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The development is briefly described of a general
finite element computer program for analyzing a plane
strain or axisymmetric fabric reinforced soil continuum.
The results are also described of an extensive series of
model tests conducted in 0.9 and 2.5m dia. circular
test tanks simulating an aggregate surfaced haul road.
Fabric reinforcement was found to be effective in re-
ducing rutting partly by changing the state of stress in
the soft clay subgrade. After large rut depths develop,
measured vertical stresses in fabric reinforced systems
on the centerline beneath the load averaged about 837 of
Boussinesq stresses compared to 88% for a nonfabric
system. Fabric reinforcement caused a substantial re-
duction in permanent strain (and hence rutting) in the
soft clay subgrade for a depth equal to about one load-
ing diameter. Other consequences of fabric reinforce-
ment are also discussed.

INTRODUCTION

At the present time relatively little research has
been undertaken to define the basic mechanisms which
control the performance of fabrics in geotechnical
applications. An understanding of the mechanics of
fabric reinforcement in this type application is required
to develop rational design procedures compatible with the
actual mechanics of fabric reinforcement behavior.

This paper describes the development of a general
analytical model for fabric reinforced continuum prob-
lems, and summarizes some of the findings of an extensive
series of model tests conducted in 0.9m and 2.5m (3 ft.
and 8 ft.) dia. circular tanks. Although the GAPPS7
finite element program developed 1s quite general, the
verification and parametric studies presented are limited
to haul road applicationms.

FINITE ELEMENT MODEL

Introduction. The GAPPS7 finite element program
accurately models a layered soll continuum reinforced
with fabric and subjected to multiple load applications
(1,2). Additional important features of the GAPPS7 pro-
gram include (1) the ability to consider either small or
large displacements which occur under multiple wheel
loadings in a haul road, (2) modeling of materials
exhibiting stress dependent behavior including elastic,
plastic and failure response, (3) modeling of the fabric
Interfaces ineluding provisions tor slip or separation,
(4) a two-dimensional flexible fabric membrane element
not capable of taking either bending or compression
loading, (5) no~tension analysis for granular materials,
and (6) provision for solving either plane strain or

Le memoire décrit briévement le developpement d"un
programme a' 1'ordinateur, compose des eléments finis
géneraux, pour l'analyse d'une deformatlon plane ou d'un
contlnuum axisymmetrique du sol renforce par un tissu. On
présente en outre les resultats d’une serie etendue d'
éssals en modéle, dans lesquels on a simule une route de
camionnage en employant des cuves d'éssal circulaires aux
diametres de 0.9met de 2.5m. Les essals montrent que le
tissu affaiblit effectivement le sillonage, en partie a
cause d'un changement de 1'etat de resistance dans le
sous-sol d'argile tendre. Aprés 1'apparence des orniéres
assez profondes, les resistances verticales measgrées sur
le trait de centre sous la charge, dans les systemes ren—
forccs en textile, donnent une moyenne a peu pres 83% des
re51stances Boussinesq, par rapport a 88% dans les
systémes sans tissu. Le renforcement en textile suscite
une diminution importante de la deformation permanente
(et, par consequent, du sillonage d'ornitres) dans le
sous-gol d'argile tendre, jusqu'a la profondeur approxi-
mative d'un diamétre de charge. Le menoire traite aussl
d'autres suites du renforcement textile.

axisymmetric problems. The GAPPS7 program does not con-
sider either inertia forces or creep, and repetitive
loadings are applied at a stationary position (i.e., it
does not move along the continuum). Material properties
can, however, be changed for each loading cycle to con-
sider time and/or load dependent changes in properties.

To make the GAPPS7 program practical for routine
use, an automatic data generation program MESHG4 was
developed. In addition to handling material properties,
MESHG4 completely generates the finite element mesh from
a minimum of input data. To check the generated mesh
and assist in interpreting the large quantity of data
generated by GAPPS7, a plot program was developed called
PTMESH. Use of these programs greatly facilitates per-
forming finite element analyses and also checking for
errors in the data.

