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SUMMARY

Significant improvements in the capacity and service life of reinforced
earth structures require an improved understanding of the fundamental behavior
of these systems. Both experimental and analytical investigations were Larried
out to develop models for the interaction of geotextile-type reinforcement and
granular soils. Reinforcement configurations and systems investigated were
thought to be applicable to temporary runways, also known as alternate launch
and recovery surfaces (ALRS). Model ALRS systems using geotextiles and gecyrids
as reinforcement were tested in the labordtory in a variety of configurations.
These were loaded to failure, quasi-statically, by both plane strain and axisym-
metric rigid plates. Load-deformation characteristics, as well as the shape of
the deflected basin, are reported.

Two new analytical models for fabric-reinforced soil systems were
developed. The first is based on probabilistic concepts for vertical stress
diffusion in a particulate medium. HNumerical solutions were obtained for some
practical subgrade~reinforcing situations. The efficiency of the membrane was
found to increase as the underlying subgrade becomes more compressible, as long
as the geotextile is sufficiently strong and possesses sufficient frictional
resistance. Another model was developed which considers the diffusion of strain
through a particulate medium. This model predicts surface defiection pr.files
as well as strains with depth, and the approach has considerable potential in
foundation engineering as well as in soil-fabric reinforcement systems.

Significant increases in bearing capacity and modulus of subgrade reaction
as a function of both the location (deptn) of the reinforcement and the number
of reinforcement layers were observed. However, there was a decrease in
improvement as the depth to the first layer increased. The "c¢ritical depth," if
it exists, is probably about one~third the width (or diameter) of the loaded area.
tdye fixity conditions were found to be relatively unimportant, and the benefit
of multiple-reinforcement layers was found to be greater if the depth and spac-
ing were small compared to the diameter of the loaded area. Surprisingly, 1it-
tle difference in response between geogrids and yeotextiles was observed, prob-
ably because the sand used in the experiments did not provide the interlock com-
ponent apparently necessary for the optimum functioning of the geogrids. >caling
of maximum load, bearing capacity, etc., based on the diameters of the loaded
areas was unsuccessful. Surface deflection profiles due to the loaded plate at one-
half waximum load could be reasonably predicted from the strain diffusion
hypothesis developed earlier.

Impiications of the research findings for practical ALRS systems, as well as
an outline of plans for Phase Il research.,are also presented.
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SECTION
INTRODUCTION AND TECHNICAL BACKGROUND

Increased understandiny of the fundamental behavior of certain mechanical
reinforcing and stabilization techniques is necessary before significant
improvements can be made in the load-carrying capacity and service life of rein-
forced earth structures. Substantial advancements would be expected in several
aspects of airfield pavement systems, particularly in expedient or alternate
launch and recovery surfaces and for rapid repair of bomb-damaged runways. The
knowledge gained is also appropriate to other potential application areas such
as retaining walls, embankments, and protective construction.

1. EARTH REINFORCING

Soils often require reinforcing to accommodate anticipated loadings. "Cor-
duroy" roads, constructed on logs or timbers in colonial North America and Scan-
dinavia, are a form of reinforced earth, as are bamboo fascines used under low
embankments in southeast Asia. Embankments have often been constructed directly
on the brush and small trees which are common on marshy lands. In recent years,
a reinforcing system of two rows of short sheet piles or steel channel sections
connected by steel anchor rods has been developed at the Swedish Geotechnical
institute to increase the stability of embankments constructed on soft founda-
ticns {Reference 1). Reinforcing has also been carried out using woven and
nonwoven fabrics, plastic and steel nets, used automobile tire casings, ordinary
landing mats, “Columbus" fascine mats (Reference 2), or reinforced plastic or
rubber membranes. Reference 3 summarizes many of these recent developments for
reinforcing both embankments and retaining walls.

The primary functicnal requirements of the reinforcement elements are that:
{1) they must have a sufficiently high deformation modulus in tension; and (2)
they must be able to develop sufficient frictional resistance with the subsoil
and/or embankment materials. Many plastics and nonwoven fabrics have creep pro-
perties such that their effectiveness as reinforcement may decrease with time.
Cf course, in reinforced embankments the strength of the subsoil may increase
faster than the corresponding creep in the reinforcement to neutralize the
effect of creep. Or, in the case of reinforced sands or retaining wal) back-
fills in which consolidation does not take place, creep deformations under high
toads could be significant. However, for the relatively short-term loadings
considered in this research, the creep of plastic reinforcement materials was
thought to present no particular difficulty.

The use of woven and nonwoven fabric materials (ASTM: ‘“geotextiles") is a
relatively recent development in the U.S. With a few notable exceptions, most
of the research and development work on these materials was done in Europe, and
applications were primarily directed toward stabilizing temporary roads on soft
foundations. During the past 10 years, many European nonwoven fabrics have
become available in the U.S., and their use for certain specific situations is
increasing.

With only a few exceptions, woven geotextile technology began in the U.S.
and then moved to Lurope. Initial applications in the U.S. were with woven
monofilament fabrics used as "filter fabrics,” tnat is, as an alternative to
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granular filters under riprap and in other erosion control features. Recent
developments in woven technology have included the slit film fabrics, which are
much stronger and have a higher modulus than typical nonwovens, but cost about
the same per unit area.

Considerable research using woven fabrics as reinforcing has been conducted
at the Swedish Geotechnical Institute and at Purdue University. This work
involved laboratory investigations (References 4 and 5) and three field instal-
lations using a woven polyester fabric (References 6 and 7). This same fabric
was used in the present investigations.

Other U.S. research on woven fabrics has been carried out primarily by 7.
A. Haliburton and his associates. They were interested in the problem of
embankments constructed on very soft foundations (References 8, 9, and 10). They
have also conducted experimental research on the mechanical properties of
geotextiles (Reference 11) and on soil-fabric interaction (Reference 12}. f
considerable interest to the present research is Reference 13, in which the
potential use of geotextiles for airfield runways is considered. The conclusions
of Reference 13, which are appropriate to the present research, will be dis-
cussed in some detail later in this report.

To date, most of the theoretical research on earth reinforcing has been
directed towards “classical" reinforced earth retaining walls (References 14 and
15). Noteworthy in this regard is the work described in References 16 and 17.
Yery little theoretical research has been carried out on the problem of rein-
forced embankments or pavements, with the exception of the work described in
References 18, 19 and 20. For example,in Reference 20,it is shown that horizon-
tally lying reinforcement layers may not be the optimum orientation for the
reinforcement under embankments. It is not known whether a similar situation
exists with respect to pavement systems, although practical construction
requirements probably would control design.

Related theoretical analyses and model footing tests on horizontally rein-
forced foundation soils were conducted by Binquet and Lee (References 21 and
22). Their results indicated that the settlement behavior and ultimate bearing
capacity were improved over unreinforced soils by factors of two to four. The
actual improvement depended on the percentage of total area covered by the rein-
forcement and the thickness and spacing of the reinforcing layers. Increasing
the amount of reinforcing definitely improved the ultimate bearing capacity and
reduced the settlements, especially if the reinforcing began near the bottom of
the footing. This result is similar to that found by Haliburton, et al. (Refer-
ences 12 and 13). Simijlar results were also obtained in some of the present
theoretical analyses. Ilmprovement in bearing capacity resulted even when the
reinforcing was located significantly deeper than the lowest point on the
theoretical bearing capacity failure surface, an observation which suggests that
a different failure mechanism is operative when reinforcing is used. This
result was not verified previously by Haliburton, et al. (References 12 and
13).

Finally, the results of the studies of Binquet and Lee (References 2! and
22) indicate that the greatest advantage of reinforcing foundations was for
short-term construction involving heavy loads over inferior foundation condi-
tions. To some extent, such conditions involve the function of separation
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rather than reinforcement. However, the research by Binquet and Lee was limited
to smooth noncontinuous metallic strips (rather than continuous sheets of other
materials as tested by Haliburton and in the present study) and only one soil, a
sand, was tested. Only static surface loadings were applied and no assessment
was made of the possible effects of impact or vibratory loading on the behavior
of the reinforced soil system.

2. RELATED WORK ON REINFORCED ROADS; MESL

Considerable related research has been conducted on thin but relatively
strong tensile-resistant materials or membranes under small embankments (haul
roads) constructed on very soft foundations. Much of this research has been
sponsored by the manufacturers of nonwoven geotextiles, and unfortunately in
most cases, the assumptions, theoretical analyses, and backup experimental data
are not publicly available (References 23 and 24). The procedures developed by
Barenberg and his students {(References 25, 26, and 27), which are based on
research which was initially privately sponsored, are an exception. Kinney
{1979} has developed a "fabric tension model® by which the modulus of the
geotextile, as well as subgrade strength, traffic loads, and rut geometry can be
appropriately considered. Summaries of the various manufacturer-sponsored
design methods are given in References 23, 24 and 28.

Giroud and Noiray (Reference 29} developed a method with a very souna
theoretica) basis that takes into account full-scale test data developed at the
U.S. Army Engineer (U.S.A.E.) Waterways Experiment Station. The method offers
design charts that allow the determination of aggregate thicknesses for unpaved
roads when geotextiles are used as reinforcement and when traffic is taken into
account. The rut depth considered in the design charts is approximately 1 foot
{0.30 meter). Recently, Sivakugan (Reference 30) has prepared design charts for
lesser rut depths. Important for the present research is the fact that the tire
inflation pressures and axle loads presented in the charts developed by Giroud
and Noiray are for typica) construction equipment and not military aircraft.
Their standard axle load is 80 kN (about 18,000 pounds) and maximum tire infla-
tion pressure is 620 kPa (about 90 psi). Consequently, considerable extrapola-
tion would be necessary to use their charts for design purposes for typical
fighter aircraft loads which might be applied to alternate launch and recovery
surfaces. Such an extrapolation could be dangerous without the results of
full-scale tests such as outlined in Section V. For the purpose for which it
was developed, the Giroud and Noiray method is simple to use, and according to
Giroud (personal communication, 1982} the method has been used with considerabie
success in practice.

Hamilton and Pearce (Reference 31) developed guidelines for the design of
flexible pavements using stit film woven fabrics. The method is specifically
applicable to the Texas Gulf Coast region where very poor subsoils predominate
and suitable construction aggregates are either nonexistent or of poor quality.
Significant haulage distances can result in extremely high construction costs.
Hamilton and Pearce found that high modulus geotextiles have the potential of
solving many of the pavement problems in that region. They present a design
method and suggest that the use of woven geotextiles offers: (1) a reasonable
and cost-effective alternative to mechanical or chemical subgrade stabilization,
{2) a reduction in required base thicknesses, and {3) an extended pavement life.
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For about 15 years, the U.S.A.E. Waterways Experiment Station (WES) has
been conducting research on membrane encapsulated soil layers (MESL). Both
nonwoven geotextiles as well as mititary membranes such as the T-16, 7-17 and
WX-18 membrane mats have been used {(References 32 and 33). MWES has also con-
ducted research on “sand bag" type structures for the expedient construction of
bridge piers and abutments in a theater of operations (Reference 34). Recent
research by the same group has involved very unconventional reinforcing materi-
als such as small plastic cylinders and paper and aluminum grids, both hexagonal
and rectangular in shape. Roadways were constructed of reinforced sand on both
very sog; clay and sand subgrades. These tests are described in References 35,
36 and 37.

