In addition, the influence of the test variables 
on the Mohr-Coulomb strength parameters is also discussed. 

Stress-Strain Behavior 

Typical stress-strain curves for SF and CF composites and unrein
forced sand are shown in Figures 2 through 4, for confining pres
sure of 50, 100, and 150 kPa, respectively. Figures 5 and 6 show the 
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axial and volumetric strains at failure for the two sands, and Figure 
7 shows the secant modulus at 2 percent strain. Figure 8 ·gives 
the postpeak strength loss (residual stress subtracted from the 
maximum principal stress) versus confining pressure. 

For both sands, the randomly distributed staple fibers increased 
the principal stress difference, axial and volumetric strain at failure, 
stiffness of the test specimens, and postpeak strength loss. These 
results agree with previous investigations. 

Similar results were observed for CF composites. The continuous 
filaments increased the principal stress difference, axial and volu
metric strain at failure, stiffness, and postpeak strength loss com
pared with unreinforced sand. Again, these results are in general 
agreement with the limited previous work on CF sands. 

A comparison of the stress-strain behavior of SF- and CF
reinforced sands shows that continuous filaments contribute signifi
cantly more to the compressive strength, axial strain at failure, and 
postpeak strength loss than do 100-mm staple fibers. This is in agree
ment with works by Maher and Gray (6) and Gray and Maher (7) that 
reported that an increase in the length to diameter ratio resulted in 
improved stress-strain characteristics. It was found that fibers were 
placed in tension as small deformations took place in reinforced soil 
(14). This tension mobilized shearing stresses along the soil-rein
forcement interface to large distances outside of the shearing plane. 
The likelihood of the reinforcement being outside of the shearing 
plane is greater in CF composites than in SF composites. Therefore, 
continuous filaments should be expected to contribute more to the 
stress-strain characteristics than 100-mm staple fibers. 

Although the residual strength of the SF and CF composites was 
always greater than the unreinforced sand, it gradually approaches 
to a certain extent the residual strength of unreinforced sand. This 
appears to be caused by gradual rupturing of the reinforcement as 
the axial strains increase. Additional analysis of the results can be 
found elsewhere (J 3). 

Strength P~rameters 

The results of triaxial tests on unreinforced and reinforced speci
mens are given in Figures 9 through 11. Figure 12 shows all failure 
envelopes. Friction angles and cohesion intercepts determined 
using Mohr-Coulomb failure criterion are summarized in Table 2. 

Both reinforced sands revealed a minor cohesion intercept, prob
ably the result of the straight line approximation of the slightly 
curved failure envelopes. 

Both SF and CF specimens have greater cohesion intercepts and 
larger friction angles than their unreinforced counterparts. As 
shown in Figures 10 and 12, the sand-staple fiber composites exhibit 
bilinear Mohr-Coulomb failure envelopes. Below the "break" in the 
envelope, the reinforced friction angles are slightly larger than for 
sand alone. Above the "break," both the intercepts and the rein
forced friction angles are greater than for the unreinforced sands. 

Influence of Sand Granulometry 

An increase in soil gradation (higher C.,) resulted in an overall 
higher compressive strength for both the SF and CF composites 
(Figures 2-4). This is in general agreement with previous work (6). 
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SF- and CF-reinforced composites have a higher axial and volu
metric strain at failure than unreinforced sands (Figures 5 and 6). 
The percentage increase in axial strain is slightly greater for the bet
ter graded Mortar sand than for Lonestar #3 for both reinforce
ments. The opposite is true for the volumetric strain at failure. 

The secant modulus is slightly greater for the well-graded (Mor
tar) sand than for the uniformly graded (Lonestar #3) sand at 
the same relative density (Figure 7). The percentage increases for 
both staple fibers and continuous filaments are also greater for 
a well-graded sand at all strains, probably the result of better 
reinforcement-particle interaction. 

The postpeak strength loss for unreinforced well-graded (Mortar) 
sand is greater than unreinforced uniformly graded (Lonestar #3) 
sand. When both SF and CF reinforcement is added, the postpeak 
strength losses are similar (Figure 8). This result was unexpected, 
considering the greater interaction for well-graded sand. The better 
interaction, along with a high angularity, should have caused more 
reinforcement breakage and resulted in greater postpeak strength 
losses. See the work by Stauffer (13) for a detailed discussion of 
these points. 

With respect to sand granulometry, the well-graded (Mortar) 
sand has a higher cohesion intercept but a smaller friction angle than 
a uniformly graded (Lonestar #3) sand (Table 2). This result was 
unexpected. 

The Mortar sand staple fiber composites have a greater cohesion 
intercept and reinforced friction angle than Lonestar #3 composites 
above the break in the envelope. Below the break, Lonestar #3 
shows a larger cohesion intercept value but a smaller reinforced 
friction angle. The existence of a larger cohesion intercept in the 
uniformly graded sand suggests that its strength envelope has a 
slightly greater curvature than does the well-graded sand. 

CONCLUSIONS 

1. The addition of randomly distributed staple fibers or continu
ous filaments to sand results in increased compressive strength, 
stiffness, axial and volumetric strain at failure, and postpeak 
strength loss compared with unreinforced sand. 

2. Continuous filaments contribute significantly more to the 
strength of a composite than do staple fibers. 

3. The triaxial compression failure envelopes for staple fiber 
composites are bilinear. Bilinear envelopes are not evident in con
tinuous filament composites. 

4. Reinforced sand friction angles are greater than for unrein
forced sands for both types of reinforcement. 

5. A reinforced well-graded subangular sand shows greater 
increases in stress-strain characteristics than a reinforced uniformly 
graded subrounded sand. Sand granulometry has no apparent effect 
on the Mohr-Coulomb parameters of reinforced sands. 
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TABLE 2 Strength Parameters from Mohr-Coulomb Failure Analysis 

Reinforcement Type Sand 

Unreinforced Mortar 

Lonestar #3 

100 mm Staple Fiber Mortar 

Lonestar #3 

Continuous Filament Mortar 

Lonestar #3 
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Influence of Geosynthetic Reinforcement on 
Granular Soils 

l. ISMAIL AND G. P. RAYMOND 

Model test results of strip footings on geosynthetic reinforced granular 
soil deposits are presented. The deposits consisted of a thin strong layer 
of granular material placed on a weaker granular material and a uniform 
single layer of the same weak granular material. The two-layer soil 
deposit was reinforced with a single layer of geosynthetic reinforce
ment. The uniform soil deposit was reinforced with one or two layers of 
geosynthetic reinforcement. The buried depth of the geosynthetic rein
forcements was varied to determine the optimum position of placement. 
The optimum was based on maximizing the ultimate bearing capacity 
of the footing and reducing its settlement. The effect of repeated load
ing on the behavior of the geosynthetic reinforced granular deposits is 
also examined. The best method for improving the performance of 
weak granular soil deposits is concluded from the results. 

Use of geosynthetic reinforcement grids (geogrids) in geotechnical 
structures, such as paved and unpaved roads, runways, and ballasted 
tracks, is increasing rapidly. Ballasted tracks, roads, and airfield 
pavements are examples of shallow foundations constructed using 
granular soils where the thicknesses of the layers are often relatively 
small compared with the width of the loaded area. 

Ballasted tracks for large gantry cranes, built from granular mate
rial, are commonly subjected to very heavy loads. In trafficked 
areas, a thin top ballast layer is normally placed on top of a subbal
last layer. The top ballast generally consists of a crushed angular 
particle made from cobble sizes or quarried rock. The subballast is 
generally obtained from low-cost aggregates containing uncrushed 
rounded particles. Though it is potentially more economical to use 
uncrushed aggregate as the subballast, the subballast may cause a 
decrease in the stability and the track-holding capacity of the gran
ular cover. Design problems for such construction will vary with 
their intended purposes. Interest might be with either a foundation 
failure under a concentrated load (as in the case of a gantry crane) 
or with trafficking problems due to rutting. One method of improv
ing the load-bearing capacity and reducing the settlement of these 
tracks is to use a geosynthetic reinforcement. Relatively few stud
ies are available relating to the optimum depth of geosynthetic rein
forcement in granular soils. Studies by Dembicki et al. (1), Milligan 
and Love (2), Das (3), and Kinney (4) have evaluated the effects of 
placing geotextiles an.ct geogrids at the interface of two different 
soils. However, there have been no investigations on the effects of 
placing the reinforcement at some other depth. This paper presents 
the results of such an investigation to determine the influence of the 
buried depth of the geosynthetic reinforcement in a uniform weak 
granular soil with a thin upper layer of stronger granular material or 
the geosynthetic reinforcement of the same uniform weak granular 
soil on the bearing capacity and settlement of a surface-supported 
footing. Model testing and the finite element method of analysis 

Civil Engineering, Queen's University, Kingston, Ontario, K7L-3N6, 
Canada. 

were used in the investigation, although only the model testing is 
reported in detail here. 