For a typical 44 to 56 element mesh the computer
running times vary from about 500 to 750 system seconds
on the CDC CYBER 74 computer; actual cost 1s about $10 to
$12 (U.S.) for an economy run. The running times and
costs are for nonlinear material properties, 8 to 10 load
increments, and the small displacement option.

Eight Node Isoparametric Element, In applying the finite
element technique the mass is divided into a discrete
number of elements small enough in size to insure satis-
factory accuracy (Fig. 1). The soil continuum (such as
the soft clay and aggregate in a haul road) is modeled by
an eight nvde, looparamctric element. <This elemenl has
the capability to model curved boundaries and has a quad-
ratic variation of displacement. The stiffness of each
isoparametric eight node element is obtained by integrat-
ion using nine sampling points.
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Fig. 1 Typical Finite Element Used to
Model Laboratory Tests.

Nonlinear and Large Displacement Analysis. The solution
strategy for nonlinear and large displacements 1s based
on the solution of incremental formulations of the prob-
lem. A stress dependent elastic modulus E can be used
having the form (1) E=Ko,™ where K and n are material
properties and og is the sum of the principal stresses or
(2) E=£(01 - 03) where o7 and 03 are the major and minor
principal stresses, respectively. Load 1s applied to the
model in small increments, and computations of incremen-
tal and total stresses are performed by solving a system
of linear, incremental equilibrium equations for the
system., Both geometric (large displacements) and
material nonlinearities can be included as desired in the
formulation. Geometric nonlinearities are caused by the
change in geometry of the body as it undergoes large dis-
placements.

Using the large displacement option the updated
Lagrangean approach (1,6) is employed in the analysis.
This formulation considers the change in geometry of each
element with each load increment. Stresses, strains, and
displacements are referred to the immediately previous
confipguration of the body. Unbalanced forces are rever-
sed and applied to the nodes after each iteration.

No-Tension Analysis. The no-tension analysis considers
the inability of gramular, cohesionless materilals such as
crushed stone to take tension. These materials have no
true cohesion and can take only limited amounts of ten-
sion in the horizontal direction due to interlock,
friction and passive soil resistance outside the loaded
area., A wheel loading causes relatively large vertical
stresses which force the grains together at point con-
tacts, Because of these normal stresses the granular
material can take some friction before a tensile fallure
occurs (3). Special consideration must therefore be
glven to the bottom portion of a granular layer placed
above the fabric in a haul road because of the existance
of a tenslle state of strain.

An attempt was made to extend the no-tension
analysis for rock joints by Zienklewicz, et al. (4) to
the soil-fabric problem. Slow convergence of the tech-
nique was observed, with seven iterations per load
increment not being sufficient to equilibrate the system
even at low stress levels. The Zienkiewicz approach was
therefore abandoned after several attempts to adapt it,
and subsequently the simplified method for handling
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tension of Raad and Figueroa (5) was successfully
implemented.

The principal stresses and strains are computed
using GAPPS7 for each of the 9 integration points of the
eight node 1soparametric element used to model the
granular material. The existance of failure is checked
at the end of each iteration at each sampling point. To
define fallure the extended Drucker-Prager failure
criteria (1,6) is used as a three-dimensional extension
to the Mohr-Coulomb failure law for axisymmetric con-
ditions. In apparent contrast to the Raad and Figueroa's
approach, plastic stralns are accumulated during the
analysis.

This admittedly empirical approach for handling ten-
sion is illustrated in Fig. 2 for one stress condition.
Assume the granular material is at a state of failure due
to low lateral confining pressure, o3, at any one of the
integration points as shown by Mohr circle C in Fig. 2.
At failure the Mohr circle must just touch the failure
envelope and cannot extent beyond it. Therefore, when
the calculated failure circle extends beyond the envelope
it is pushed back to just touch the envelope keeping o3
the same. Equilibrium of the system is checked after
each iteration. After the modification the principal
stresses comply with Mohr-Coulomb failure criteria, and
the material will be in a perfectly plastic failurestate.
Use of small load increments produces stress states that
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are close to the failure envelope and hence only require
a small amount of correctiom.