3. HALIBURTON'S WORK AND CRITIQUE BY YAN DEN BERG

As mentioned above, the work by Haliburton, et al. {References 12 and 13},
is particularly pertinent to the research reported herein. This section will
summarize their research and show that, in some cases, their conclusions were
verified, and in other cases, they were not. They determined, among other
things, that the potential improvement of the performance of embankments and
runways results from three different phenomena: (1) The geotextile appears to
act as a separation medium which prevents the intrusion and detericration of the
aggregate materials in the embankment. This phenomena is especially pertinent
when the subgrade is soft and cohesive. (2) There appears to be a degree of
lateral restraint provided by the fabric to the cohesionless cover material. As
the wheel load is applied, the embankment material tries to spread laterally and
this expansion tends to be prevented by the friction developed between the
fabric and the embankment material. The effect is to increase the deformation
modulus of the material in the embankment. (3) The third mechanism or benefit
provided by the geotextile is that of membrane-type support. For this mechanism
to occur, relatively targe deformations must occur in the subgrade to mobilize
the full membrane resistance.

Because the presence of the fabric is the controlling factor, there is an
optimum location of the fabric to provide for lateral restraint reinforcement in
cohesionless soils. Haliburton and coworkers suggest that this location is
approximately 0.5 B tang below the soil surface, where B is the effective width
of the loaded area and ¢ is the angle of internal friction of the material above
the fabric. Placement of the fabric at the optimum depth produces three main
types of behavior: (1) Elastic deformation of the cohesionless soil mass above
the fabric occurs, with considerably greater deformation resistance than exists
for an unreinforced soil. A significantly greater resistance to initial shear
failure is also developed. (2) After the initial shear strength of the rein-
forced soil is exceeded, rapid yielding occurs and the loaded area sinks into
the subsoil. The yielding occurs as a result of plastic deformations in a modi-
fied radial shear zone around the loaded area. There is also a concurrent shear
failure in the soil mass along some failure surface above the fabric. (3) The
fabric begins to “reinterfere” with the plastic flow in these modified radial
shear zones as sinkage of the loaded area takes place. The writers believe that
these zones return to elastic equilibrium, which stops the "sinking" from con-
tinuing. This phenomenon, a “soil strain hardening," results in a significant
second-phase strength gain.
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Haliburton and coworkers found that if the fabric is placed below the
optimum depth, only minimal improvement in the load deformation characteristics
4 of the reinforced soil mass will be realized. tHowever, if initial soil failure

does occur, then the loaded area will sink to near the optimum depth and the

strain-hardening phenomena will begin to take place. In practice, such sinkage

would Tikely be seen as excessive rutting in the wheel paths and probaliy would
not be tolerable. They found that if the fabric was placed at the optimum
depth, only a smal) amount of loaded area sinkage was required to mobilize a
very large part of the soil strength and deformation resistance due to "strain
hardening." They concluded that if the fabric was placed on a "good subgrade,"”
then the second-stage strength would likely be sufficient to carry very heavy
imposed loads, although no data were presented to verify this belief. If 3
relatively soft subgrade soil is present under the fabric, then a failure in the
5011 under the fabric is likely to occur which would prevent full utilization of
the total cover soil strength available from the fabric reinforcement.

In contrast, van den Berg (personal communication, 1981} is somewhat criti-
cal of the laboratory test procedures used by Haliburton and his associates.
His primary complaint has to do with the fact that the fabric was clamped at the
edge to a frame; that is, it was prestressed to some extent prior to burial in
sand and the subsequent loading by the load plate. He points out that if the
failure pattern occurs as a failure wedge in the classical sense as post:lateu
by Haliburton, then there will be a movement outward of the soil mass on both
sides of the failure wedge. The resulting shear forces will tend to increase
the tension forces in the fabric. Thus, the effects of “lateral restraint" and
membrane tension will be difficult to separate. (lamping the fabric results in
a fixity that is almost perfect, and van den Berg is not sure that in practice
the fabric would be "anchored in that perfect way." He is also critical of the
use of the "low guality" base materials (sand) and the fact that the width of
the fabric is only six to eight times the width of the loading plates. ke con-
cluded that there may be something like an “optimum depth" of fabric reinforce-
ment in road construction but the concept is not clearly developed nor com-
pletely accepted by the profession.

4. MATERIALS FOR REINFORCING

Several materials have been suggested as being potentially useful as pri-
mary reinforcing elements in airfield runways and other similar construction.
Excellent descriptions of engineering fabrics or geotextiles, as they are now
called, are found in several references, particularly, References 23 and 38.
Both these books describe geotextiles in some detail and give extensive refer-
ence lists.

New materials calied “geogrids” have recently been developed which have
some features similar to geotextiles. Geogrids Took like nets of plastic,
although the strength of these materials is significantly greater than typical
plastic nets. An English manufacturing company, Netlon, produces the new
material under the trade name of "Tensar®." Tensar® geogrids were utilized for
1 few of the tests in the present study, and their properties will be described
in some detail later in this report. On a weight basis, Tensar® nets are
stronger than steel but their costs are on the order of woven geotextile wmater:-
als. They also have an added advantage over ordinary geotextiles of providing




“interlock,” in addition to frictional resistance, if materials coarser than
sands, e¢.g., fine gravel, are used in construction.

5. RELATED WORK ON RRR AND ALRS

Much of the research on rapid runway repair procedures has been summarized
in References 39 and 40. In Reference 41, materials for “contingency runways"
were evaluated by full-scale tests with the F-4 load cart. An open graded
crushed stone base course with a sod surface was found to rut severely when sub-
jected to the F-4 loadings. Some success has been reported with cement and lime
stabilization, but almost any kind of unstabilized soil or sod surface (overly-
ing the stabilized base) was found to rut excessively unless the top surface was
Tess than 1l-inch thick. With such thin surface layers, the topsoil might be
subject to sliding on the base course due to the breaking action of aircraft
tires. 1t is possible that geotextiles might improve the bonding of a thin top-
soil surface to stabilized subbases. Furthermore, we suggested that the top
layer of contingency runways and alternal. launch and recovery surfaces might be
stabilized economically and reinforced by geotextile-like materials. The use of
geotextiles on ALRS sites in conjunction with vegetation established on the sur-
face would enhance their multiple use and add considerably to the concealment of
the site.

6. OBJECTIVES OF THE PRESENT RESEARCH

A major objective of the present research was to develop an improved
theoretical mode! for the interaction of reinforcement in soil. Such a model
would improve our understanding of the fundamental interaction of subgrade soils
with various types of reinforcement and pavement materials when subjected to
surface loadings. An additional objective was to develop reinforcement confi-
gurations for ALRS pavement systems and, if possible, optimize such systems.
Finally, plans were to be developed for full-scale field tests to be carried out
as "Pnase 11."

7. GUTLINE OF THIS REPORT

In Section [l of this report, the analytical work carried out will be sum-
marized. In Section 111, the details of the experimental phase of the research
will be given and the results of the experiments will be examined in terms of
the theoretical developments and empirical physical behavior models. A brief
section is also included on the implications of the present research for RRR and
ALRS. Recommendatiors for Phase 1l research, field studies, are also outlined.
Finally, some conclusions and recommendations are presented.

| .}

i




'g

A O o
- e s a—— ———— e

SECTION !
ANALYTICAL WORK
1. INTRODUCTION

it is the function of analysis in Civil Engineering to perform inexpensive
experiments {generally on paper) that will help to predict the response of other~
wise expensive prototype systems. Considering the number of possible permuta-
tions of soils, types and placement cof fabrics, pavement types, and aircraft
gear configurations and loading invelved in this study, it is apparent that
discovered truths must first be approached by means of analysis. On the other
rand, the dominating factors in the anaiysis of an aircraft moving over a pave-
ment system are extremely complex and are generally "wished away" or ignored in
ordinary mechanics. Consider this: the pavement system presents itself ac a
number of layers; each one is thin in comparisorn to the contact dimensions of
the load (the tire imprint). The layers, in turn, are composed of discrete par-
ticles that are, at best, cemented by a thermal-sensitive material. The system
may cxhibit varying degrees of saturation by liquirds and/or gases. Loadings are
xnown only in magnitude, not in their distribution. Contacts between layers vary
with time, ambient conditions and loadings.

In spite of the noted complexities, the engireering system offers a wethod-
ology with a high potential for success; namely, (a) to offer simple analytical
models that relate the pertinent factors believed to govern performance and (b)
to conduct simple laboratory-scale model tests to examine the various offered
analytical developments.

Analytical and experimental inodels may themselves be divided into three
parts: {a) input, (b) transfer mechanism, and {.) output. [f both types of
models are subject to the same input, the test of the adequacy of an analytical
~cael will be its ability to predict the observed response of its experimental
counterpart. Several such models will be presented in this chapter. All mcdels
consider the loading to act norial to the plane of the surface.

2. HOMOGENEQLS MEDTUM
a. Plane Strain Case

. . !
This solution wyas presented by nharr (Reference 42) . The expecten
value of vertical stress (S ) under a line load of intensity p, per unit run,
(Figure 1) is given by

1. Aarr {Reference 42, Lhap. 7) demonstrated that the stress at a point in u
particulate media is a Pcisson variable. Consider that at such a point
there may exist - a void - a solid - a iwquid - a gas - ... - and, it 1¢
evident, that any measure of the distribution of boundary enerqy, such das
stress, at a point is indeed a variable. The expected value, the mean
value, 15 the best measure of this intensity at a4 point.

A




Figure 1. Load Geometry .
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Harr called v the "coefficient of lateral earth stress." He showed it to be
related to the more common "coefficients of lateral earth pressure.” The clas-
sical, two-dimensional, elastic solution (Flamant solution) requires no measure
of the properties of the material. The attenuation of stress is assumed to be
purely geometric.

For a uniform normal load, q, over an infinite strip, (Figure 2), of width
a, the equivalent solution is

T o

where y{ ) s the well-tabulated cumulative distribution (see Reference 42, p.
4593,

5. Three-Dimensional Case

For a single concentrated force, P, normal to the plane of the surface,
Reterence 42 gave for the expected value of vertical stress

oy
Lo e
LA o 00X

This expression is in the same form of that given by Boussinesq. However,

tre above acknowledges the characteristics of the media {v);, whereas, the Bous-
5inesq solution Vs devoid of any material properties characteristics.

For uniform normal loac, q ,over a circular area (Figure 3), Equatior (3)
jereralized to
1 s ;

—— - XD o e (% 4

e = . . Xy 5 LN r

weneral solutions of tquation {4) can only be obtained by numerical means.
sSerie results will be presented below.

For the special case, under the center of a uniformly distributed lo0ad,q,
acting on a circular area of radius a, the expression reduces to

o MULTILAYER MEDIUM

Although many solutions exist in the literature for the transmission of
stress through a layered system, none are unique, even with the constraints of
the classical theory of elasticity. The calculated values of stress depend on
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Figure 2. Infinite Strip Geometry.