OBJECTIVE 

The objective was to study, by means of model tests, the influence 
and comparison of geosynthetic reinforcement in granular soils 
using three different case deposits. The studies are illustrated 
schematically in Figure 1. The objectives of ~he individual case 
deposit studies were 

• Case 1: to investigate the effect of a single layer of geosyn
thetic reinforcement on the bearing capacity and settlement of a 
footing placed on a thin layer of stronger granular material over a 
deep layer of weaker granular material, 

• Case 2: to investigate the effect of two layers of geosynthetic 
reinforcement on the bearing capacity and settlement of a footing 
placed on a single layer of the weaker granular material, and 

• Case 3: to investigate the effect of a single layer of geosyn
thetic reinforcement on the bearing capacity and settlement of a 
footing placed on a weaker single layer of the granular material. 

FORMULATION OF EXPERIMENTAL PROGRAM 

In this study, an experimental formulation was based on an approx
imate 10th scale for general rail track engineering practice. Ballast 
at 40-mm maximum size grading to 20-mm size was modeled by 
4.8-mm (#4 sieve) grading to 2.4-mm (#8 sieve) aggregate. Ties at a 
length of 2 000 mm (typical for a gantry crane) interacting to form a 
continuous footing of that width were modeled by a plane strain 
(continuous) 200-mm-wide footing. A soil deposit through a rock 
cut could be as shallow as one-quarter the tie length (footing width). 
A deposit of approximately the footing width (200 mm) was 
selected. This ratio could be greater or less but testing in a work by 
Raymond et al. (5) has shown this to be a reasonable ratio. The 
microgrid used as reinforcement had a rib size of 0.3 mm or about 
one-tenth that of typical field geogrids. The minimum microgrid 
placement depth below the footing used in the study was 12.5 mm. 
This represents a ballast depth of 125 mm typically required to pre
vent geogrid damage from the tamper ties that are inserted below the 
ties to cause below rail-seat (rail-tie crossover) ball~st compaction. 

GEOSYNTHETIC PROPERTIES 

The microgrid used was a biaxial-oriented polypropylene grid with 
approximately equal tensile strength in both directions. The main 
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properties were mass/unit area = 60 g\m3, ultimate tensile strength 
was approximately 48 kN/m and was independent of strain rate 
between l percent/minute to 0.001 percent/minute; strain at failure 
was between 10 to 12 percent, depending on testing speed. The 
faster testing rate resulting in the greater strain at failure. The stress
strain showed an approximately linear (slight curvature) response 
before failure. 

TESTING EQUIPMENT 

The layout of the testing equipment is shown in Figure 2. The tank 
used was 900 mm long, 200 mm wide, and 300 mm deep. The sides 
of the tank were made of herculite transparent glass with a very 
small coefficient of friction. The soils used were particles of a uni
form 3.25-mm diameter rounded (weak material) and a similarly 
sized uniform graded crushed (strong material) ceramic Denstone 
made by Norton Chemical Processing Company. Both soils were 
repeatedly sized through a No. 4 (4.8-mm) sieve and retained on a 
No. 8 (2.4-mm) sieve to ensure a uniform grading free of broken 
smaller sizes. The particles had a specific gravity of 2.4. Their 
placement density was 1.51 and 1.40 g/m3 for the. rounded and 
crushed particles, respectively. The soil was deposited in the test 
tank by dropping the particle through a uniform height of 300 mm. 
Dry drained triaxial tests on the rounded and crushed particles deter
mined the internal angles of friction, <f>', to be 34 degrees and 44 
degrees respectively. A geosynthetic microgrid (geogrid) with an 
aperture size of 12.5 mm X 12.5 mm and a thickness of0.3 mm was 
used in the tests. The geosynthetic reinforcement was cut to a length 
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FIGURE 2 Schematic of test equipment. 
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and width 25 .4 mm less than the length and width of the tank to pre
vent any friction between the geosynthetic reinforcement and the 
tank walls. The model footings were made from 19-mm-thick alu
minum plate. They extended over the whole width of the tank. This 
simulated a plane-strain loading condition equivalent to track ties 
where the ballast arches between the ties, approximating a long 
footing of uniform width. Air pressure-activated loading pistons 
were used to load the footing. The loads were monitored by a load 
cell. Dial gauges, having a travel of25 mm and sensitivity of 0.0025 
mm, were placed near each of the four corners of the footing to 
monitor displacements. Four sets of thrust bearings, located on 
drilled seats in a rectangular plate, were used to ensure that the load 
always acted vertically on the footing. 

EXPERIMENTAL STUDIES 

Case 1 

The first set of Case l tests consisted of statically loading a 200-
mm-wide footing on a wide soil deposit in which the stronger upper 
layer was 12.5 mm thick and the lower weaker layer was 200 mm 
thick for a total depth of the two-layer deposit of 212.5 mm. Here
after Ht and Hb will refer to the thickness of the top and bottom lay
ers, respectively, and B will refer to the footing width. A single layer 
of geosynthetic reinforcement was placed at different depths below 
the surface, Dr, of 12.5, 25, 37.5, 50, 62.5, 75, and 125, and 175 
mm, along with a test where no geosynthetic reinforcement was 
used. This gave ratios of geosynthetic reinforcement depth to foot
ing width, Dr/B, of0.0625, 0.125, 0.1875, 0.25, 0.3125, 0.5, 0.625, 
and 0.875 and the case of no geosynthetic reinforcement. The mate
rials were then loaded statically to catastrophic failure resulting in 
movement to a purposely placed stop (settlement> 50 mm or B/4). 

In the second set of tests, a single layer of geosynthetic rein
forcement was placed at the same depths Dr as for the first set of 
tests, including the case of no geosynthetic reinforcement. This 
group of tests was then subjected to repeated loading. The repeated 
loadings were performed using a square wave at a frequency of I 
Hz, except for pauses at I, 10, 102

, 103, and 104 cycles. The pauses 
were made to apply a slow incremental applied load cycle of the 
same magnitude and lasted for about 1 hr. The pauses allowed the 
change in deformation modulus to be recorded. The moduli values 
are not presented here. Previous studies by Brown (6) showed little 
change in test observations after 104 loading cycles. A maximum 
average contact cyclic stress of 45 kPa was used. Tests (not pre
sented here) established that for a single unreinforced soil layer, 
excessive settlement or failure resulted before l 04 loading cycles 
when an average contact stress greater than 45 kPa was applied. 
After completing each repeated load test, the footing foundation 
was loaded to failure statically. 

Case 2 

The tests in Case 2 consisted of loading a 200-mm-wide footing on 
a wide 212.5-mm-deep deposit of the weaker granular soil. Thus, 
only one layer of granular material was used in this group of tests. 
Two layers of geosynthetic reinforcement were used. One layer of 
geosynthetic reinforcement was placed at a constant depth Dr of 
12.5 mm (Dr/B = 0.0625). The second layer of geosynthetic rein
forcement was placed at the same depths as for the tests of Case l. 
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catastrophic failure for Case 1. 

Also included was the case of no geosynthetic reinforcement. Sim
ilar to Case 1, two sets of tests-static and repeated load-were 
conducted, and at the end of the repeated load testing the footing 
foundation was loaded to failure statically. 

Case3 

The tests in Case 3 were identical to the Case 2 tests in all respects 
except that the upper layer of geosynthetic reinforcement was illu
minated. The single layer of geosynthetic reinforcement was thus 
varied in depth from an increasing ratio Dr/B of 0.0625 to 0.875. 