Interface Element. S1lip between the fabric and adjacent
material is of consilderable interest in studying the
behavior of fabric reinforced solids. Speclal elements
{llustrated in Fig. 3 were therefore developed to model
the fabric interfaces using the work of Wilson, Goodman,
Herrmann and others (1). In the figure two interface
elements are shown on each side of four fabric elements.
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Fig. 3 Soil-Fabric Finite Element
Model.



Session 4B: Unpaved Roads I

The interface elements are also attached at the common
nodes to the 1soparametric elements. The interface
element 1jklmn (Fig. 3) is formed by six linear springs
and six nodes, and satisfies compatibility requirements
with adjacent eight-node elements. In the model the con-
centrated normal and shear springs replace the uniformly
distributed foundation type modulus, k, which is the
ratio of stress divided by the displacement,

The computed shear and normal stresses at the inter-
face define the mode of behavior along the interface:
no slip, slip, or separation. Depending on the behavior
mode, the actual forces developed at the interface are
applied to the system. The maximum allowable shear at
the interface is given by the Mohr-Coulomb Failure Law

Thax = Ca + 9p tand (1)
where:
e, = adhesion between the interface materials
§ = friction angle between the interface
materials
o, = normal stress to the interface

The interface material properties cy and § have been
determined in the laboratory by performing dynamic, direct
shear tests simulating the fabric-soil interface. If the
shear strength of the material in contact with the fabric
is less than the adhesive strength given by Eqn. (1),
(which in general was found not to be true in the tests
performed) the soil shear strength controls along the
interface.

Fabric Element. The fabric element (Fig. 3) models the
reinforcing fabric placed for a haul road application
between the aggregate and subgrade. Linear, two-
dimensional, axisymmetric and plane strain fabric elements
were developed as extensions of a one-dimensional pinned
end bar element. To give a good approximation of the
behavior of the interface and the fabriec, two fabric
elements are placed adjacent to one interface element
(Fig. 3). The fabric element can only take tension in
the plane of the fabric; compression and bending is not
permitted. As a result, the fabric element when carrying
a tension load must remain straight between node points.
Since small fabric elements are used, a good approxima-
tion is obtained to the curved profile actually assumed.
The friction forces that are developed along the fabric
are applied at the nodes of the element. In application
the fabric-interface model has been found to give quite
good results. As the load 1s increased in increments and
iterations are carried out, a nonlinear fabric load-
deflection curve can be followed in the analysis.

Solution. The stiffness of the system is determined by
adding the stiffness contributions from the isoparametric,
interface and fabric elements. Using the applied loads
and system stiffness, the linear equations of the system
are solved using an efficlent, narrow banded equation
solver (6). The stiffness of the system is varied after
each load increment and iteration. This requires extra
computer time to form the stiffness matrix for each load
increment and iteration, but reduces considerably the
number of iterations for convergence in a nonlinear
analysis. By varying the system stiffness in this manner,
a closer representation of the constitutive equations is
obtained when slip, tension, and yield occur.

MODEL TESTS

A laboratory program was developed to cxperimentally
examine under condltiona of repeated loading the struc-
tural response of aggregate-soil (AS) and aggregate-
fabric-soil (AFS) systems. An important secondary pur-
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pose of the test program was to aid in the validation of
the GAPPS7 program. Haul road type systems consistingof
soft subgrade soil, fabric and crushed stone were modeled
in two circular test tanks. Measurements made during the
repeated loading included permanent deformations through-
out the section (including surface rutting), vertical and
horizontal stresses and a limited number of fabric
deflection strain) measurements.

Test Pit Construction and Loading. An extensive test
program was performed in a 0.9m dia. (3 ft.) pit to
establish relationships between rut depth, agprepate
thickness, and subgrade strength. A large 2.5m (8 ft.)
dia. pit was used for a limited number of tests. This
size test facility permitted using an aggregate layer
thickness and loading representative of conventional haul
roads. One purpose for this latter series of experiments
was to provide a scale factor for the results obtained
from the smaller scale tests.