Figure 3. Uniform Load over Circular Area.
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the assumptions invoked at the boundaries bLetween the individual layers. Al
sclutions assume continuity of displacements across interfaces; however, this
assumption alone is not sufficient. Some statement nust be offered as to the
transformation of shearing stresses at the interfaces as this is not known a
nriori.  Two such assumptions, commoniy prescrivbed, are that (a) there is "nc
sTip,™ and (b) there is “"no friction" at the interface. Although,it i~ -
erally believed that these provide "upper” and "lower" bounds to the systew:
unfortunately, this is not the case. A boundary wherein one-half evidences g
57ip" and the other half the “no friction" condition would be more severe than
either. Harr {Reference 47) presented a sclution that obviates the need to
specify the shearing stresses gt the interfaces of layered media. For the
oxrected vertical stress rdue to a line load of intensity p {(Figure 4), he gave

where

enldoz is the vertical distance into the Htr layer.

N
A5 an examplor GIVEN A three-layer system is subjected to a line load
Jt ey to ft with the following information: h, = 1 ft, +, = 0.4 n, = ¢ ft,
o -~ Py .
DI V. S, .2, n, = unbounded. Find the expected value for the vertical

sormal streds %;ét {ntc the third Tayer immediately under the line load.

SOLUTIUN  From rquation (6b), the equivalent thickness is

[ann. ~

4 b
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“rus, from Equation (ba) we Pave for the expected vertical normal stress at a
depth of 3 feet in the third layer, immediately under the line load (x = u!},

Tne theory of elasticity (Ret
4 Nonoyeneous sectian!, Iy ® 954.9

For a uniformly distributed normal load g, 4cting over a circular area of

i

~gdius a, the equivalent form of tquation (6) is




Layered Medium (After Reference 42).

Figure 4.




Again, results can only be obtained by numerical methods. cxaimples will b
developed subsequently.

3. SOIL-FABRIC MEUIUM

An anaytical nodel was developed to simulate the action of a soii-fabric
system. Briefly, the model assumed a particulate medium, as described oy Lgua-
tions (1} througn {7), founded on a Jayer specified as a winkler body. oetw.oen
the two layers {at their interface) i1s a "yeotextile” membrane. Solutions were
optained by numerical means for a range of values of soil and geotextile proper-
ties. The details of the model and some results were given in a paper by the
authors and Mr. F. L. bourdeau, which was presented at the Cecond Internaticnal
Jonference on Lectextiles, August 1982 (Reference 44). A copy of the paper is
in Appendix A. The rosults of the developer analysis indicated that very little
inpravement in the load-carrying capacity of the reinforces systenm would be
achieved unless the subyrade was very soft. (’his cdn be seen in Figures Y and
lv 1n the paper in Appendix A.) Another interésting ooservation was thdt the
effective length of the reinforcement was relatively snort. in other woras, 4t
a rather short distance from the loaded arca, the reinforcement would not ‘teel”
any stressing due to the surface Joad. This result sccmed anomalous at first,
Sut recent evidence by Andrawes, et al. (Reference 45}, showed very similur
resuits for plain strair tests on reinforced sands. They found that the oeas-
ured tensilte force in the reinforcement was practicaelly nonexistent at 1@ tances
from the centerline as close as twice the diameier of width of the loede! 3area.

Altrough the woael aoes not consider failure inducec by 1nsufficient bear-
1ng capacity, it does investigete two other important possible medes of dis-
tréol: i) that of the tensile force exceeding the tensile strength of the
fabryc, and {2) the <lijping {"pull out") of the facric if its length is lens
than that required for stability.

STRAIN GLFFULION

The preyious cases, as 1n centinuum rmechanics, presume that the stress dis-

srigution at the surface, the tnput into the system. 1s o known quantity. This

seldem the case. Contdct pressures under tires are far from the idealized
cniteorm values commoriy assumed. I addition, the pressures change with time,
teriperdture ana aubient conditions (Reterence 46,

The rationale of continuum mechanics 1s to determine the transmissicn ot
nowndary energy through media as statements of stress intensities. fGranted such
measures, constitutive relationships are then introduceo thot relate stresces Lo
cosensurate strains.  The vertical components of the strains are then
integrated to obtain the surface deflections, which are examined relative t9
ditferential settlements and/or rutting.

when one considers the mechanism responsible for the deformations noted at
the surface of a mediun subject to induced loading, it is apparent that it -
not caused by the deformation of the inaivigual particles. Lbven a cursory oxam-
ination will demonstrate that the registered displacements occur in response to
the relative movements of the more mobile ingividual particles to form a denser
ratrix, Metivating this movement 15 the iaduced boundary energy. In principle,
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when a rigid plate is impressed upon a soi) surface, the medium, in effect,
"diffuses” this displacement.

The question arises, if boundary strains (or displacements) are known pre-
cisely and if we seek their diffusion into media, why not do this directly?
This suggests a "strain diffusion” process rather than the more conventional
stress diffusion process. The investigation of this matter was considered tc be
germane to the present study and hence was conducted as an integral part of the
work project. Its development follows.

Adopting the foregoing diffusion of stress as a strain process, as was donz
to obtain Equation (7}, the expected vertical strain at any point, P, due to a
surface strain of intensity q, acting over a circular area of radius a (Figure

r

.‘)‘ is

a 7o z 2
- - . X 4+ r = 2Xr cos

ix,n) s —t— exp - = e odr g
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where . is a material parameter. Uefining o{x} as the deflection of the sur-
face, we have

introducing the Bessel functions of the first kind, Jo(x) and J, (x), Equa-

. 1
tion (8) takes the form

—_ -

where:

far large values of t,

f.quations (9) and (10) were solved numerically. In tquation (lu), t is 4

dumny variable introduced by the transformation t = t{x, ©). It should be evi-
dent tnat Equation (10) lends its2lf to simpler numerical solutions than does
Equation (8). Examples will be given below.

Finally, a parallel situation to that in Section I1.4 on "Soil-Fabric
Medium" was investigated using "strain-diffusion." Equations (9) and (10) were

e Sy
e




a. Profile

\ . 0 /—L\//”—"
1¢3)

Px,2)

P(x,2)

Figure 5. Strain Diffusion Under a Circularly Loaded Rigid Plate.
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assumied to hold for each of the layers {(Figure ©). For the multilayer casc,
that is of {h,,u, ) and (hz, ), Equation (LU} wmust be solved twiie feor each
value of the 6ar meter iL%.,
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tquation {(9) then tdkés the form of‘

o. EXAMPLES OF MODELS
i. Homogeneous Medium - Infinite Strip

Figure 7a shows a plot of the expected vertical stress for a unit Jis-
triduted load on an infinite strip, Figure 2. fquation (2} governs this case.
The depth is taken as one-half the width of the strip {z = a), the "\ parameter
is 0.25, and a unit load is applied.

b. Homogeneous Medium - Circular Area

Figure 7b provides a plot of the vertical stress under the center of ¢
uniformly loaded area of radius a at a depth equal to the radius. Equation (o
applies for this case. The differences between Figures 74 and b are only minar.
That is, only a small part of the energy available for the infinite strip is
effective under the center {or centerline) of the loaded area.

¢. Strain biffusion

Recall in Section II.5 that a methodology was developed that invokes
the diffusion of boundary displacements through a continuum rather than throus;
the customary boundary stresses. Inherent in the new analysis is the i~
A number of numerical values were assumed for this paramecter to examine the
intluence that it had on surface deflections. 1t was assumed that a umitorw
unit displacement acted over a circular area of radius a: that is, tquation ()
applied with ¢ = 1. The relative depth of the medium was h = 7.7 {the actuai
depth in the test box of 23 inches divided by a plate diameter of 3.U inches).
A computer proyram (Program STRAIN) for calculating the surface deflections was
written and is given in Appendix t. Input to this proygram were the values of o
=1, a=1, h=7.7, and various values of u, ranging from 3.0 to nearly that ot
zern (¢.005). Uutput was in the form of normalized tabulated values of deflec-
tion (actually a defliection ratio equal to the deflection at any radius divided
by the maximum deflection) and the relative radius, x/a. The results for a
rumber of values of . are plotted in Figures 8 to 14. As an example of how
these riats were obtained, the output for cases u = 0.2 and . = 0.2 are tabu-
Yateo t-low and plotted in Figures 11 and 12, respectively.
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Deflection Ratio

X/A uw = 0. W= 0.2
.00~ 1.30 "7 T TOU0
1.25 U.680 V.66
1.50 U.505 U.44%
1.75 0.386 U.366
2.00 0.301 v.273
2.25 0.225 U.200
2.50 0.171 0.146
2.75 0.127 0.1uz
3.00 .10V 0.077
3.25 C.u82 U.050
3.50 u.119 0.097
3.75 v.076 0.054
4.00 C.08o U.0bs

[t was desired to obtain the value of the parameter . that agreed with
experimental observations of the deflected shape of the surface. Since thic
required a "back-calculation” of u for the soil, no fabric was assumed to exist
for this case. t Vs seen from rigures 8 to 14 that as . decreases (figure
numbers increasing}, more heave is evident. The heaving of the soil is of con-
siderable importance, as it was observed in all the laboratory tests (see Fig-
ures bl and &) to some degree. It should be emphasized, as shown in Figure 7,
tne claswical theory of eclasticity cannct account for the heaving of a nomogenc-
2us nedium.

Fijures bl and ol present normalized deflection basin measurements for a
numher Of physical tests. [t i< seen that heaving cn the order of 20 percent ot
the irduced deflection is not out of order. Comparison with Figures » to 14
indicates that the ,~-paraometer is very close to zero. However, . = U introguces
mathematical instability 1n ifquation (®). Consequently, a value of (.0U5 was
used nosubsequent werk. The physical signiticance of this parameter is difti-
ult te ascertain at this time. Apparently, it is somewha*t analogous to
Poigser's ratio.

Once the o parvameter for uniforr soil (p]> is computed, it can also be used
to ohtain the . parameter for the fabric (i.e., s,). Some calculations were
made to datermine the value of .. using the experfmental results for the circ “ar
ilate {¥igure 61y, Then the caltulated values of .., and =, were used in Equa-
tions 13; and (13} to predict the wurface deflection patte?n cf a sgil-fabric
svate when loaded in plane strain. The predictions did not agree well with the
excericental results.
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4. Displacements and Settlements

The objective of all the foregeing analyses is to predict the deflected
shape of a surface when subjected to an imposed load. After this objective is
achieved, determinations can be made as to whether the degree and natu'e ~° the
cefermations can de tolerated without impairing the intended use of the facil-
ity.

As noted in Section 5 and Figure 7, classical mechanics predict stress
distributions. To translate these intn surface displacements recourse must oe
nas to constitutive relationships between stress and strain.

As is commonly the case, Hooke's law will be generalized to

where S and 3 are normal stresses on planes parallel to the unloaded surface
and ¢ afld . ard Young's modulus and Poisson's ratic, respectively (seec keference
<3 for the derivation}. for axisymmetric conditions, Equation (1la) reduces to

wnere 5 and S are the vertical and radial normal stresses, respective’..
P4 r

L

Harr (Reference 42) fcund that the radial normal stress can oe related to
tne vertical normal stress by H

Lubstituting this expression with S from btauation (5) into Equatior 1iin)
criadces an equation for the strain unde? the center of a circular load witr g
Lriform normal intensity q, or

Equation (1¢) can be expressed 1n the form

wrere 1 (L, 2 0 L) ds u_”Vertical strain influence factor” that is a tun_ tio

vt the ﬁarameters «and ., and z is the depth/radius ratio of a Circuiar 1-at0
area ,2 o< l'a.

rquation (9) gives the displacement of the surface at the center ot trg
ci-cular toad, which can be combined with tguation (13) to ygive

M ancaintiiNt e cventiiStinnn., .