STATIC TEST RESULTS 

The static load was applied in small increments. Each increment 
was applied for 60 sec. The settlement was read after 40 sec. The 
load-settlement observations before catastrophic failure for the sta
tic set of tests performed in Cases 1, 2, and 3 are presented in Fig
ures 3, 4, and 5, respectively. At low pressure levels, the settlement 
for all tests increased at an approximately constant rate. As failure 
was approached, the incremental rate of settlement increased until 

· catastrophic failure occurred. Note that the subsequent load incre
ment after failure, for every test, caused the maximum permitted 
movement of the loading piston. This was set to allow a footing set
tlement of at least 50 mm (i.e., > B/4). Herein, the ultimate bearing 
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FIGURE 5 Load-settlement results before 
catastrophic failure for Case 3. 

capacity (UBC calculated as the average intensity of loading, qu) 
used is the last stable load placed on the footing. It may be seen from 
the figures that the settlement patterns for tests in all cases were sim
ilar, and that the geosynthetic reinforcement had the effect of 
increasing the UBC (qu) of the footing and decreasing the settlement 
at any given load. The general trend was for the higher UBC (q,,) to 
be associated with the stiffer settlement responses, although this 
was not true for every test result. Although the effect of reinforce
ment locations on both the UBC (q,,) and settlement is variable, sig
nificant improvement may be seen when Dr/B < 0.5 for Cases 1 and 
2 and < 0.3 for Case 3. When the geosynthetic reinforcement is 
placed to give the most benefit (optimum depth), the UBC (qu) was 
approximately doubled (or greater) and the settlement at the same 
load was reduced by approximately 50 percent or more. 

The results for the UBC (q,,) versus Dr/B for Cases 1, 2, and 3 are 
plotted in Figure 6. All were tested on the same overall depth of 
granular material (i.e., 212.5 mm). The results of the tests on the 
uniform. soil deposit with a single layer of reinforcement (Case 3) 
follow the same trend as previously reported (7-11,5). In this case, 
the closer the geosynthetic reinforcement is located to the footing 
base, the more effective the soil geosynthetic reinforcement. This 
does not occur for the two layered soil deposit of Case 1 or the uni
form soil with two layers of geosynthetic reinforcement of Case 2. 
It may be seen from Figure 6 that the UBC (q,,) of the reinforced 
two-layer deposit (Case 1) and the uniform soil with two layers of 
geosynthetic reinforcement (Case 2) are very much governed by the 
depth of the geosynthetic reinforcement. 
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FIGURE 6 Variation of UBC (q 11 ) with Dr/B for 
Cases 1, 2, and 3. 
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In the case of the two-layer soil deposit (Case 1) when the 
geosynthetic reinforcement is placed very near the footing base, a 
high bearing capacity is first observed. As the depth of the geosyn
thetic reinforcement increased, the UBC (q11 ) first decreased .until 
the geosynthetic reinforcement depth to footing width ratio, Dr/B, 
equaled 0.1875. As the ratios of Dr/B then increased, the UBC (q11) 

also increased until a maximum was observed at a ratio of Dr/B 
between 0.3 to 0.5, after which the UBC (q11) decreased as Dr/B con
tinued to increase. It is to be expected that had the geosynthetic rein
forcement depth continued to be increased, a depth at which there 
would be a negligible effect from the introduction of the geosyn
thetic reinforcement could be identified. Indeed, it has been shown 
(9) that at a depth between Dr/B = 1 to 2, in a uniform soil deposit 
of depth to footing width ratio HIB = 3, the geosynthetic reinforce
ment had a negative effect [i.e., the UBC (q 11 ) decreased below that 
of the UBC (q11) of an unreinforced deposit]. 

When two layers of geosynthetic reinforcement (Case 2) were 
introduced into the uniform soil deposit, the plot of the UBC ( q11 ) 

with Dr!B obtained gave trends similar to the Case 1 where a thin 
strong layer is placed on top of a deeper weaker layer. The UBC (q11 ) 

increased as the depth to footing width ratio, Dr!B, of the second 
layer of the geosynthetic reinforcement increased reaching a maxi
mum at a Dr/B = 0.5. The UBC (q11 ) then decreased for values of 
Dr/B of the second deeper reinforcement greater than 0.5. During 
the experimental testing of Case 2, the geosynthetic reinforcement 
that was initially placed at values of Dr/B::::::: 0.5 failed by breaking 
into two pieces below the center line of the footing. In view of this, 
the test was repeated several times using a number of stronger 
geogrids. Within experimental accuracy, all the tests using the same 
configuration gave the same test results. Herein, only the averages 
of the tests in which the geosynthetic reinforcement remained intact 
are reported. 

The values ofUBC (q,,) recorded at all Dr/B values for Case 2 are 
the highest values recorded in all the three cases investigated. This 
shows the advantages of using two layers of geosynthetic rein
forcement. It must also be remembered that for Case 2, where two 
layers of geosynthetic reinforcement was used in a weaker soil, the 
UBC (q11) was higher than the two-layer deposit with a thin stronger 
soil layer in the upper zone (Case 1). In an extension of the research 
(not presented here), it was observed that so long as the lower 
geosynthetic reinforcement is ::::::: B and the upper geosynthetic rein
forcement is ::::::: 1.5 B, the same high UBC (q11 ) are obtained (both 
geosynthetic reinforcements being centered below the footing). In 
fact, both these lengths may be reduced by a length of 0.5 B each, 
and the geosynthetic reinforcement was observed to have some ben
eficial value. This means that beneficial effects may be achieved 
from small widths of geosynthetic reinforcement. Thus the cost of 
using two layers of geosynthetic reinforcement should not be a fac
tor preventing adoption of this procedure. 

REPEATED LOADING TEST RESULTS 

Plots of the settlement versus logarithm of number of loading cycles 
for the footing on a two-layer granular deposit with geosynthetic 
reinforcement at various depths (Case 1) are presented in Figure 7. 
The curves characterizing the settlements all trend in the same non
linear pattern. These plots show that the cumulative plastic settle
ments observed, at the same number of load cycles, decreased when 
the geosynthetic reinforcement was added. The plastic settlement is 
defined herein as the remaining settlement after the removal of the 
load. 

Figure 8 shows, for all three cases, the variation of the cumula
tive plastic settlement under the maximum number of load applica-
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FIGURE 7 Typical plot of settlement with 
number of loading cycles. 
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tions applied prior to the static load testing to catastrophic failure. 
Generally the optimum geosynthetic reinforcement position is 
observed to be between values of Dr!B = 0.3 and 0.5. If the geosyn
thetic reinforcement is placed outside this range, the repeated load 
settlements are higher. Again, the uniform material with two layers 
of geosynthetic reinforcement (Case 2) is superior to the other two 
cases. Generally, the position of geosynthetic reinforcement was 
less significant in the two-layer granular deposit (Case 1) than it was 
in the uniform granular deposits (Cases 2 and 3). 

Figure 9 shows for all three cases the UBC (qu) obtained from the 
static load testing at the end of the 104 cycles of repeated loading 
and the values without repeated loading against the Dr!B ratio. For 
the repeated loading tests the UBC (q11) was obtained by loading the 
soil deposits to failure statically after completing 104 cycles . .The 
results show that repeated loading increased the UBC (q11) above 
that obtained when no cyclic loading was applied for all deposits 
tested having the same dimensions and arrangement of geosynthetic 
reinforcement. 

Note that, as state earlier, during the Case 2 static testing when 
the geosynthetic reinforcement was at a depth ratio of Dr/B ::::::: 0.5 
the initial geosynthetic reinforcement used failed by breaking into 
two pieces directly below the center line of the footing. These tests 
were repeated using a stronger reinforcement, arid only the static 
failure tests where the reinforcement remained intact are reported in 
Figure 9. The tests that were duplicated with a stronger geosynthetic 
reinforcement gave, within experimental accuracy, identical 
repeated loading results [i.e., the strength of the reinforcements 
(unfailed) substituted had no measurable effect on the repeated 
loading portion of the results]. 
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NUMERICAL ANALYSIS 

To analyze the results theoretically the finite element method 
(FEM) of analysis was used. Details of the program have been pre
sented elsewhere (J J). The FEM mesh was given the same dimen
sions as the experimental equipment. The tank ends restricted the 
horizontal displacements, and the tank bottom restricted the verti
cal displacements. The end walls and base were modeled as smooth 
(i.e., frictionless and nonadhesive). Eight node quadrilateral ele
ments and an extended hyperbolic elastoplastic model with Mohr
Coulomb' s failure criterion were used to model the soil. Beam ele
ments with a high moment of inertia and a high lateral stiffness were 
used to model the rigid body motion of the footing. Three node bar 
elements were used to model the geosynthetic reinforcement. Six
node interface elements were used to model the friction between the 
soil and the footing, and the soil and the geosynthetic reinforcement. 
The angle of friction between the soil and the footing was taken as 
two-thirds of the angle of friction of the soil. 

The FEM load-settlement curves failed to give catastrophic fail
ures as recorded in the static tests; the results are therefore not given 
here. The results, however, showed the same trends as the static 
tests insofar as they predicted the best depth for placement of the 
reinforcement. For the uniform soil with two layers of geosynthetic 
reinforcement (Case 2), this occurred at a ratio Dr/B of approxi
mately 0.3. The results also showed that the uniform soil deposit 
with two layers of reinforcement gave the best reinforcement ben
efit. This suggests promise for further work in refinement of finite 
element modeling for estimating the optimum placement of geosyn
thetic reinforcement configurations. 