A soft clay subgrade (CL by the Unified Soil Classi-
fication System) was constructed having a 21 to 62 kN/m2
(3 to 9 psi) undrained strength in the small pit and
about 28 kN/m? (4 psi) in the large pit. The clay was
thoroughly blended with the desired amount of water and
then placed in uncompacted lifts of about 50 mm (2 in.)
thickness in the small pit and 100mm (4 in.) in the large
pit, and then compacted. The moisture content, which
varied from about 19.5 to 23%, was adjusted to achieve
the desired subgrade strength. A subgrade thickness of
760 mm (30 in.) was used in all tests in the large pit; a
380mm (15 in.) thick subgrade was used in the small pit.

For tests using fabric, a circular piece larger than
the test pit was cut and placed on the subgrade with the
excess material being turned up at the pit wall. The
fabric used in this study was a nonwoven, heat bonded
polypropylene manufactured by DuPont and sold under the
trade name of Typar‘egpunbonded polypropylene, Style 3401.

A crushed, dense-graded granite aggregate having a
25.4m (1 in.) maximum size was then placed in loose
lifts of 50 to 75 mm (2 to 3 in.) and thoroughly com-
pacted. For the 2.5m (8 ft.) pit, a 370mm (14.6 in.)
thick aggregate layer was used while for the 0.9m (3 ft.)
pit, layer thicknesses of 150, 190 and 230 mm (6, 7.5,
and 9 in.) were used. The repetitive load was applied to
the surface of the crushed stone through a 300mm (12 in.)
dia. rigid plate for the large pit; a 150 mm (6 in.) dia.
rigid plate was used for the small pit. In both cases
20 repetitions of a haversin shaped load pulse was
applied per minute to the top of the rigid loading plate
using a pneumatic or hybrid pneumatic-oil loading system,
The dynamic load pulse had a duration of 0.2 sec. and a
peak pressure of 482 kN/m? (70 psi).

Typical measured rutting as a function of the number
of load applications obtained from the 0.9m (3 ft.) dia.
test pit is illustrated in Fig. 4. The surface deforma-
tions (rutting) shown in this figure was measured
using dial gages. This figure shows that the use of the
Typar ® fabric has an important beneficial effect upon
reducing rutting.

Pressure and Plastic Strain Measurements. Small pressure
cells utilizing a specilal diaphram wire resistance strain
gage were used to measure the pressures within the soft
clay subgrade. Details of cell construction, calibration
and placement are given elsewhere (7). The pressure cells
were offset 75 mm (3 in.) in the small pit from the load
centerline, and placed at depths of 38, 89, 150, 216 and
279 mm (1.5, 3.5, 6, 8.5, 11 in.) below the top of the
subgrade. Pressure cell readings were taken during
application of the repeated loading. Final cell
locations and orientativus were carefully determined
after completion of each test. The vertical pressures
measured in the large pit are summarized in Table 1
(including location) and were obtained for surface rut

* Registered Trademark of the DuPont Company.
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Strain Observed as a Function of Depth
depths of about 70 to 100mm (3 to 4 in.). in the Subgrade: 0.9m Pit Tests.

Vertical plastic strains within the soft clay sub-
grade were determined for selected tests in the 0.9m
(3 ft.) pit using 19 Bison sensors (7). Vertical stacks
of strain sensors were placed at 1l6mm (4 in.) intervals
going from the centerline out to 63mm (16 in.). The
typical variation of plastic strain in the subgrade on
the centerline of the load is shown in Fig. 5 for a
similar system with and without fabric. A significant
reduction in plastic strain was found to occur immediate-
ly below the fabric along the centerline.
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Stress Distribution. The GAPIN Program indicates as

shown in Fig., 6 a reduction of 8 to 14% in vertical

stress along the centerline for systems reinforced with

Style 3401 Typar © compared with nonreinforced systems.