The stress approach could be extended to the plane strain condition by
merely selecting the [ diagram under such <onditions cor‘respond\'r::g_;l to the coi-
i- puted value for sand. “Modulus plays an important role in the settlement Computa-
tion, and because of the dependency of modulus on the degree of prestressing, ar
experimentally obtained modulus is required.

caa iy
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SECTION 111
EXPERIMENTAL WORK
1. INTRODUCTION
The objectives of the experimental portion of the subject researcr were to:

a. Obtain parametric data for the theoretical
formulation developed in Section I[I.

b. Test the theoretical formulation developed.

c. Observe the empirical behavior of fabric-
reinforced sands to obtain an indication of the
relative improvements in system performance due
to the presence of the geotextile.

d. VYerity, insofar as possible, previous research
findings.

Z. DESCRIPTION CGF EXPERIMENTAL PROGRAM

A series of laboratory-scale model loading tests of reinforced and unrein-

torced sands was conducted and analyzed. A detailed description of this portion
of the research follows.

a. Variables

As suggested previously, the number of possible permutations of the
properties of soil, reinforcement, pavement types, and aircraft gear configura-
tions and loadings 1s very large. Thus, to maintain the size of the experimen-
tal! program within time and budget constraints, it was decided to hold constant
a number of possible variables throughout the experimental program. For exam-
ple, to minimize the effect of soil variability as much as possible, only one
soil, a relatively uniform Ottawa sand, was tested at a constant relative den-
sity.

Sand was chosen for Phase [ tests because it is easier than cohesive
naterials to handle in large volumes in the laboratory and to control densities.
Furthermore, the beneficial effects of reinforcing sands is known from previous
research, whereas reinforcement of cohesive soils with geotextiles has not often
beer done. A coarser material, e.g., a fine gravel, could have been used to
model the granular surface materials, but it was felt that a better indication
of the degree of improvement due to geotextile reinforcement would be shown with
a poor quality surface material such as uniform sand. This was thought to pro-
vide a "lower bound” of granular soil performance. A single relative density
{medium dense) was chosen as being typical of field deisities obtainable with
ordinary construction equipment.

1deally, tests should have been conducted using elliptically shaped plates
approximately 9 inches in average diameter, but the size of the test box, 3¢
inches square, was a constraining - or. Since the scale ratios were only [.%




and 3, it was believed that the results of tests on 3- and 6-inch diameter cir-
cular plates could be extrapolated to provide reascnable estimates of the per-
formance of a 9-inch diameter loaded area. Rigid plates were chosen not only
for convenience, but with the knowledge that, as far as the soil was concerned,
with aircraft tire pressures of the order of 250 to 300 psi, tire contact areas
are eftectively rigid. In addition to circular plates, a few tests were con-
ducted with a rigid plate in a plane strain configuration. A loading plate 3
inches wide by 30 incheslong (almost the entire width of the test box) was used.
These tests were an attempt to provide experimental data to verify the plane
strain theory described in Section [I.

For the first series of tests, a woven polyester high-modulus fabric was
chosen, primarily because considerable testing had already been carried out on
this fabric at Purdue University and elsewhere. The second type of reinforce-
ment tested was high-strength extruded plastic (polypropylene and polyethelyne)
geogrid nets. Geometric variables included the number of layers of reinforce-
ment and the depth and spacing of those layers, as illustrated in Figure 15. T¢
provide a “common denominator" against which to measure the degree of improve-
ment of the reinforcement, several tests were run without any reinforcement.

Table | lists the test variables, the quantities assigned to those var:-
ables, and the symbol adopted for each variable.

. Code
To facilitate identification of the individual tests, a coding system

wacs adopted,usiny the symbols for the test variables listed in Table 1. For
circular plate load tests, the code is

number  type of edge

{diameter)(CP) of iayers reinf. - (depth) - (spacing) - cond.
O -

3 cP 1 W d,in. 0 PF

b cp 2 G s,in. Fe

If an item is omitted for one reason or another, the symbol is left blank. For
example, the symhols for the tests without reinforcement are 3CP and 6CP. Those
with only one layer of reinforcement omit the symbol for s, and so forth.

For the plane strain tests without fabric, the test symbol is simply PS.
For examplz, with one layer of geogrid reinforcement at Z inches depth, the test
designation is PS1G-2.

Table 2 lists the tests performed and their symbols.
3. DESCRIPTION OF APPARATUS AND EQUIPMENT

a. Loading Box and Reaction frame

A test box of plywood and steel angle sections was constructed for this
, project. The inside dimensions of the box are 80 centimeters by 80 centimeters
‘ and about 70 centimeters high (31.5 x 31.5 x 27 inches). Because of clearance

. -



etric Test Variables {(Note:
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TABLE 1.

variable
1. Soil Type

». Relative Density
3. Loaded Area

Shape and size

Type

Mode
4. Reinforcing
Type

Number of Layers.N

deptn of rein-
forcing, d

spacing, S

g dae conditions

TEST VARIABLES AND SYMBOLS

PSS Sinhee

Ottawa "flint" sand

Medium dense (Dr - 70%)

Circular plate:
3 in. diameter
6 in. diameter
plane strain:
3 in. x 30U in.

Rigid

Quasi-static {approx.
constant rate of 1oad)

None
Wwoven polyester
seogrids

Nane

One

Two
yariable
yariable
rree

partial fixity
Full fixity

5CP
6CP

PS

(Vepth in
inches)

{Spacing in
inches)

PF
FF




TABLE 2.

Code

3cp

3CPLAN-Q.5
3CPLW-1.2 (or 1)
3CP1IW-2

3CP1G~1
3CP1G-2

3CP1W-1-PF
3CPIW-1-FF

6CP

6CPIN-1
6CP1W-2
H6CPIW-3

BCP2u-0.8-0.5
olLP2W-1.6-1.6

PS

Polw-1
PS1W-2

PSIG-1
PSiG-2

At R ———— i ——————— . > . s

TESTS CONDUCTED AND THEIR SYMBOLS

Explanation
without fabric
with one layer
of fabric

with one layer

of 5S2 grids

with partial
edge fixity

with full
edge fixity

without fabric
with one

Tayer of
fabric

with two layers
of fabric

without fabric

with one
layer of fabric

with one layer
of SR2 yrids

Total tests Tests with
Conducted Usable Data
2 2
2 2
Z 1
1 1
1 1
2 1
1 1
8 4
2 2
2 ?

2 2
1 1
1 1
2 Z
1 1
1 1
1 1
1 l

R — =~




requirements for the load cell and the loading plate, the depth of sand tested
was always about 45 or 50 centimeters (18 to 20 inches). Two 0.5-inch thick
plywood sheets formed the sides of the box, which was reinforced by steel angle
sections held together with long threaded tie rods. Figure 16 is a photograph
of the test box.

A heavy steel test frame was available in our laboratories from previous
research on model asphalt pavements (Reference 47). The reaction frame sup-
ported the hydraulic load actuator and other parts of the loading system, as
shown at the top of Figure 16. Figure 17 is a photograph of the test frame,

b. MTS "Closed Loop" Hydraulic Loading System

The MTS loading system used in this research was manufactured by
Research, Inc., of Minneapolis, Minnesota. Figure 16 is a photograph of the
controlling system (in background): the loading actuator and accumulator were
shown on the top of the load frame in Figure 16. The entire MTS loading system
consists of the following components:

Servoram Hydraulic Actuator, Model 2€4.13, 5 kip,
b6-inch stroke

Servoram Hydraulic Actuator, Model 202.03, 30 kip,
b-inch stroke

Hydraulic Power Supply (3000 psi), Model 502.03

Electronic Control System:
Function Generator, Model 410.21
Counter Panel, Model 417.01
Control Panel, Model 413.04
“Servac" Control, Model 401.02
Recorder Input Selector, Model 414.02
Transducer Conditioner Panel, Model 425.41

The MTS loading system is a “closed loop” system because transducers and
electronics in the system control the pressures and deformations, so that,
within system capability, the desired load-deformation time history can be
applied to the specimen. The system can be used 1n a "stroke" control mode,
wherein the deformation of the actudtor piston is controlled electronically; or
in a "load" control mode, wherein the rate and/or magnitude cf load are con-
trolled electronically. The stroke mode was used for the test setup when “zero-
ing” the load plate, etc.: the lcad rmode was used when applying the load to the

test specimen.
c. 5>and

The test soil selected for study was an Cttawa “"flint" silica sand
obtained from the (ttawa “ilica Co. of Uttawa, 11)linois. This sand had been
used in previous research at Purdue Lniversity on fabric-reinforced sands (e.qg.,
Reterence 5, and 1ts properties were well known. The grain size distribution
of the sand is shown in Figure 19. Other classification parameters are:
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Figure 19. Grain Size Distribution of Ottawa Flint Sand.




Cu = 1.6
CC = 0.94
] blU = 0.34 mm

b - 2.65
‘dm ) = 114.9 pcf. €in dLAS
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The yrair size distribution shown in Pigure 19 9s tne averaye of i/
sendarate determinatiang, which varied only about 1 perient at each Sicve 2¢.
Tnese geterminations were made in corder to verify that tne sand stored i

eéveril containers in the laboratory was trie same as thit used previously. 2lso
nown in Figure 19 1s the gradation supplied by the Ottawa Silica fo.

Tne angle of internal friction or the sdnd wdas determined trorm ootr o ve *
shedr and triaxial comvression tests. oirect shear test resylic dare srow o
migure 25.  The tests were multistage: thdat is, only one test specimer wa o7
up for each run. wWwhen the peak of the shear stress dcforiation Curve a:
reached, the next increment of normal stress was applied. A< chown 17
2o, the failure envelopes are curved, as expected for sands under 10w
stresses.  Multistage tests way also contribute Lo cnvelope _urvat,r
direct shear test specimens were initially set up at o« drv gororty ot .ot
which is very close to the averaye density of the nand 10 the tost o o
pof oor g relative density of about 70 percent).