CONCLUSIONS 

A number of laboratory model tests and FEM analyses for the UBC 
(q

11
) of a strip footing were performed on two layers of geosynthetic 

reinforced granular material. Conclusions from the observations are 

as follows. 

1. The results for Case 1 showed that, where a two-layer granu
lar soil deposit with a single layer of geosynthetic reinforcement 
was tested, the UBC (q11 ) was highest and the settlements for the 
same load lowest when the ratio of Dr/B was in the range of 0.3 to 
0.5 (Figure 3). 
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2. Similar to Conclusion 1 for Case 1, the results for Case 2 
showed that, where a uniform granular soil deposit with two layers 
of geosynthetic reinforcement was tested, the UBC (q,,) was high
est and the settlements for the same load .lowest when the ratio of 
Dr/B was in the range of 0.3 to 0.5 (Figure 4). 

3. In contrast to Conclusions 1 and 2, the results for Case 3 
showed that, where a uniform granular soil deposit with a single 
layer of reinforcement was tested, the UBC (q11 ) decreased and the 
settlements for the same load increased as the geosynthetic rein
forcement depth increased (Figure 5). 

4. When the UBC (q
11

) for the double geosynthetic reinforced 
uniform granular deposit (Case 2) was compared with the UBC (q") 
for either the singly reinforced two-layer granular soil deposit (Case 
1) or the UBC (q

11
) of the singly geosynthetic reinforced uniform 

granular deposit (Case 3), the UBC (q11) for Case 2 is always higher 
for the same (lower) geosynthetic reinforcement positions (Figure 

6). 
5. When the UBC (q

11
) for the single geosynthetic reinforced 

two-layer granular deposits (Case 1) is compared with the UBC (q") 
for the single geosynthetic reinforced uniform granular deposit 
(Case 3), the UBC (q11 ) for Case 1 is always higher for the same 
geosynthetic reinforcement positions (Figure 6). 

6. For any given reinforcement configuration, the static UBC 
(q

11
) observed at the end of 104 cycles of repeated loading was 

greater than the static UBC (q,,) values observed when the load was 
not cycled before static loading (Figure 9). 

7. A single layer of geosynthetic reinforcement positioned close 
to the footing base (at a ratio of Dr/B = 0.0625) in a uniform gran
ular soil (Case 3) increased the UBC (q,,) and decreased the settle
ments at the same loads over the case of unreinforced soil (Figure 
5). The reinforcement at shallow depths gave benefit trends similar 
to the effect of placing a thin stronger unreinforced granular layer 
used in this study on the weaker unreinforced granular deposit (shal
low reinforced results for Case 3 in Figure 5 compared with unre
inforced results for Case 1 in Figure 3). 

8. A geosynthetic reinforcement at a depth ratio of Dr/B = 0.3 
to 0.5 increased considerably the UBC (q 11) of (a) a two-layer soil 
having a thin upper stronger soil layer (Case 1) or (b) a uniform soil 
with an upper reinforcement layer (Case 2). Similarly the settle

ments were reduced. 
9. Optimumly placed reinforcement reduced the cumulative 

plastic settlements caused by repeated loadings (Figure 8). 
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Limit Condition for Fiber-Reinforced 
Granular Soils 

RADOSLAW L. MICHALOWSKI AND AIGEN ZHAO 

Approximate methods for analysis and synthesis of earth structures 
using such reinforcement as geotextiles or geogrids have been used suc
cessfully for more than two decades. Soil reinforcement with short 
fibers and continuous synthetic filaments has been tried in the past 
decade. Although the latter has been used with success in construction 
practice, no techniques for design with such materials exist. This is 
mainly the result of poor understanding of the fiber-matrix (filament
matrix) interaction and, consequently, lack of appropriate models capa
ble of describing the stress-strain behavior and failure of such compos
ites. An attempt at describing the failure criterion of. fiber-reinforced 
sand is presented. The properties of the constituents are approximated 
by their standard characteristics: the Mohr-Coulomb failure function for 
the granular matrix and the Tresca criterion for fibers. The failure of the 
composite is considered to be because of the collapse of the matrix as
sociated with ·intact fibers or with fibers failing in slip or the tension 
mode. An energy-based homogenization technique is used. Results of 
some preliminary laboratory experiments are also presented. Applica
tion of the derived failure criterion is shown in an example of a slope 
limit load problem. 

Although considerable progress in design methods with traditional 
reinforcement (geotextiles, geogrids, etc.) has been made in the past 
decade, no techniques for design with fiber-reinforced or continu
ous filament-reinforced soil exist. This is predominantly because of 
poor understanding of the behavior of such composites, even 
though successful applications are known (1). 

This paper focuses on a failure criterion for fiber-reinforced soils 
using a plasticity-based technique. A limit surface is found in the 
macroscopic stress space, which describes stress states associated 
with failure of a fibrous composite with a granular matrix. 

Elastic and elastoplastic behavior of composite materials has 
been described using various methods of homogenization (averag
ing), ranging from self-consistent schemes (2-4) to the finite ele
ment approach (5). An excellent survey of techniques used for 
analysis of composite materials was presented in a work by Hashin 
(6); since then, significant interest in fiber composites has been 

maintained. 
Little attention has been paid to composites with granular or low-

cementitious matrices. Failure criteria of such materials must be 
known to evaluate the stability of structures such as reinforced soil 
slopes. Existing literature includes only a handful of papers with at
tempts at describing theoretically the behavior of reinforced soil 
and, particularly, fiber-reinforced or continuous filament-reinforced 
granular composites (7-12). This paper presents a continuation of 
previous efforts toward constructing a consistent model for predict
ing failure of fiber-reinforced soils. 

Radoslaw L. Michalowski, Department of Civil Engineering, The Johns 
Hopkins University, Baltimore, Md. 21218. Aigen Zhao, Tenax Corp., 4800 
East Monument St., Baltimore, Md. 21205. 

Experimental results from tests on specimens of fiber-reinforced 
soils are available (13-17). Development of a strength criterion 
based on considering behavior of fibers intersecting a strain local
ization zone (shear band) dominates among the theoretical efforts 
triggered by experimental observations. Strain localization should 
be avoided in mathematical homogenization schemes or when test
ing for material properties, because the boundary displacements are 
no longer representative of the strain of the entire material within a 
specimen. This does not contradict the usefulness of the direct shear 
test where parameters for a well-defined model are tested. A com
mon interpretation of results from tests on fiber-reinforced samples 
is a piecewise linear failure condition, with the first range (at low 
confining stresses) relating to fiber slip and the second one associ
ated with fiber yielding. Whereas such two clearly different ranges 
of behavior can be conjectured intuitively, a sharp transition, often 
suggested in the literature, appears to be the outcome of a loose in
terpretation of the test results. 

This paper is intended to introduce the concept of homogeniza
tion and macroscopic description to fiber-reinforced soils. It pre
sents the preliminary results, theoretical and experimental, but, for 
brevity, the details of theoretical derivation and experimental tech

niques are omitted here. 
Fundamentals of the homogenization technique used will be pre

sented in the next section, followed by a brief description of the fail
ure criterion for fiber-reinforced soil. Next, some experimental re
sults from triaxial tests on specimens of sand reinforced with steel 
and polyamide fibers will be presented. The paper is concluded with 
an example of the application of the derived failure criterion and 

some final remarks. 

MACROSCOPIC LIMIT STRESS 

The term "macroscopic stress" is used here to represent the average 
stress in the composite. Because the failure criterion is of interest, 
the macroscopic stress at the limit state is investigated. The ho
mogenization technique used here is based on consideration of the 
energy dissipation during plastic deformation (yielding) of the com
posite. It is required that the work performed by the macroscopic 
stress <iiJ during an incipient plastic deformation process of a repre
sentative element be equal to the rate of dissipation D(E.;j) in the con
stituents (matrix and fibers) of the composite 

<iuE.u = ~ J D(E.;j)dV 
v 

where 

V = volume of a representative element of the composite, 
E.u = macroscopic (average) strain rate, and 

E.ij = microstrain rate in the composite constituents. 

(1) 
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This technique is similar to using limit analysis, except that here the 
unknown limit load is the average stress in the composite at failure. 
A concept similar to this was explored earlier in the context of ce
mentitious composites in works by Hashin (J 8) and Shu and Rosen 
(19), and for two-dimensional membranes by McLaughlin and 
Batterman (20). 