Stress distributions measured in both test pits also show

similar important stress reductions in fabric reinforced 6 Vertical Stress on a Horizontal

systems, Plane Computed by GAPPS7 (Mesh
Figure 7 shows the measured variation of vertical Shown in Fig. 1).

stress along the centerline as a function of depth for

pressure cells 3, 7 and 9 in the large pit. The systems

reinforced with fabric showed approximately a 20%

reduction in stress in the soft clay along the centerline Table 1. Stresses Measured by Pressure Cells in

compared to the AS systems, At the crushed stone-clay 2.5 m Pit Tests.

interface the vertical stress in the fabric reinforced

systems was slightly less than Boussinesq stress distri-

100 200 300 400
RADIAL DISTANGCE (mm)

VERTICAL STRESS, g, (kN/m?2)
o

&)
[
(1]

bution theory for a homogeneous elastic continuum, With Cell Pi ni‘tl'a 1 poreas NormaiN /m2
increasing depth the measured stresses were greater than i SEEiakis Pressure Cell ( m)
Boussinesq in this test series. The rigidity of the No. Depth | Offset With Style Without
bottom of the tank was at least partly the cause of the (mm) (mm) 3401 Typar® Fabric

increase in the measured stresses. Pressure cell 5,

offset 460mm (18 in.) from the load centerline and 150 mm 406. 0 82.7 107

9

(6 in.) below the top of the subgrade, showed greater 3 508. 0 75.8 107
vertical stresses for the AFS system than for the 4 762. 0 - -

AS system (Table 1). Subgrade profile measurements made 7 1070 0 37.9 44.8
after the test showed this cell was directly below the 8 508, 152. 56.5 85.6
approximate location of maximum subgrade heave. The 6 508. 305. 48.2 51.7
GAPPS7 program also indicates a slight increase in 5 508. 457. 11.0 5.5
precoure in the heave zone, allhough not as great as 2% 406, 457. A4 34.5
measured. The program also indicates the stress re- 1* 813, 762, 23.4 23.4

distribution 1s caused by (1) plastic flow of soil

beneath the originally more highly stressed center area
resulting in softening of the clay and (2) the downward
membrane effect due to in-plane fabric stress.

#Radial stress - all other stresses are vertical
(25.4mm=11n.; 6.89 kN/m2=1 psi).
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Pressure cell measurements made in the small pit
indicate: (1) prior to substantial rutting, the measured
stresses in both AFS and AS systems averaged about 90.5%
of that predicted by Boussinesq theory; less than 2%
difference was observed between the two systems; (2)
after substantial surface rutting (7 to 10 cm or 3 to 4
in.), the measured stresses for the AFS systems averaged
about 83% of Boussinesq values compared with 88% of
Boussinesq stresses in the AS system. In each case the
changes of cell location and orientation were considered
in the comparisons. The GAPIN program gave, for the
fabric reinforced systems and moderate rut depths,
vertical centerline stresses corresponding to about 80%
of Boussinesq stresses in the subgrade.

Permanent Deformation. Beneath the repeated loading the
model tests show the aggregate pushes downward into the
subgrade causing the clay to flow laterally outward and
upward. This lateral flow results in a radially offset
bulge (heave) on the surface. As the thickness of the
aggregate increases, the depth of subgrade rutting and
height of heave both decrease, while the width of the
rutted area increases. Use of Style 3401 Typar © was
found to have a similar effect on rut development as
increasing the agpgregate layer thickness.

AFS systems, reinforced with this fabric, exhibited
up to three times more vertical plastic strain in the
aggregate at fallure than did nonreinforced systems
having similar surface rutting. This trend was most
pronounced in the weaker systems. The number of repeti-
tions to cause the same magnitude of rutting in the AFS
systems, however, was much greater than in the AS systems.
In the AFS systems the greatest amount of plastilc verti-
cal strain occurred in the aggregate layer, while in the
AS systems the greatest plastic strain occurred in the
clay.

Fig. 8 shows the experimental relationship between
the amount of densification (volume change) and shear
(diatortion) occurring in the soft clay subgrade Lor both
AFS and AS systems, As the initial stress ratio increa-
ses, the Iimportance of shear distortion rapidly increases
in both type systems, accounting for about 50% of the
subgrade rutting at the stress ratio of 3 and about 75%
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at a stress ratio of 5. The stress ratio 1s defined as
the vertical Boussinesq stress divided by the subgrade
shear strength., These findings are quite reasonable
since densification in the soft clay occurs gradually
under the application of a large number of load
repetitions as the water is slowly squeezed from theclay.
Therefore, either AFS or AS systems subjected to a high
initial stress ratio undergo a shear distortion type
failure before densification can become the dominating
mechanism.