The normal stress existiny al the elovation of the tabr . - v
specinens 1s only on the order uf U tu 30 pst, or signiticantly oo o 0
Towest normal sressure at whilh tne direlt shear tests were (0ot

T —

ttempts to obtain friction argles at even Yower rnormal ctre oo wer

ta, aoparently due to the "internal” triction orf tre shvar gt e 30
srecision direct shear apparatus {(narol-warner) was used for too o1
the sliding parts were specrally remachined to wake the as saoctr as
Tninoa teflon” -pased antifriction material was spraved 00 f€aon tevie o, o
2 mormal stress of leu psf, the friction of the apparidtus 1ticir was a
sty but tne net apserved shear resistance of the sand (nacmine *rictho <,
tracted) ranyed frop ¥9 pst o to 145 psf.  The two data peints shown on 1 ure o
e averagce values. Additional direct shear tests a4t norimal Strosses Towes T
ost owere not attenpted because of the undesirably large exporimental

Toatter,

Ttothe extrapalation of the Mohr failure enveloves th tre origin 0 a7 as
sned Tipes an Fagure Zu) s correct, then the friction angie at the re e
tersity of JU percent for tre confining pressures cperative n the test s, "

~oa doappreach 45 degrees. AU nigher normal oressures, the average fricts

1. te was around 35 degrevs. a value more typical for the poorly yraded rounaead

vat Lttawa sand. The direct shear results in tiqgure fJyat normal stresses

srester tipan 200 psfs were veritied by trioxnial teste conducted earlier on inis
T Ssand ds part ot ongoinyg academic work at Purdue dniversity. From plate

»doe
‘estsoon unreinforced sands descripbed Tater 1n this repurt, it s passible Lo
sedcalate 1 friction angte trom (laisecdal beartng canacity theory. Jsing the

SrZaght-Meyernott dDearing capacity factors dnd appropriate eanirical correc-
tins for tne snaye of the tooting, an averajge *roctron angle of 42 degyrees was

catiutated tor all three loaming plates tested. Tnese re alte confirm that tno
‘f s b e ) o wre aredbeood et gt iy et Yhe ot I PR TR
i .

et
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d. Reinforcement

Two types of reinforcement were used in this study. The first was 4
high-strength, high-moduius, woven polyester tabric which nas been used in the
past for other studies at Purdue University or geotextiles {see References 4, 4,
/, and 48). The fabric is typical of woven multitfilament geotextile, .., . o-
duced, for example, by Nicolen, Carthage Mills, etc., although this fanric cctu-
ally was obtained from Ak Fodervavnader, of Goras, Sweden). The fabric 1s dn
industrial yrade, woven multifilament menufacturead ‘rom polyester fibers
ubtained from either roechst (Trevira ™ Nc. Ti10) or 00 ("Terelin ). Tne pasic
“iver is a lite dtex {990-Denier) peliyester with a 207000 yarn structure. «ide
strip tensile tests cunducted as pert of thic study jave an ultimate tensile
strength of about 16U tbe/inch  Typival tensile icad-strain curves dare shown in
Figure Z1l. In this tic.re, strain was tetermined in two ways, (1) as the ratio
cf the crosshead movement to the rroschead spacing before the start of loading,
or {2) from frequent measuremenis with o micrometer of two marks originalily 2.5
inches apart near tho center of the test specimer. !f crosshead strain is used
25 the Criterion, then elongation at totiure 15 about i7 percent. The secant
tensile modulus at iU-percent strain s about HoU pounds/inch. 1t should ve
noted that the data shown 1n Fiqure 21 were obtained from a modified wide strip
tonsile test. Although the test 1s not yet an official ASTM standard, it is
carrently under review by ABIM tommitiee U13.61-0i8.19 on Geotextiles. Approval
is expected shortly. The draft standard cails for a specimen width of ¢ inches.
Test specimens were 7 oinches wide. Yhis difference is considered negiigible for
s woven fabric. From previous studies (Kefereace 4Y, the stress-strain behavior
is almost identical for Loth the warp and filling directions.

In addition to high tensile strength and tavorable modulus, the fabri. nas
several other important properties. 't has coxcellent creep resistance. Tests
congucted in Sweden [Reterency 44). .ndrcatea that the extrapolated creep
strength after more than 1 year was about 8L percent of its short-term
strength. After | year, the creep wae found to increase about 0.18 percent per
1oy cycle of time. The fiber has excellent resistance to aging, sunlight,
weathering, rotting, nacterida, dand rodents. 1t is very resistant to acias,
relatively resistant Lo bases and 1s, in general, insoluble in most incrganic
sclvents, including jet and diesel fuels.

The other reinforcirg materials used in this study were “yeogrids". -asi-
cally geogrids are extruaed plastic sheets which have high tensile strengtr and
rodulus. They are made trom a high-density polyethylene or polypropylene in
which the polymer is strongly oriented to obtain high tensile strengths. (in a
weinght basis, the jrids are stronger than stect. The basic polymers are highly
resistant to chemical, biological, and vltraviclet rauzvition. The geogrids used
in this research are mdnufactured ip ingland by the Netion (orporation under the
trade name Tensar . Saumples were obtasined from Lulf Canada, (td., whe is the
current North American licensee and who will scon be manufacturing the grids in
Canada.  fata provided by the mdnutacturer are given in Tabie 3 and Figures 2¢,
¢soand 4. Vor reference purposes., physical and mechanical data for all or the
Jvarlable ygrids are shown, although only types SRZ and 557 were tested. The ten-
sile strength of >4/ is 51ijhtly more than 450 pounds/inch at a max ymum strai
ot i¢ percent compared to leu pounds/inch for the woven polyester. The tensile
strength of 552 1s somewnat greater than that of the pelyester, or 2U6
pounds.inch at about tne same ultimate strain. For the 552, note that the




"’"‘! ’

Load, Ibf/in.

ts50
100 {
Test 1V Strain in center
50 O Crosshead strain
TestI® Strain in center
O Crosshead strain
(o] [N _h 1 _i i 4 1
o 2 4 s 8 10 12 14
Strain, percent
Figure 21. PResults of Wide Strip Tensile Tests on Woven Polyester,

Warp Direction.




TABLE 3, PHYSICAL AND CHEMICAL PROPERTIES

GEOGRIDS

A. Polymer Characteristics

Polymer
Shore hardness [
{Din 53505)

Vicat softenigg point
{Din 53460}(°C)

Impact Strengthn

(Din 53853) (kd/m’)

Abrasion resistance

(Dig 53754¢t)
{mm~ /100 revs)

Chemical resistance

Bioiogical resistance

Sunlight resistance

SRL and $R2
High-density
polyethylene
67
127

13.2

10

OF TENSARY

551 and 552

Polyuropylene

74
148
4.5

14.0

Resistant to all naturally
occurring alkaline and acid-
ic conditions

Resistant to attack by
bacteria, fungi and vermin

Resistant to UV attack




TABLE 2. PHYSICAL AND CHEMICAL PROPERTIES OF TENSAR®
(EOGRIDS (CONTINUED)

8. Mechanical Properties

SRL SR2

Tensile strength -

maximum (kN/m) 84.0 79.0
Extension at maximum

Yead (%) 12.3 12.0
Extension at 4C% load (%) 3.5 3.0
Modulgs in tension 9 g

(N/m™) 5.2 x 10 4.1 x 10
Thermal stability Stable over temperature range

of -60° to 80°C

sst 4
Across Along Across Along
Roll Ro11 Roll Roll
width length width length
"Characteristic"
tensile strength per
metre width {kN/m) 20.9 12.6 32.0 18.0

{Samples, 3 junctions long and 1 rib wide were extended at a
constant rate of SUmm/min, at a temperature of 20 1%,




TABLE 3. PHYSICAL AND GHEMICAL PROPERTIES OF TENSI\.B@
GEOGRIDS (OCONCLUDED)

. Physical Properties

L s sl ss2
Roll length (m) - - 50 50
Roll width (m) 1.0 1.0 3.0 3.0
deight (gm/m’) 872 938 203 320

Grid pitch (mm) 11 x 54 23 x 108 31 x 39.5 27.5 x 39.4

¢olor black black black black
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Figure 22. Tensile Stress-Strain Relationship for
{a) SR1 and (b) SR2 Geogrids.
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strength in the direction of the roll length is about 60U percent of the polyes-
ter, or about 97 pounds/inch.

The data given in Figure 24 are from Reference 49, and they compare the
frictional resistance of Tensar® grids with that of other materials including a

“woven polyester civil engineering fabric" (Reference 4) which is the same !
fabric used in the present research.

Geogrids could be called "second generation” geotextiles, because they are
in general much stronger than most geotextiles, yet their cost is about the same
for the same weight per unit area. Because of the large openings in the grids
which can provide considerable int rlock resistance, geogrids have an advantage i
in terms of frictional resistance (Figure 24).

e. Loading Plates

The loading plates used were rigid steel plates. Rigid plates were
chosen because,at aircraft tire pressures, the tire appears to be essentially ‘
rigid to the soil. The two circular loading plates were 3 inches and & inches {
in diameter. The 3-inch plate was U.75 inches thick while the 6-inch plate was ‘
1 inch thick. The plane strain plate was 3 inches wide by 30 inches long by
i inch thick and was stiffened along its entire length to minimize the possibil-
ity of bending during the test. The plates were attached to the load cell with
reducing couplings anad threaded studs.

Photugraphs of the loading plates will be shown later.

f. Instrumentation and Data Acquisition System

In this paragraph,only a brief description will be given of the instru-
mentation utiiized in the test program. More detailed descriptions will be
given later in this chapter when describing the test procedure.

The deformation of the load plates was measured either by an external
deformation transducer (DCOT, direct current differential transducer) or by the
LYDT (1inear variable differential transformer} in the MTS system. The external
instrument was 3 Hewlett-Packard Model 7DCDT 3,000, with a linear stroke range
of “s5.J0 inches.

The lcad applied by the actuator ram was measured either by a Sensotec
Model <1 Toad cell with a capacity of 50,000 pounds or a Lebow Model 16.103 load
cell with 4 5,00U-pound capacity. U8oth these load cells are strain gage type.

Detlections ot the sand surface were measured by several DCDTs mounted in a
beam nclder and running radially from the edye of the loading plate to one side
of the box. A1l DCDTs were powered by a Hewlett-Packard Model 62058 power sup-
ply. Figure ¢5 shows the mounting beam for the UCDTs as well as the load cell
and plate for a b-inch CP test. The 3-inch DCDT can be seen just to the left of
the load cell. As shown in the photograph, the DCOT support beam was held by
long threaded bolts to “box girders” supporting it to facilitate leveling of the
DCUT support beam.




|

DCDT Support Beam, Load Cell, and A-inch Diameter
Load Plate.
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The location (radial distance) of the DCDTs for each test varied somewhat,
depending on the test series and the size and geometry of the loading plate.

Figure 26 and Table 4 show the plan and location of the DCDT for each test
series.

An Analog Devices Inc. MACSYM 2 data acquisition system (DAS) was used to
facilitate rapid data acquisition and reduction. The system is a "smart data
logger." It uses software (a variation of the computer language BASIC) to both
acquire and operate on the data. To obtain hard copy output from the MACSYM, a
Heathkit printer, Model H-14 was connected to the DAS. Figure 27 is a photo-
graph of the data acquisition system and printer unit. Figure 28 shows a
schematic diagram for connecting the instrumentation to the MACSYM.

Additional instrumentation included a number of Micromeasurement type large
strain SR4 strain gages. It was originally intended that the strain gages would
be attached to the fabric at several locations on the test specimen. However,
considerable technical difficulties arose during some initial pilot tests with
the strain gages attached to fabric tensile test specimens. Because the test
results appeared so erratic and unreliable, it was decided not to pursue this
line of research further. Tests results indicated that the stress-strain pro-
perties of the fabric were altered significantly by the presence of the gage on
the fabric, probably because of the epoxy type adhesive used. (Coincidentally,
the problem of large strain measurements on geotextiles is considered a No. 1
Priority Research Need by the Committee on Soil and Rock Instrumentation of the
Transportation Research Board.) Unfortunately, we were not able to make a siy-
nificant step toward solving that problem.

A Bison strain indicator and soil strain gage proved unsatisfactory within
the constraints of the study. Some difficulty was encountered in caiibrating
these strain gages until very late in the research. Furthermore, it was not
technically possible to read several soil strain gages at once during a test and
avoid the interference between gages in the test box.