A linear macroscopic velocity field v; is assumed here 

(2) 

where xi is the Cartesian coordinate and au is a matrix of coefficients 
subject to constraints imposed by the dilatancy of the matrix mate
rial. We are considering plane-strain deformation; hence Equation 
2 becomes 

(3) 

where E.u is the macroscopic strain rate throughout the considered 
representative element of the composite (compression is taken as 
positive). Assumption of a linear velocity field has an important 
consequence: the rate of energy dissipation in yielding fibers de
pends only on their orientation, not on their particular location in 
the composite element. 

The homogenization technique proposed here is considerably dif
ferent from that recently suggested in a work by di Prisco and Nova 
(10), who considered a continuous filament reinforcement. In that 
approach, the macroscopic stress is arrived at by superposition of 
the stress in the soil matrix and a fictitious filament structure capa
ble of resisting tension only. It is a statics-based approach similar to 
one used in the mechanics of mixtures. Although it is a very rea
sonable method for homogenizing the continuous filament com
posite, the energy-based technique used in this paper is more 
convenient when slip of fibers needs to be accounted for. 

FAILURE CRITERION FOR 
FIBER-REINFORCED SAND 

Failure of the fiber-reinforced composite occurs when the matrix 
material reaches the yielding state, which may be associated with 
slip or tensile collapse of fibers. It is assumed here that the matrix 
material conforms to the Mohr-Coulomb failure condition and the 
associative flow rule. The strain rate field must then satisfy the 
dilatancy relation 

(4) 

where€" = E;; is the volumetric strain rate and <p is the internal friction 
angle of the matrix, which, for the associative flow rule, also indicates 
the rate of dilation. Under the assumptions made (Mohr-Coulomb 
criterion, associativity), the rate of energy dissipation during plastic 
deformation of a noncohesive matrix is zero (21). Although a purely 
granular (noncementitious) matrix is considered here, the effort can 
be easily extended to cementitious (cohesive) matrices. 

The use of the associative (normality) rule for soils has been 
questioned in the past as it predicts unrealistic rates of dilation 
(Equation 4). The associative flow rule is not unreasonable; how
ever, this issue deserves more space, and it is not addressed here [the 
reader will find a useful discussion elsewhere (22)]. 
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The amount of fibers is characterized here by their concentration 
(volume density) 

(5) 

where V, is the volume of the fibers and Vis the volume of the en
tire representative composite element. The yield point of the fibers 
is cr0• Fibers contribute to the composite strength only if a tensile 
force can be mobilized in them. A frictional load transfer mecha
nism is considered here. An interface shear stress and axial stress in 
a rigid, perfectly plastic fiber within a uniformly deforming matrix 
is shown in Figure I. The maximum tensile stress in fibers (cr0) can 
be mobilized only if length l is sufficiently large, otherwise fiber slip 
occurs. Note that even if the middle part of a fiber is at yield, each 
of its ends will slip over the distanced (Figure I). 

d = .!_ CTo 

2 er,, tan <f>11· 

where 

er,, = stress normal to the fiber surface, 
<f>w = friction angle of the matrix-fiber interface, and 

r = fiber radius. 

(6) 

A uniform distribution of the fiber orientation in three-dimen
sional space is considered here. The dissipation rate in a single fiber 
in the deforming matrix depends on the strain in the direction of the 
fiber. The energy dissipation rate due to fiber tensile collapse was 
calculated by integrating the dissipation over all the fibers in ten
sion. Contribution of fibers under compression to the strength of the 
composite is neglected here because of possible buckling and kink
ing. Because a frictional fiber-matrix interface is assumed in the 
model, the interface shear stress is dependent on the stress normal 
to the fibers. Calculations are performed here assuming this stress 
is equal to the mean of the maximum and minimum stress p[p = 
(<.T 1 + <.T3)/2] for all fibers. This assumption leads to a conservative 
estimate of the energy dissipation rate because the average normal 
stress on fibers under tension (fibers under compression are ex
cluded in calculations of the dissipation rate) is larger than the mean 
stress p, and, therefore, the energy dissipation rate due to fiber slip 

(a) (b) 

tensile failure 

fiber~ 

FIGURE 1 Stress distribution on a rigid
plastic fiber in a deforming matrix: (a) 
interface shear stress; (b) the axial stress. 
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is underestimated. Consequently, for a uniformly distributed orien
tation (not uniform orientation) in three-dimensional space, this as
sumption leads to a conservative estimate of the fiber contribution 
to strength and is acceptable for such composites. This may not be 
acceptable for anisotropic patterns of fiber orientation distribution 
where the mean stress p may be larger than the average normal 
stress on fibers under tension. 

This paper focuses on the concept of macroscopic description it
self; the mathematical details of the derivation will not be presented. 
In short, a plane-strain deformation process of a fictitious compos
ite specimen was considered, and the expression in Equation 1 was 
used to calculate the macroscopic stress at failure aij· It is conve
nient to represent this failure stress (failure condition) as 

f = R - F( p) = 0 or R = F( p) (7) 

where R is the radius of the.limit stress circle, and p is the mean of 
the extremal principal stresses 

R - 1 c- - ) - 1 vc- - )2 + 4 2 - 2 CT1 - CT3 - 4 CT_, - CTy 'Txy 

1 r- - ) p = 2 \CTI + CT3 (8) 

For long fibers where tensile failure can be expected, the failure cri
terion was found in the form 

_R_ = _P_ sin cp + J_N(l - -1- ---
1
--) 

pcro pcro 3 4p'fl ___!!_tan 'Pw 
PCTo 

where 'fl is the fiber aspect ratio (r = fiber radius) 

l 
'll=-

2r 

and 

N = _!__ cos cp + (l + _g:_)sin cp 
'TT 2 'TT 

(9) 

(10) 

(11) 

When fibers are relatively short (l ::; 2d, Figure 1), collapse of the 
composite is expected to be associated with slip of fibers. This oc
curs when 

1 CTo 
'll<----

2 p tan cp"' 
(12) 

The failure criterion associated with the slip of fibers takes the form 

R p . 1 P -- = -- sm cp + - N -'fl tan cp"' 
pcro pcro 3 cro · 

(13) 

Note that pcr0 is used here to normalize the maximum shear stress, 
and R is independent of the fiber yield stress (cr0) when pure slip 
occurs. 

The failure criterion is isotropic (uniform distribution of fiber ori
entation), is independent of the intermediate principal stress (the 
consequence of the matrix Mohr-Coulomb failure condition), and 
can be presented conveniently in 'Tmax - p space ('Tmax = R). Figure 2 
shows the results of calculations for one particular example, where 
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FIGURE 2 Maximum shear stress envelopes for a fiber
reinforced granular material (theoretical result). 

constant internal friction angle of the granular matrix cp = 35° and 
angle of fiber-matrix interfacial friction cp,., = 25° (this is somewhat 
higher than what was measured for steel or polyamide ). Although the 
model is sensitive to 'Pw• this friction is probably not the single mode 
of load transfer to the fibers, as will be suggested in the next section. 
The failure lines are piecewise functions where the range for low p 
is linear (Equation 13), and it is nonlinear for larger p (Equation 9). 
Notice that the failure criterion is continuous and smooth (continu
ous first derivative). 

The failure criterion in Equations 9 and 13 is consistent with the 
constitutive description in the theory of plasticity (irreversible and 
time-independent behavior of solids) and can be used directly in an
alytical and numerical techniques for solving boundary value prob
lems in geotechnical engineering. This description is different from 
the one based on consideration of localized shear during the failure 
process as proposed elsewhere (17). In the latter, the occurrence of 
strain localization is predetermined, random distribution of fiber 
orientation is ignored (all fibers are considered perpendicular to the 
shear band), and the contribution of fibers to the composite strength 
is assumed a priori to be a linear function of the confining stress. 
The increase of the shear strength is then expressed as a function of 
a distortion angle in the shear zone. The second model also intro
duces an empirical constant, which further contributes to the fact 
that the two descriptions cannot be reasonably compared. 