Use of the fabric causes a substantial reduction in
permanent strain (and hence rutting) in the soft clay
subgrade for a depth equal to about one loading diameter
B beneath the interface (Fig. 5). This reduction in
strain decreases almost linearly with depth., Further,
the maximum vertical plastic strain in systems contain-
ing fabrie occurred at a depth of about 0.6B beneath the
interface. In systems without fabric, the maximum strain
occurred at or very near the interface and generally
decreased with increasing depth. Due to application of a
heavy wheel loading, the soft clay just below the crushed
stone 1s stressed to a high percent of its shear strength.
As a result, the relatively small reduction in stress
which occurs when the fabric is present causes an
important reduction in the accumulation of permanent
strain in the zone just below the fabric as shown in the
model tests.

Fabric-Interface. The variation of strain in Style 3401
Typar® fabric with stone thickness and rut depth obtained
using the GAPPS7 program is shown in Fig. 9. The GAPPS7
program indicated excessive rutting would develop before
700 repetitions for an aggregate thickness of 330 mm

(13 in.). As thils system approached an excessive rutting
condition, the calculated maximum fabric strain was 3%

at the centerline and 2% at a radial distance from the
centerline of 1.33B, where B is the diameter of the load.
The fabric strain measured in the small pit for a rut
depth of 76mm (3 in.) and radial offset distance of

1.33B was 1.9%; this value compares quite favorably with

the theoretical value of 2%. These results indicate that
the Typar® fabric is stressed to about the elastic limit

which corresponds to 3.2 N/mm (18 1b./in.). This stress

level 13 in a safe working range well below the ultimate

value of about 7.4 N/mm (42 1b./in.).

Uslng measured interface friction and adhesion pro-
perties, the GAPPS7 program indlicates slip does not occur
for AFS systems which are adequately designed having a
subgrade shear strength as low as 22.7 kN/m2 (3.3 psi);
lower strengths have not been investigated. As large rut
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depths develop, however, slip between the clay and fabric
can occur at least at some locationms,

General. The test results show for a glven system with
or without fabric, a threshold thickness of crushed stone
exists which separates a stable system having tolerable
levels of rutting from an unstable system. This thresh-
old stone thickness is less for AFS systems than for AS
systems (Fig. 4). For overstressed systems having crush-
ed stone thicknesses less than the critical value, rapid
accumulation of large rutting in the subgrade is
primarily due to shear distortion (flow) of the subgrade
laterally from beneath the load.

These results clearly indicate that Style 3401
Typar® is effective in changing the state of stress and
strain in the subgrade. As rutting increases, vertical
and radial stress under the loaded area are reduced while
the vertical compressive stress outside the loaded area
(in the region of subgrade heave) is increased. The
reduced stresses observed are most likely due to (1)
upward induced stress (membrane effect) and possibly (2)
greater aggregate modulus (as a result of confinement/
reinforcement provided by the fabric). This alteration
in state of stress 1s a primary reason that the fabric
reinforced system exhibits greater rutting resistance.

The substantial alteration of plastic strain dis-
tribution 1in the subgrade i1s very interesting and
obviously has a major impact on system rutting. The
reduction of vertical plastic strain in the subgrade for
systems contalning fabric apparently is due at least in
part, to the reduced vertical compressive stresses.
However, the reduced vertical stresses do not explain
why the vertical plastic strain in the soill adjacent to
the fabric is less than that a few centimeters down into
the subgrade. This anomaly is most likely caused by (1)
the increased confinement offered to the soll adjacent
to the fabric and (2) reduced shear stresses at the
surface of the subgrade.

CONCLUSIONS

Both the model tests and the GAPPS7 program show the
presence of fabrilc causes a definite beneficial altera-

tion of the stress and plastic strain distribution in a
fabric reinforced haul road type system. ‘'he laboratory
model tests and the GAPPS7 computer program offer a
sound mechanistic approach for studying the behavior of
fabric reinforced systems and developing useful design
relationships., The GAPPS7 program was recently develop-
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ed and application of this powerful tool is just being
implemented.
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