The only other measurement made during the test was the movement of the
side wall of the box. This deformation was measured by an ordinary dial indica-
tor, accurate to 0.01 millimeters. These measurements will be reported later in
this chapter.

4. FABRICATION AND CONSTRUCTION OF TEST SPECIMENS
a. Sand Placement and Density Control

There was considerable initial concern about being able to place the
large volume of sand in the test box at a reasonably uniform density. It was
desirable that the sand be on the dense side, that is, not loose. Several sys-
tems were considered for both sand placement and density control. It was ori-
ginally anticipated that the sand could be rained in the box, and by keeping the
height of fall constant as the thickness of the sand built up, the resulting
density could be maintained constant. Also considered was the air-activated
sand spreader system described by Butterfield and Andrawes (Reference 50), and
the scheme used previously at Purdue University by Brummond and Leonards (Refer-
ence 51). Al these schemes were rejected because of the presence of the
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TABLE 4. LOCATION OF UCDT FOR EACH TEST CONFIGURATION
(SEE ALSO FIGURE 26)
!
3CP Tests
oCcoT Range (inches) Dist. {inches}
A 3.0 3.9
8 0.5 5.7
C €£.25 8.5
0 0.25 11.2
2 4.125 14 .4
F MTS
6CP Tests
nDepy Range (inches) Dist. from (inches)
Series 1 Series 1!
A 3.0 7.5 3.7
& .5 10.06 4.5
C .25 13.8 7.7
D 0.25 - 5.9
E 1.125 - 10.4
F MTS i
PS Tests
5coT Range (inches) Dist. from  (inches)
{
A 3.0 3.1
) .5 5.1
y .25 7.9
o .25 10.6
£ .125 13.8
F MTS
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reaction frame (Figure 16). Either the reaction frame would have to be moved
before each test, or the loading box, once it was filled with sand, would be
moved back onto the base of the loading frame for testing. Both schemes were
deemed impractical. The weight of the reaction frame was several hundred pounds
and was securely bolted to the base plate. It seemed impractical to repeatedly
bolt and unbolt the frame prior to a test. The weight of the sand plus box was
in excess of 1200 pounds. Consequently, the placement scheme which was finally
adopted is as follows:

The sand was placed in three layers, each approximately 6 inches thick and
vibrated after each layer. The vibration was carried out with an FMC Syntron
Magnetic Vibrator Model V51Cl, controlled by a Syntron Electronic Controller
Model SCR-18. The vibrator was attached to a 20-inchby 20-inchby 1/4-inch thick
steel plate. Figure 29 shows the plate vibrator in position prior to compac-
tion of the first layer of sand. The ropes which were attached to the rubber
pads were used to facilitate moving the vibrator and plate to the four positions
in the box. The frequency of vibration was 60 Hertz. The control was set on
"maximum" at all times, and the measured amplitude of the plate vibration was
0.055 inch. The vibration pattern is shown in Figure 30. The area of the
vibratory plate was such that there was about a 9-inch overlap in the center
section. The initial loose 1ift heights were approximately 6.5 inches. After
vibration, each layer ended up about 6 inches thick. Thickness control was
maintained by a scale on the inside of the box.

The same pattern of vibration was followed for the tests in which rein-
forcement was used. In these cases, however, an extra pass of vibration was
applied to the layer of sand on top of the fabric. As will be shown later,
average densities of the test where fabric reinforcement was used tended to be
slightly greater than the densities of the tests without fabric reinforcement,
probably due to this extra time of vibration.

Density measurement and control were originally attempted with a nuclear
density gage, but the readings were too erratic, probably due to all the high
density material (steel) in the area of the test box and load reaction frame.

To obtain accurate results with nuclear density meters, no other materials other
than the specimen under test should be in the vicinity.

The two approaches that were finally used were to measure {1) the average
overall density of the sand in the box, and {2) the density of individual small
cans placed in several locations in the box. First, the overall density was
obtained by carefully weighing all the sand placed in the box. This ,rocedure
was done twice and the average density was found to be 107.8 pounds/cubic foot.
This 1s equivalent to a relative density of slightly more than 70 percent. The
second procedure was followed in 23 tests. Small metal (water content) cans
wore placed in several locations in the test box (Figure 31). To determine the
volume of these density cans, each was filled with distilled water of known tem-
perature and the can was carefully weighed. The measurement was repeated five
or six times and the average volume used. All weights were determined on a pre-
cision laboratory balance. Placement of the cans in the box was accordiny to
the following scheme:
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Layer Location

top £ wall NW corner*
middle SW corner NE corner
bottom St corner

* txception: for PS tests; this can was
positioned near the south wall.

The cans were placed about 4 inches from the wall, except for the can under the
centerline.

At the conclusion of the loading test, the cans were carefully excavated,
struck off level, weighed, and the density of the sand in each can was calcu-
Jated. The resuits of these measurements are given in Table 5. The average
value of all the measurements by this scheme was slightly less than the averall
average density in the box of 107.9 pcf. The range of densities measured in
each test was between about 1 and 4 pcf. There seemed to be no definitive pat-
tern of the densities,although, with a few exceptions, the two bottom cans
tended to be lower than those on the middle and the top layers. Qccasionally,
the middle layer cans appeared to have the nigher density {as might be e. ected
from work with field vipratory rollers). The surface of the sand after compac-
tion appeared to be very dense to the touch.

After the last layer was compacted on tne reinforcement, a small-diameter
wire probe was used to verify the depth to the fabric layer.

At the conclusion of a test, all but 2 to 4 inches of the sand was removed
and placed in storage cans. The sand left in the bottom of the box was stirred
repeatedly. For preparation of the next test, the sand from storage was lgosely
dumped into the box so that the initial loose-1ift thickness was around 6.5
inches. Then the compaction process proceeded as described abgove in preparation
for the next test.

b. Fabric and Geogrid Placement

The fabric or geogrids were placed at depths and in layers as described
previously {see Table 1 for the test code). The reinforcement was placed on the
compacted sand surface and smoothed by hand so that it was in full contact with
the densified surface. Figure 32 shows the sand being loosely dumped on top of
a fabric layer. Then this final layer of sand was compacted as described above.
in the majority of the tests, the fabric or geogrid reinforcement was not
attached to the walls or pretensioned as was done by Haliburton , Lawmaster and
xing (Reference 13). 1t was fe t that tests of the loosely placed fabric under
the low confining pressures applied by the thin layer of sand would provide a
lower bound for the effect of the reinforcement. For comparison purposes, hew-
ever, a few tests were carried out with (1) partia) fixity, and {2) total fix-
ity. The results of these tests will be described tater.




TABLE 5. DRY DENSITIES AS DETERMINED BY THE SMALL

DENSITY CAN MEASUREMENTS

Test

3CP
3CPIW-0.5
3CPIW-1.2
3CPLw-2

3CP1G-1
3CP16-2

6CP
6CP
6CP
6CP

6CP1W-1
6CP1W-1

6CP1W-2
6CPLW-2

6CP1W-3

6CP2w-0.8-0.8
6CPZW-1.6-1.6

PS
PS

PSIwW-1
P51IW-2

pSiG-1
ps1G-¢

T *Appeared disturbed

Pd

103.

105.
104.
104,

105.
105.

106.
105.
105.
105.

106.
104.

107.
105.

108.

106.
104.

104.
104,

105.
105.

124,
106,

avg

G~ o w w P

w

-~ O

Range

102.6-105.

105.1-106.
103.1-106.
103.2-105.

[SEAN R T8

104.7-106.4

104 .5*-106.

104.6-106.
104.6-107.
104.6-106.
105.1-106.

104.9-108.

-0 o —

w

104.4-105.8

105.4-109.
104.3-106.

104.9-109.

105.1-107.
103.1-108.

102.8-104.
103.5-105.

103.2-106.
105 .2-105.

104.0-105.
104 .,8-108.
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c. Mounting of the Load Plate and Load Cell

After the fabric and final layer were placed and densified, the load
ce'l and appropriate loading plate were attached to the actuator piston by
threaded studs. The cable from the load cell was then attached to the TS sys-
tem. Figure 33 is a closeup of the load cell and 6-inch diameter load plate.

d. Instrumentation

As described before, the DCDTs were set up according to the pattern
shown previously in Figure 26 and Table 4. In the closeup view of Figure 33,
the 3-inch DCDT is positioned just prior to loading of the 6CP tests (Series 11
of Figure 26(bl). Figure 34 is a closeup of the DCDT support beam. The cores
of the OCDT rest directly on small cardboard discs on the surface of the sand to
record the upward and downward movements of the sand surface as the loading
plate is pressed into the surface.

After all the instrumentation was mounted and appropriate connections made
to the MTS and the data acquisition system, the positions of the DCDTs were
adjusted so that the cores were within the Yinear range of the expected wmovement
during the test. A MACSYM program was written to assist in this positioning.

A1l connections were checked to make sure everything was ready for the
loading test. The DAS was turned on, and, after a brief warmup period, the
piston of the MTS was lowered to apply a very small seating lcad (1 to 2 pounds;
on the surface of the sand. Now the test was ready to begin.

e. Loading Test

Loading was accomplished with the MTS system in "load mode." The
hydraulic pressure range was set so that sufficient load can be applied by the
actuator. The load range on the MTS was set to an estimated value of the max-
imum load so that maximum sensitivity of the load cell can be achieved. The
load cell and the MTS LDVT were "zeroed" as close as ?ossible with digital
voltmeters (DVM, Figure 28). To apply the load, the “set point" on the MTS Ser-
vac control unit was turned slowly. The DAS was programmed to take readings of
all channels at a specified frequency. For the present tests, readings were
made every 0.25 or 0.5 seconds. Thus, for each test, about 1000 readinys were
taken of all channels and stored in the memory of the DAS. The load was applied
at approximately a constant rate by monitoring the output from the load cell on
the UVM. The load was applied so that failure was reached in 7 to 8 minutes.

Failure occurred suddenly in most cases, and sometimes adaitional load was
applied to see if there was a work—hardeniny effect. At the end of each test,
the loading piston was retracted, the plate raised, instrumentation removed, and
photos and or sketches made as appropriate. After excavation, appearance of the
fabric and/or y¢rids was noted, For the fabric tests, there was no obvious phy-
sical evidence of disturbance or abrasion on any test specimens on the fabric.
On the plane strain specimens on the geoyrids (Tensar” SR2)}, a definite "per-
manent set" of a "dip" directly under the loadiny plate was shown. This can be
seen in Figures 35 and 36.
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During the test, observations were made of the deformation of the side of
the box by means of a mechanical dial indicator accurate to the nearest 0.0l
millimeter. These measurements will be discussed in the next section.

5. EXPERIMENTAL RESULTS

The primary test variables were described earlier in this chapter (see
Tables 1 and 2). It was oriyinally planned to conduct tests with vibratory and
impact as well as quasi-static type loadings. The analytical work (Section II)
did not require other than quasi-static loading; consequently, other modes of
loading were not utilized in these series of tests.

a. Photographs of Tests After Failure

Figure 37 shows a test with fabric reinforcement using a 3-inch diame-
ter loaded plate after failure. Figure 38 is a closeup view of the same test.
Note the uniform and symmetrical appearance of the failure surface. The next
photograph, Figure 39, shows the failure surface after the piston has been with-
drawn. Again, note the uniformity of the surface. These observations tend to
verify that the sand density in the vicinity of the piston was sensibly uniform.