PRELIMINARY TEST RESULTS 

An experimental program is under way to indicate whether the the
oretical description derived is a reasonable characterization of the 
true failure behavior of fiber-reinforced sand. Comprehensive re
sults from the experimental study are unavailable, but some results 
are presented in Figure 3. Triaxial tests were performed on speci
mens of fiber-reinforced sand. It should be pointed out that soils do 
not conform to the Mohr-Coulomb failure criterion precisely; in 
particular, yielding of soils is sensitive to the intermediate principal 
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FIGURE 3 Stress-strain curves from 
drained triaxial tests on fiber-reinforced 
sand at confining pressure 400 kPa: (a) steel 
fibers; (b) polyamide fibers. 

stress. The results of plane-strain and axisymmetric tests, therefore, 
can be expected to be different. It is important for consistency that 
the internal friction of the soil be obtained from the same type of test 
that is performed for the fiber-reinforced composite. However, be
cause it was decided that the Mohr-Coulomb condition (indepen
dent of the intermediate principal stress) be used for the matrix, the 
results of the theoretical investigation may be expected not to be 
sensitive on whether it involves plane-strain or axisymmetrical 
analysis. 

A coarse, poorly graded sand was used, with d50 = 0.89 mm and 
uniformity coefficient Cu = 1.52; specific gravity of that sand was 
2.65, extremal void ratios were 0.56 and 0.89, and the initial void 
ratio of prepared samples was e = 0.66. Steel and polyamide were 
used as the fiber material. Polyamide is not a material likely to be 
used as a permanent soil reinforcement (because of deterioration of 
mechanical properties and moisture sensitivity), but its availability 
in a variety of sizes, and mechanical behavior common to other syn
thetics, makes it a convenient material to use in tests. 

Triaxial drained tests on specimens of fiber-reinforced soil were 
performed. The height of specimens was 9.65 cm (3.8 in.) with the 
diameter-to-height ratio equal to one. This ratio is larger than that 
for a typical triaxial specimen; it was purposely selected equal to 
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one to avoid strain localization during tests. Strain localization in
troduces significant difficulties in interpreting recorded displace
ments in terms of fiber strains. No strain localization was noticed 
during the tests performed. The boundary friction effects were min
imized by using double layers of silicon grease-lubricated rubber 
membranes at both ends of the specimens. 

Lengths of fibers were close to 2.54 cm (1 in.) in all cases, with 
the aspect ratio adjusted by varying the diameter of fibers. Each 
specimen was prepared in five premixed portions to ensure a uni
form spatial distribution of fibers. When placing the soil in the 
mold, the fibers were clearly assuming anisotropic orientation with 
the horizontal being the preferred direction. Therefore, each part of 
the specimen was placed over a grid of wires and the grid was pulled 
through the prepared material, altering the orientation of a portion 
of the fibers; this led to a nearly isotropic distribution of fiber ori
entation (the wires in the grid were spread every 3 cm or 1.2 in.). 
Reinforced and unreinforced specimens were prepared in the same 
fashion. The nearly uniform distribution of fiber orientation was 
found by visual inspection, when some specimens were disassem
bled layer by layer and the fibers were gradually exposed (the ma
trix was held together by apparent cohesion). 

Figure 3 shows the stress-strain behavior of the composite spec
imens during drained triaxial tests at a confining pressure of 400 
kPa. As expected, the limit stress (or the stress at the peak) is larger 
for a larger aspect ratio, the fiber content being comparable. The 
stiffness, however, drops considerably when the aspect ratio 11 of 
polyamide fibers is increased from 85 to 180, volumetric concen
tration being 0.5 percent. The internal friction angle of the granular 
soil at this confining stress was measured to be 37. I degrees, and 
the fiber-matrix interface friction angle was 20 and I 4 degrees for 
the steel and polyamide, respectively. The yield point for both ma
terials is roughly 0.7 and 200 MPa; it was not reached in fibers dur
ing the tests. Angle 'Pw was measured in a test where the monofila
ment fiber was pulled out from the soil mass placed in a box and 
also in a direct shear test in which the matrix soil was dragged over 
a sheet of fiber material. The second test is preferred because the 
former has inherent uncertainties in interpretation of the stress state 
in the soil surrounding the fiber. 

Figure 3 indicates that, even though the polyamide surface fric
tion angle is less than that for steel, the deviatoric stress at failure 
for the composite reinforced with polyamide is greater than that re
inforced with steel (for a comparable case of p = 0.5 percent and 
11 = 85). This demonstrates that the stress induced in the polyamide 
is larger than that in steel fibers. Polyamide fibers probably did not 
assume perfectly straight shape after specimen preparation, giving 
rise to a stress transfer mechanism other than simple friction. Some 
irreversible flexural deformation was observed on disassembling 
the specimens, and it was noticed that polyamide fibers also expe
rienced some local damage (but not rupture failure). It was then con
cluded that it is not the tensile strength of the fibers but the load 
transfer mechanism that has a detrimental effect on the behavior of 
the composite. 

A comparison of the experimentally derived failure criterion and 
its theoretical prediction based on the limit analysis homogenization 
scheme presented in the previous section is shown in Figure 4. This 
comparison is shown for steel fibers only. It was found in experi
ments that the polyamide fibers did not retain their straight (linear) 
shape during tests, but the fibers were assumed to be straight cylin
ders in the modeling effort. Refinement of the model, including the 
influence of the fiber flexibility, is yet to be attempted. 
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FIGURE 4 Maximum shear 
stress envelopes for steel fiber
reinforced sand (slip mode of 
failure). 

In the stress range in Figure 4 the fibers did not yield, and the en
tire energy dissipation occurred from fiber slip in the deforming ma
trix. The failure condition is nonlinear, however, as a result of ac
counting for the variation of the matrix internal friction angle with 
stress (in the range indicated: 43 to 35.9 degrees). Although steel 
fibers are not a very effective reinforcement, Figure 4 reveals an ex
ceptionally small discrepancy between the experimental and the 
theoretical results. 

EXAMPLE OF APPLICATION 

The limit load on a reinforced slope on a firm foundation was cal
culated using the slip-line method. Two cases are considered: one 
with fiber reinforcement and a second one with a "traditional" rein
forcement (a geogrid, for instance). In both cases the material is ho
mogenized, and the amount of reinforcement is characterized by 
pcr

0
, where p is the volumetric fraction of the reinforcement fibers, 

and cr
0 

is the yield stress of the reinforcing material. In the case of 
unidirectional reinforcement, the macroscopic continuum is, of 
course, anisotropic (12). 

The slip-line fields for a slope of inclination angle of 55 degrees 
and soil internal friction angle of 40 degrees are shown in Figure 5. 
The aspect ratio of the fibers is 150, interfacial friction angle 
Cf>w = 25 degrees, and the slope is characterized by dimensionless 
parameter -yH/pcr0 = 0.32 (-y = unit weight of soil, H = slope 
height). The average limit load was calculated, and it is given in di-

(a) 

H 

¢=40°. fJ.=25° 
71=150 
7H/ pa0 =0. 32 
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mensionless fashion: for a fiber-reinforced slope q/pcr0 = 2.77, and 
for horizontal ("traditional") reinforcement q/pcr0 = 10.89. Such 
outcome is not surprising because all the reinforcement placed in 
the horizontal direction is used in tension. Fibers are not all effec

tively used. 

FINAL REMARKS 

Potential applications of fiber reinforcement are in infrastructure for 
transportation, such as subgrades for roads and airfields, embank
ment slopes, and so forth. Stability analyses of such structures re
quire that the failure criterion for the fiber composite be known. An 
effort toward describing the stress state at failure of a fibrous gran
ular composite was presented. An energy-based homogenization 
technique was shown to be a good tool to average the stresses in the 

composite. 
The failure condition was found in the form of two functions, one 

related to tensile failure of fibers and the other associated with fiber 
slip. The first represents the shear strength as a nonlinear function 
of mean stress, whereas the second is linear (unless the variability 
of the internal friction angle with stress is taken into account). The 
transition from one failure mode to another is smooth. Neither the
oretical nor laboratory test results indicate that the failure condition 
consists of two piecewise linear segments, as is often suggested. 

The failure criterion derived is applicable to fiber-reinforced 
granular composites where the straight cylinder shape of fibers 
is preserved during deformation process (such as the steel fiber
reinforced sand tested here). Including the fiber flexibility in the 
model, with all its consequences to fiber-matrix interaction, is yet 

to be attempted. 
The parameters needed to predict the strength of the fiber-

reinforced soil are the soil internal friction angle ( cp ), volumetric 
content of fibers (p ), fiber-soil interface friction angle ( cp 11.), fiber as
pect ratio ('Y)), and the yield point of the fiber material (cr0). They all 
have a very clear interpretation. 

The failure criterion derived can be used in limit analyses of ge
otechnical structures, or it can be used in finite element calculations 
as part of the constitutive model for the composite. Refinement of 
the theoretical description needs to be directed toward capturing 
more realistic mechanisms of fiber-matrix interaction. 