The next three photographs show plane strain tests. Figure 40 shows the
plane strain test setup prior to loading. The next photograph (Figure 41) shows
the same test after failure. At the "north“ side of the box, that is, under the
far end of the DCDT support beam, it can be seen that the fabric has pulled away
from the edge of the box, leaving a depression in the sand at the edge. This
was typical behavior of both the circular and plane strain tests at failure.

The amount of "pull" away from the edge of the box depended on the tota! defor-
mation of the loading plate. Figure 42 shows a plane strain test with a view A
from above. Note that the beam appears to be slightly off-center, an occurrence

typical of the plane strain tests. The beam was set perpendicular to the sides
of the box at the start of the test. When failure occurred, some slight rota-
tion of the beam, either to the left or to the right, was usually observed.

For the partial and full fixity tests, the geotextile was held by means of
wood slats bolted to the box sides. Figure 43 shows the fabric clamped in place
prior to placement of the final sand layer. Figure 44 shows how the sand and
fabric have pulled away from the right side wall and clamp in a circular plate
test with partial fixity. In Figure 45, after failure, the sand has been
removed, and an arrow drawn on the fabric to indicate how much the fabric has
moved {in this case, about 1 inch). Again, this was a test with the fabric par-
tially fixed; that is, the fabric was folded under about ! inch all around prior
to placement of the final sand layer. No photographs were taken of the test
with full edge fixity because its appearance was so similar to the tests with
partial fixity.

b. Load vs. Settlement of Plates
Test results are shown in the form of the load-settlement response of

the loadiny plate size and shape, both with and without reinforcement. The
effect of the several variables on the test resul will now be discussed.
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Figure 46 shows the load vs. settlement behavior for the 3-inch diameter
and the 6-inch diameter plate tests.

The increase in the bearing capacity due to the larger plate size is obvi-
ous. Note, too, the increase in bearing capacity due to the presence of the
reinforcement. The amount of this increase as a function of depth, type and
number of layers will be discussed later. Also, there was a siynificant work-
nardening effect in the reinforced sands as the load continued to be applied to
the plate after first yielding had occurred. In almost every test, a fall-off
of load was observed as deformation continued; then, if the test was carried far
enough, the reinforced soil system began to take up load again. In most cases,
the range of the actuationlVDT was exceeded, so that measured settlements were
not obtained beyond about 1.5 to 2.0 inches. The work-hardening effect was not
so apparent for the unreinforced sands, although a peak in the load-settlement
curves can be seen. Such behavior is not unexpected for dense sands.

The load-settlement results of Haliburton, et al. (References 12 and 13)
indicated a much greater work-hardening effect than the present tests show,
probably because of differences in the edge rixity conditions. This point will
be further discussed later.

It is encouraging from Figure 46 to note that the test results are reason-
ably repeatable, both with respect to modulus and to maximum load. This effect
is apparent in Figure 47, where the deflection scale (orainate) is very nwuch
expanded. The initial moduli (or more properly the coefficient of subgrade
reaction, which miyht be determined from a plate loading test similar to those
carried out here) as determined from the slopes of the load-settlement curves,
are approximately the same. In Figure 48, where the effect of different types
of reinforcement is shown, the initial moduii of the tests with the woven fabric
reinforcement are seen to be about the same as their counterpart tests with the
geogrids. The moduli for the 2-inch depth of burial are somewhat less than those
for l-inch depth of burial, independently,of the type of the reinforcement. The
presence of the reinforcement at l-inch depth clearly affected the initial
moduius (or coefficient of subgrade reaction}.

Figure 49 shows the effect of the number of layers of the fabric reinforce-
ment. Tests on multiple layers were only conducted usiny the 6-inch CP. The
difference in behavior between the two tests with two layers of reinforcement is
quite apparent, but it is not obvious why that difference occurred. Because of
time and other constraints, these experiments were not repeated; therefore, it
is not known whether the effect is a test artifact or not. The work-hardening
effect is not so apparent, probably because of lack of edge fixity, althou b
some effect was shown on the two-layer test with fabric at 1.6 incres spacing.
As expected, there was a significant increase in the load-carrying capacity of
the two-layer system at a shallow depth of burial (the 6CP2W-0.5 test).

Figure 50 shows the load-settlement results for the plane strain tests.
There was a work-hardening effect for both tests with the fabric reinforcement
as well as with the yeogrid reinforcement at l-inch depth. There was not much
difference in response between the two kinds of reinforcement, although both
showed a significant improvement over unreinforced sand. The mo.uli of all
tests with reinforcing were slightly greater than the unreinforced sand, although
the difference is small,
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Figure 51 shows the effect of edge fixity. The second run of test 3CPla-
1-inch PF had a disturbed surface and consequently failed at a signiricantly loss
ultimate load than the first run or that test {1UZ pounds vs. 56 pounds).
surprisingly, there was very little difference between the tosts with full fix-
Tty and those with partial fixity. Recall that in the full -ixity test, the
geotestile was attached by wooden slats bolted to the sicde of the box. For tne
partia’ fixity test, a fold of about 1 inch was made in the fabric all arouna
the periphery.  The full fixity test was expected to be an upper bound of tnc
eftect of reinforcement, while the test with partial fixity would show the
intermediate value with respect to full fixity and no edge fixity. These
results will be discussed in greater detail later in this section.

¢. - ltimate Load and Stress

Table ¢, an expansion of Table 2, describes the vdrious tests, ds well
4s some test results.

Tadie b oyives ultimate Joad P oat initial yield, P, and at a plate set-
tlement of 1 inch for each test. The depths to the reT%?orcement layers are
showr as a ratio of the plate diameter (or plate width in the case of the plate
strain tost), or @ L. Tae unit bearing stress at failure, g, is P| K/A. From
the vaiues in Table ¢, it is apparent that reinforcement results 1n a signifi-
cant increase n g for ol plate sizes. Significdant improvement also results
with the addition of a zecond fabric layer, as shown in the 6CPcw tests. Fyull
or c2rtial enge tixity apparently nas very little effect, and, surprisingly. thy
use of tne niyner strength gecyrids did not increase the ultimate stress as riuch
as wxnected.

sinquet ana cee (Reference ¢¢) expressed the degyree of improvement due to
reinforcemert in terms of a vearing capacity ratio (BCR). They defined the GLR
as o with reinforcement divided by g_ without reinforcement, at tne same verti-
cal eformation. 1o the present test series, initial yield occurred dat about
*he same settlement, and once failure occurred, the amount of vertical deforma-
“ier oourring thereatter dees not appear to make much difference in calculated
puk o ovatlyes fape the Joad-settlement curves, Figures 4o to 51). Therefore,
presont resuits were put in teres of a modified BCR, wherein the q/q_ ratio was
detereiaed for the masimun observed values of each. The modified BC& values for
the vamious teat with recpect to the test on the unreinforced sand tor the
variens plate wizes and shapos dre also shown in lable o,

Snoic ot nterest Lo ocoupare the resylts cf the tests on unreinforced sec-
tiens with tne terretical bearing capacity.  This was done using Terzaghi-
Meyornott Learing caracity factors (keferences 52 ang h2). Table 7 shows the
theoretrcal ultimate bearing capacity 1n pounds for the three test configura-
tions far @ range of friction angles. Also shown in the table are the observed
maximi© values of Yoad con the plate. For all of the tests, empirical correc-
tions tor tne shape ¢f the lodded area were made.
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TABLE 7. THEORETICAL ULTIMATC BEARING CAPACITY, PUULNGY -
UNRE INFORCED SECTIONS

R ]
Test , = 4%  ag® 42° 45" Observed
SO lt. s 37.7 69.5 U2 vu: bU.S
oLr I 362 475 424 411 to 506, avg. 435
e S04 704 1111 o 1123

The ajrecment of the theoretical values for o = 420 with observed velues s
c«ellent. This vatue of 3 also agrees with the results of the direct shear
tests presentea in figyure 26 and verifies the obscrvation that the sands were
redatively dense.

Comparison of oresent results far reinforced sands with previousiv up-
Tisned theoretical cevelopments 1S not easy. sinauet and cee {Referenc- .o
Sujyested tnat the theoretical bearing capacity ratio for one reinforcenc:t
layer shoule be about 1./. Since their theory was for a strip footing anc for
strips of reinfurcing rather tnan sheets, this comparison may lack validity.
Jrpsent Uy otest results (Table t) indicate bCR values significantly greater than
L. ninguet and Lee's results for two reinforcement layers suggest a theoreti-
J4) onim of about 1.9. withuut dany correctiorn for strip vs. circular footings,
Sresent ok values for twd fahric layers were siynificantly greater. The only
Jtrer theoretical moae! for bearing capacity of fabric reinforced sands nas oween

wsented oy raliburton, et al. (Reference 13). Their results will be discussed

Tater.

aliburton, ot gi. (deterence 135 report that an improvement on the order
st Loaodn fabric-scil ioad capacity can oe inferrea from the work of varenibery,
Ceaard, and tneir cowdraers (References ¢b, 2o, ¢/ and %4}, Our tests verify
Seat 1. 1S a4 4ood average iwmprovement value.

. Lffect of Poi-tarcement Toplp o and spadirg

Eiaure ¢ shows the maximum Yoad on the jlates, © . Vs, the deptn, a,
X . . . Md x . .
<t rirst rednforcement fayer. it appedrs that deptn nas very little iatly-
oon the first reinforcement laver for both the 0w and 6CP tests if tnc
‘eotn of turial is Tess than 2 inches. for the ol test, when the depth reached

tiches, there was a i niricant decrease i the —_— On the ordinate (v 7 ig-
Lre G, the theoreticd! dearing capacity values for iﬁe unreinforced sandc for a
“+ 3¢ deyrees Jre chown (Tl T

The Lse of two Yayer . of woven fapric reintorcement with the oib tests
Cows g Signtticant tmprovenert. Tt vs not knewn what would have happened bt
srees reinforcenent deptns had been tested.
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With respect to increasing the depth to the first reinforcement layer, the
results for the circular plates are exactly the opposite as with the plane
strain tests. In the latter tests, the Ppax increased significantly with an
increase in the depth of the reinforcement layer, at least to the depths tested.
It is likely that P would eventually decrease if the depth to the first layer
was sufficiently 1a?§é. The exact depth at which this decrease would becin to
occur will require additional testing.

The effect of the geogrid reinforcement for both the CP and PS tests was
surprising in view of the differences in modulus and ultimate tensile strength
petween the grids and fabric. Apparently the advantage of interlock, which the
yrids obviously have, was not realized with the relatively fine Ottawa sand
(tnat is, "relatively fine" with respect to the dimension of the "threads" of
the grids). With the fabric reinforcement, the diameter of the grains is of the
same order of magnitude as the diameter of the threads, and therefore signifi-
cant reinforcing effects occur (References 4, 48, 49), as indicated by the
marked increase in beariny capacity of the reinforced vs. the unreinforced sands
{(Figure 52).