( b ) 

¢=40° 
7H/ pa0 =0. 32 

FIGURE 5 Slip-line fields for slope limit load calculations: (a) fiber reinforcement; 
(b) unidirectional (horizontal) reinforcement. 
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Reinforcement of Fissured Clays by 
Short Steel Fibers 

LUIS E. v ALLEJO AND HANKYU Yoo 

The study involved a laboratory and a theoretical analysis designed to 
understand whether the use of short fibers increases the shear strength 
of fissured clays. The laboratory experiments involved the direct shear 
testing of reinforced and unreinforced clay samples containing a preex
isting crack. The theoretical analysis used the principles of linear elas
tic fracture mechanics theory to determine the direction of crack prop
agation in the fissured clays. The investigation revealed that, if short 
steel fibers are added to the fissured clays, their shear strength increased. 
For the case of a clay sample with a preexisting horizontal crack, the 
addition of short fibers increased its shear strength by 9 percent. For the 
case of a clay sample with a preexisting crack inclined at 30 degrees 
with the horizontal, the shear strength increased by 25 percent with the 
addition of the fibers. Thus, the use of short fibers appears to be a viable 
technique for increasing the strength of fissured clays. However, many 
questions remain about how to effectively reinforce fissured clays in the 
field, the interaction mechanisms of the fibers with multiple cracks of 
different lengths and orientations, and the durability of the steel fibers 
in clay. 

Reinforcement of intact clays with short fibers is a viable technique 
for increasing their shear strength. Studies have demonstrated that 
the inclusion of short fibers significantly improves the response of 
intact clays under both static and dynamic loading conditions (J-4). 
Many clays, however, are not intact but have fissures in their struc
ture (5-9). These fissured clays often form part of earth dams and 
natural slopes. If these fissured clays are subjected to static or 
dynamic loads, the fissures propagate and interact in the clays, caus
ing the failure of the slopes and the earth dams (10-12). 

This study involved a theoretical and a laboratory investigation 
designed to answer the question: Can the use of short fibers stop the 
propagation of fissures in clays subjected to static loads? If the short 
fibers stop the propagation of the fissures, the strength of the rein
forced fissured clays should also increase. 

PHASES AND GOAL OF THE STUDY 

This study involved two phases. In Phase 1, prismatic samples with 
induced cracks were tested in a direct shear apparatus to understand 
the propagation mechanisms of the induced cracks. Linear elastic 
fracture mechanics theory was used to interpret the types of stresses 
and the direction of crack propagation in the fissured clay samples. 
Phase 2 also involved the preparation of prismatic samples of clay 
with induced cracks However, to this second set of clay samples, 
short steel fibers were added. The short steel fibers were placed in 

University of Pittsburgh, Department of Civil Engineering, 949 Benedum 
Hall, Pittsburgh, Pa. 15261. 

the samples in a direction normal to the propagation direction of the 
cracks. The direction of crack propagation was obtained in Phase 1 
of the testing program. 

The findings of this study represent the first step in understand
ing whether fibers can reinforce fissured clays under controlled con
ditions in the laboratory. The goal is to implement the laboratory 
findings in actual field cases. 

PHASE 1: FISSURED CLAYS SUBJECTED 
TO DIRECT SHEAR 

Preparation of the Fissured Clay Samples 

For the experimental investigation on the effect of fissures in clays 
with no reinforcement and subjected to direct shear conditions, 
laboratory-prepared samples of brittle kaolinite with preexisting 
cracks were used. The kaolinite clay used in the experiments had a 
liquid limit equal to 58 percent and a plastic limit equal to 28 per
cent. Dry kaolinite was mixed with distilled water to form a soft 
soil mass with a water content of about 40 percent. After the 
mixing, the clay-water mixture was placed in an oedometer 30 cm 
in diameter and consolidated under a normal pressure of 25.7 kPa 
for 5 days. After unloading the oedometer, prismatic specimens 
measuring 7.62 cm long, 7.62 cm wide, and 2.54 cm thick were cut 
from the clay block. 

Immediately after the prismatic samples were cut, when the water 
content was equal to 30 percent, cracks were artificially made in the 
samples by inserting and removing thin glass sheets 1 mm thick and 
2.5 cm wide in a direction normal to the samples' free face. Two 
sets of clay samples, each set having a total of three samples, were 
prepared in the laboratory. One set of clay samples had the induced 
crack made at 0 degrees with the horizontal (Figure la). The second 
set of clay samples was prepared with the induced crack inclined at 
30 degrees with the horizontal (Figure lb). The samples were 
allowed to air dry until their average water contents reached a value 
of about 3 percent. After this was done, the samples were subjected 
to direct shear loading in the plane stress direct shear apparatus 
(Figure 2). This apparatus has been described in detail elsewhere 
(9,13). Under direct shear stress conditions, the cracks in the sam
ples propagated, forming secondary tensile cracks that extended 
from the tip of the preexisting cracks. 

The samples with the horizontal preexisting crack developed sec
ondary cracks that extended in a direction that was inclined at 65 
degrees with the plane of the preexisting crack (Figure 3a). The 
samples with the preexisting crack inclined at 30 degrees with the 
horizontal developed secondary cracks that followed the direction 
of the plane of the preexisting crack (Figure 4a). In other words, it 
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(a) 

(b) 

FIGURE 1 (a) Clay sample with 
horizontal crack; (b) clay sample with a 
crack inclined at 30 degrees with 
horizontal. 

extended in a self-similar manner. For the case of the samples 
with a horizontal crack, crack propagation took place when the nor
mal stress, rr m in the direct shear apparatus was equal to 69 kPa, and 
the shear stress, Ta, was equal to 380 kPa. For the case of the 
samples with a crack inclined at 30 degrees with the horizontal, 
the normal stress, rrm in the direct shear apparatus at which the crack 
propagated was equal to 69 kPa, and the shear stress, Tm was equal 
to 276 kPa. 

Theoretical Analysis 

To interpret the results obtained from the direct shear results (Fig
ure 3a and 4a), linear elastic fracture mechanics theory was used 
(14). By using this theory, the type of stresses causing the crack 
propagation in the clay samples as well as the direction of crack 
propagation can be obtained. 

The system of stresses acting on a soil element located on the pre
determined location of the failure surface are (15-17) those shown 
in Figure 5, where rra and Ta are the normal and shear stresses 
exerted on the soil element by the direct shear apparatus, and rrb is 
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the lateral normal stress to the soil element. Note that in the direct 
shear apparatus the vertical stress rra is equal to the lateral normal 
stress rrb (Figure 5). 

For the theoretical analysis presented in this study, the soil ele
ment in the shear zone as shown in Figure 5 will include an open 
inclined crack. The soil element will be subjected to the same type 
of stresses as shown in Figure 5. This system of stresses acts on soil 
elements located in the shear zone of soil samples subjected to 
direct shear (15-17). The soil element with the crack and the sys
tem of stresses acting on it are shown in Figure 6. 

In the vicinity of the tip of the preexisting crack (Figure 6), an 
element in the intact clay that surrounds the crack is subjected to the 
stresses rrx, rr_,,, and Txy· According to works by Gdoutos (18) and 
Vallejo (9), these stresses can be obtained from 

k, 0 ( 1 . 0 . 30 ) 
rrx = (2r)"2 cos 2 - sm 2 sm 2 

k2 . 0 ( 0 30 ) 
- (2r)' 12 sm 2 2 + cos 2 cos 2 (I) 

k, 0 ( 1 . 0 . 30 ) rr'" = --
1
-
12 

cos - + sm - sm -
2 · (2r) 2 2 

k2 . 0 0 30 
+ -- sm - cos - cos -

(2r) 112 2 2 2 
(2) 

k, 0 . 0 30 
Txy = (2r)"2 cos 2 sm 2 cos 2 

+~cos! (1 - sin! sin 1!!.) 
(2r) 112 2 2 2 

(3) 

where r and 0 represent the polar coordinates of the point consid
ered (Figure 6), and k, and k2 represent the stress intensity factors 
(18) that can be obtained from 

(4) 

and 

(5) 

In Equations 4 and 5, rr11 is the stress acting normal to the plane 
of the crack (Figure 6), T 11 is the shear stress acting parallel to the 
plane of the crack in Figure 6, and c is half the length of the crack. 
Both of these stresses can be obtained from the following equations. 

(J/l = 
CTa + (Tb + CTa - (Tb 

2 2 
cos (2a.) - Ta sin (2a.) (6) 

Since in the direct shear apparatus, rra = rrb (15-17), Equation 6 
simplifies to the following relationship: 

CT11 = CTa - Ta Sin (2a.) (7) 

The shear stress Ta can be obtained from 
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FIGURE 2 Description of the plane stress direct shear apparatus. 

T11 = sin (2cx) + Ta cos (2cx) 
2 

(8) 

Since aa =ab (Figure 5), Equation 8 becomes 

T
11 

= Ta COS (2cx) (9) 

The principal stress a 1 and a 3 at points surrounding the crack in 
Figure 5 can be obtained using Equations 1 through 9 and the fol-
lowing relationship: 

a ----+ --- +-.-2 ax + ay [( ax - ay )2 J 112 
1,3 - 2 - 2 •xy 

(10) 

The direction of the principal stresses can be obtained from the 
following equations: 

1 ( 2Txv ) ~ = -tan- 1 --·-
2 ax - ay 

and 

A.=~+ 7r/2 (12) 

where ~ is the angle of inclination with respect to the X axis (Fig
ure 6) of the principal plane where a 1 acts; A. represents the inclina
tion with the X axis of the principal plane on which a 3 acts. 

A computer program that uses Equations 9 through 12 was 
written to calculate and plot the magnitude and direction of the 
principal stresses around the fissured clay samples shown in Figures 
1 a, 1 b, 3a, and 4a. The principal stresses were calculated using the 
values of the normal and shear stresses at which the preexisting 
cracks propagated in the samples. 

Analysis of Theoretical Results 

Results from the analysis using the computer program are shown in 
Figures 7 and 8. These figures show the plots of the principal 
stresses around the horizontal crack and the crack inclined at 30 
degrees with the horizontal. The values of aa and Ta that were used 
to plot Figures 7 and 8 were those at which crack propagation took 
place when tested in the plane stress direct shear apparatus. For the 
case of the test that included a sample with a horizontal crack, 
the values of aa and T 0 used were equal to 69 kPa and 380 kPa, 
respectively. The values of a" and T 0 used to plot Figure 8 (the case 
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(a) 

(b) 

FIGURE 3 (a) Crack propagation in unreinforced clay sample 
with horizontal crack; (b) crack propagation in reinforced clay 
with horizontal crack. 

with the 30-degree crack) were equal to 69 kPa and 276 kPa, respec
tively. These are the values for the case of clay samples with one 
crack and no reinforcement. 

An analysis of Figures 7 and 8 indicates that zones of tensile 
stresses formed around the cracks. For the case of the horizontal 
crack (Figure 7), the zones of tensile stresses formed in the upper
right and lower-left comers of the preexisting crack. These will be 
the zones in which the soil fails because clays are weak in tension. 
The laboratory result (Figure 3a) in fact shows that the zones where 
the tensile stresses developed experienced cracking. The extended 
cracks will follow a direction that is normal for the major principal 
tensile stress (Figure 7). This normal direction is equal to 70 degrees 
(Figure 7) and is very close to the 65 degrees measured in the labo
ratory experiment (Figure 3a). 

For the case of the sample with the preexisting crack inclined at 
30 degrees with the horizontal, the computer results are shown in 
Figure 8. Zones of tensile stresses developed at the two tips of the 
preexisting crack. The direction of the major principal tensile stress 
is normal to the plane of the preexisting crack (Figure 8). Therefore, 
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(a) 

(b) 

FIGURE 4 (a) Crack propagation in unreinforced clay with 
preexisting crack inclined at 30 degrees with horizontal; (b) crack 
propagation in reinforced clay sample with preexisting crack 
inclined at 30 degrees with horizontal. 

secondary cracks will extend from the tips of the preexisting crack 
and will follow a direction parallel to the plane of the preexisting 
crack. Laboratory results, shown in Figure 4a, confirm the findings 
of the computer analysis. 

PHASE 2: REINFORCED FISSURED CLAYS 
SUBJECTED TO DIRECT SHEAR 

To investigate whether the addition of short fibers is a viable tech
nique to prevent the propagation of cracks in fissured clays, fissured 
samples similar to the ones shown in Figure 1 (no reinforcement) 
were prepared in the laboratory. The only difference was that short 
crimped steel fibers, 2.54 cm long and 0.12 cm wide, were added to 
the clay (see Figure 9). The short fibers were placed in a direction 
normal to the expected crack propagation direction (Figures 3a and 
4a). The clay samples with no cracks but with steel fibers were sub
jected in the oedometer to the same level of consolidated pressure 
(25.7 kPa) for the same duration (5 days) as the samples prepared 
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FIGURE 5 Stresses acting on soil element located in shear zone of direct shear 
apparatus (15-17). 

for Phase 1 of the testing program. After unloading the oedometer, 
the cracks were induced in the samples. The steel fibers were not 
disturbed because their locations were known before the cracks 
were made in the samples. The samples had a total of eight short 
steel fibers. The steel fibers were located in two zones, near the tips 
of the induced cracks, where the secondary cracks developed in the 
unreinforced fissured clay samples. Each of the two zones had four 
steel fibers. 

The samples with the preexisting fissures were placed in the 
plane stress direct shear apparatus and were subjected to direct 
shear. The normal stress, a°' in the direct shear apparatus was kept 
constant and equal to 69 kPa for both samples (one with the hori
zontal crack, the other with the 30 degree crack). After shearing, 
secondary cracks developed in both samples. For the case of the 
sample with the horizontal crack, secondary cracks developed when 
the shear stress was equal to 414 kPa (Figure 3b). For the case of 
the reinforced sample with the preexisting crack incline~ at 30 
degrees with the horizontal, secondary cracks developed when the 

shear stress in the direct shear apparatus reached a value equal to 
345 kPa. 

A summary of the laboratory results on the unreinforced and rein
forced samples is shown in Table 1. An analysis of the data indi
cates that the crimped short steel fibers helped increase the shear 
resistance of the fissured samples. The addition of the short steel 
fibers to the sample with a horizontal crack increased its strength by 
9 percent. When the fibers are added to the sample with a 30-degree 
crack, its shear strength increased by 25 percent. Thus, the use of 
short fibers appears to represent a viable technique for increasing 
the shear strength of fissured clays. 

CONCLUSIONS 

The use of fibers to increase the shear strength of intact clays has 
been proved by previous research to be a viable technique. The pres
ent study extends the research on reinforced intact clays to include 
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fissured clays. By using a laboratory testing program in unrein
forced and fissured clay samples, as well as a theoretical analysis 
that makes use of linear elastic fracture mechanics theory, the 
following conclusions can be reached. 

• The theoretical analysis predicted the type of stresses causing 
crack propagation and the direction of crack propagation in the clay 
samples with no reinforcement. The type of stresses that caused the 
cracks to propagate were tensile in nature, and the direction varied 
according to the inclination of the cracks in the sample. 

• Fibers were added to the samples and were installed in a direc
tion perpendicular to that in which the crack propagated, as deter
mined in the unreinforced fissured clay samples. The addition of 
short steel fibers to fissured stiff clays increases their resistance to 
shear stresses. For a sample with a horizontal crack, the addition of 
the fibers increased its shear strength by about 9 percent. For the 
sample with a preexisting crack inclined at 30 degrees with the 
horizontal, the shear strength was increased by 25 percent. 

• The short steel fibers appear to be effective in increasing the 
shear strength of fissured clays if the fibers are placed in the direc
tion normal to the direction of propagation of the preexisting 
fissures in the clay samples. 

• Because the testing pEogram was limited in scope, further 
research is needed to answer the many important questions that still 
exist. These questions relate to (a) the repeatability of test results if 

different types of clay are used; (b) the effect crack structure, such as 
crack shape, has on the way cracks propagate in the samples; (c) the 
influence of the orientation and number of the preexisting cracks on 
the mechanics of crack propagation and interaction in clay samples; 
(d) the interaction of fibers and multiple cracks in clay samples; (e) 

FIGURE 9 Short steel fibers used as reinforcement in fissured 
clay samples. 
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TABLE 1 Effect of Reinforcement in Fissured Clays 

Sample Warer Content * Normal Stress, <ra * Shear Stress, Ta (kPa) 

With 
Horizontal 
Crack 

With Crack 
at 30 degrees 
with 
Horizontal 

3 

3.0 

3.0 

(kPa) 

69 

69 

Without Fibers With Fibers 

380 414 

276 345 

* <ra and Ta are measured by the direct shear apparatus 

the methods to introduce the fibers into the clay under field conditions 
so the fibers are aligned perpendicular to the direction of crack prop
agation; and (f) the durability of steel fibers in the clay soil. 
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