Similar effects are also shown in Figure 53, where the BCR is plotted vs.
the depth in inches to the first reinforcement layer. The bearing capacity
ratio, BCR, is defined herein as the bearing capacity of the reinforced section
to the bearing capacity of the unreinforced section (after Reference 22). Fiy-
ure 53 shows that the BCR is much greater for the reinforcement at shallower
depths than for the reinforcement at greater depths. In both the 3CP and the
6CP tests, a general falling off of the BCR occurs as the depth of the first
layer increases. The same trend is apparent for tests with two layers of rein-
forcement and for the grid reinforcement. In fact, for those two situations,
the decrease of BCR with increasing depth is much greater than for the single
Tayer of fabric. The only exception to these trends is with the PS tests, and
as mentioned above, it is possible there would be a decrease in BCR if the depth
to the first layer was increased sufficiently. 1In both cases, fabric and grids,
the BCR increased from about 1.5 to slightly more than 1.6 as the depth was
increased from 1 to 2 inches. When the effect of partial and full fixity of the
fabric is considered, it is interesting that the BCR for those two tests was
only about 1.7 as opposed to 2.0 or more for the "free" edge test. Why this
decrease occurred is not obvious, but from the analysis of Haliburton's test
data (References 12 and 13) presented later in this section, it appears that
edge conditions and even partial fabric prestress do not significantly influence
the bearing capacity at initial yield of the loaded plate.

Also shown in Figure 53 are the results of two series of 6CP tests, “old"
and "new" series. The "0l1d" series consisted of tests which were conducted with
tnhe 5C-kip load cell, and, consequently, the sensitivity of the loads measured
left something to be desired. Those tests with fabric at 1-, 2- and 3-inch
depths were repeated, and although the observed strengths were somewhat less in
terms of BCR, the trends were very similar, which gives one confidence in the
overall validity of the data.

e. Effect of Number of Layers of Reinforcement

As shown in Figure 53, the 6(P test conducted with two layers of woven
fabric reinforcement indicated somewhat yreater BCRs with the spacing and depth

4




LEGEND
2.4
3CP__6CP PS
[ iw O a A
' s I -- &

PF.FFQ —— -

\ Q 2w - O --

8.C.R.

1. 1 1 A i . A

L4 ] e
Depth, d, to first reinforcement layer , Ia.

Figure 53. Modified Bearing Capacity Ratio(BCR)vs. Depth
of the First Reinforcement Layer.

il




less than 1 inch, whereas the increase in BCR was about the same for the fabric
layers at 4 centimeters or 1.6 inches depth and spacing. We conclude, there-
fore, that the benefit from two fabric layers is much greater if the depth and
spacing of the reinforcement layers are relatively small compared to the diame-
ter of the loaded area. The work by Binquet and Lee (References 21 and 22} sug-
gests that the failure mode that would be observed because of the dimensions of
the loaded area and the test box would be "ties pulling out.” With short ties,
i.e., a limited distance to the edge of the reinforcement, the ties do not
mebilize sufficient frictional resistance to actually exceed their breaking
strength in tension; rather the ties will simply pull out of the sand bed. This
is the type of behavior that we observed, especially when we continued to push
the loaded plate into the sand after the initial bearing capacity failure was
observed. For evidence of the reinforcement pulling out, see Figure 41.

f. Function of Type of Material

The tests which contrasted the woven fabric with the geogrid reinforce-
ment were the 3CP and PS tests. For the circular piate test, the BCR for the
grids was about 3 percent greater than the fabric BCR at d = 1 inch, and about
13 percent greater for d = 2 inches. For the plane strain test, the reverse was
true; that is, the grids actually had a lower bearing capacity than their woven
counterparts at both depths, although the differences shown in Table 6 are
small. For all practical purposes, the BCRs in plane strain for both tyres of
reinforcement are the same.

5. Effect of Partial and Full-Edge Fixity of the
keinforcement

As shown in Figure 53, edge fixity actually decreased the BCR for the
two tests conducted at ¢ = 1 inch. This response is surprising because it is
aifficult to imajyine how the edge conditions would infiuence the initial bearing
capacity failure.

Present results will be contrasted with those obtained by Haliburton, et
al. (References 12 and 13) later in this section.

h. Scaling Effects

As described earlier, one of the objectives of this research was to
determine what the bearing capacity of fabric-reinforced sands would be under
typical fighter aircraft loads and tire print sizes. For reasons explained pre-
viously, it was not practical to test circular plates of the same size as an
aircraft tire print. It is interesting, therefore, to look at the tests in an
attempt to "scale upwards" to the approximate 9-inch diameter print size of
typical fighter aircraft tires.

Figure 54 shows the maximum load on the plate at failure vs. the ratio of
the depth of burial of the reinforcement to the diameter of the loaded plate, or
d/0. In the case of the plane strain tests, the ratio of the depth of burial to
the width of the plate was used. For the sake of comparison, the theoretical
pearing capacity values are indicated along the ordinate by small arrows. It
. wil) be recalled that these are the theoretical values calculated for ¢ = 42
. degrees. As in Figure 52, there is a marked increase in maximum lToad due to the
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presence of the reinforcement. In every case of d/D, the presence of the rein-
forcement results in a greater uitimate load than for the unreinforced sand
alone for the same size plate. For the case of the plane strain tests, the
degyree of improvement is significant. In Figure 55, the stress at maximum load,
®max/Aplate = G, is shown vs. d/D. The trends described with respect to Figure
54 are apparent here also.

For comparison purposes, data were extracted from Haliburton, et a).
{References 12 and 13) and their data {for a 6-inch plate only) are shown in Fig-
ure 55. Shown on the ordinate is a small arrow labeled "Th.B.C." which indi-
cates, as before, the theoretical (unreinforced) bearing capacity. This value
is for ; = 35 degrees, and it agrees very well with results in Reference 13.
Actually, the trend towards increase in ultimate stress on the plate due to
reinforcement is about the same as found in the present study, although there
appears to be more scatter in their data.

In Figure 56, the BCR is shown vs. the normalized depth of the reinforce-
ment, d4/D. Obviously, for no reinforcement, the BCR is 1.0, so the points for
d/0 = U are not shown. The trends as suggested by Figyures 54 and 55 are also
indicated here. It was expected that the size effect for the circular plate
tests would be small, but this is not the case, as shown in Figure 56. The 3CP
tests have a higher ultimate BCR than the 6LP test, and from both tests, the BCR
decreases as d/0 increases. As noted previously, the plane strain test hehavior
is in the opposite direction. The responses for yrids as well as multiple
layers are also indicated here. With Figure 56, the benefit of the various
reinforcement systems can be easily ascertained as a function of the ratio 4/D.

A significant effect of the size of the plate on the BCR has been observed
by others. For example, Jarrett (Reference 55) conducted several large-scale
Yaboratory plate bearing tests on peats, and he found a significant difference
between tests using a 6-inch diameter plate and those using a 12-inch diameter
plate. Thus, usiny purely geometric scaling to predict the load-carrying capa-
city of geotextile-reinforced soils is not possible. Apparently other factors
affect the results.

For comparison, the results from Haliburton, et al. (References 12 and
13} are shown in Figure 57. Several interesting phenomena are apparent. For
one thing, there is a rather large scatter in the BCR for tests at d/0 = 0.5,
For the tests in which the BCR is greater than 1, those values are of the same
order of magnitude as found in the present tests. When d/D increases to 1.0,
there is actually a loss in efficiency due to the presence of the reinforcement,
and this is true also for the 4-inch plates at d/D = 0.5. Why this effect
occurs 1s not obvious. If the behavior hypothesis proposed by Haliburton and
his colleayues is correct (Section 1), then the deeper the initial level of the
reinforcement, the less effective it should be. In other words, if the rein-
forcement is initially at a distance U or greater below the bottom of the foot-
ing, the reinforcement has essentially no effect on the deformation and failure
pattern of the footing until the footing settles sufficiently, or well past the
“"ultimate." This effect is seen in the wark-hardening of Haliburton's load-
settlement curves and by our data in Figure 51. Haliburton's tests were con-
ducted with edge fixity, whereas almost all of the present tests were not. How-
ever, Figure 56 shows that edge fixity was not a significant factor in increas-
ing the BCR. For some unknown reason, it may actually cause a decrease in the
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BCR. It was originally anticipated that Haliburton's tests would provide an
upper bound to the level of improvement due to the reinforcement. From the
results in Figures 56 and 57, an upper bound is not apparent.

i. Box Size and Edge Effects

In the early stages of this research, the question was raised dabout the
relationship between the size of our loaded plate, at that time 6 inches in
1 diameter, to the width of the test box itself. For those tests, the ratio was
- about 5. Thus, the test series with the 3-inch diameter plate was planned to
assist in scaling to larger plate sizes and to investigate possible edge
effects.

During most of the tests, a mechanical dial indicator, accurate to 0.01
millimeters, was placed outside the box with its stem at the elevation of the
reinforcement. During loading, the deflection of the wall of the box was noted.
In the case of the 6CP and PS tests, the maximum observed deflection was between
] 0.2 and 0.35 millimeters. No wall movement was detected in any of the 3(P
tests. 1t was apparent that the observed movements correlated directly with the
loading. That is, as the load was increased, the deflection would increase
until the maximum value was reached at approximately the time of initial bearing
capacity failure.

Because the observed movements were so small, it is felt that any edge
effrcts could be considered negligible.

j. Haliburton's "Optimum Depth" Concept

As described in Section I, Haliburton and his associates (References 12
and 13} proposed a concept of "optimum depth"” for explaining the increase in
pearing capacity due to the presence of the reinforcement. They suggested that
the optimum depth of the fabric should be at U.5 B tan ¢. For the present
study, the most probable ¢ = 42 degrees, so the “"optimum depth" for the 3CP
tests would be 1.35 inches and for the 6CP tests 2.7 inches. These values
correspond to a d/0 ratio of 0.45 for each case. The results in Figures 52
through 56 indicate that the “optimum depth ™ if it exists, is less than this
value, perhaps even less than 1/3 D. In a practical sense, however, there are
severe limitations to the minimum depth of placement of the reinforcement, even
if it could be shown that the "optimum depth" is 1/3 D or less. A practical
minimum placement depth is probably about 1 inch or perhaps deeper, especially
if ordinary construction equipment is employed for the placement of the top sand
tayer. Considering this limitation, then the “optimum depth" of placement that
#aliburton found is not unreasonable for typical tire print sizes.

k. Deflection Basin Measurement and Rut
Development

It was of some interest to determine the shape of the deflected surface
of the sand. These results are shown in Figures 58, 59 and 60, for the 3CP, 6CP
and PS tests, respectively. in these figures, the surface deflection in
thousandths of an inch is shown vs. the distance from the center line of the
plate. On the top of each figure, small arrows A through £ are indicated.

These positions correspond to the locations of the DCDTs cescribed earlier (see
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Figure 26}. 1n all cases, the deflections were determined at one-half ot the
load on the plate at first yieldiny. Considering the rather small ceflections
measured {in many cases, only a few thousands of an inch}, the data are remark-
ably consistent. It is difficult, however, to see any significant effect of the
different reinforcement configurations other than that there is some improve-
ment, i.e., some decrease in deformation, because of the presence of i rein-
forcement. Apparently, the stress field is changed by the presence of the rein-
forcement well before yielding or “failure” occurs. This is consistent wits the
strain diffusion hypothesis presented in Section 11l.

Note that the shapes of the deflected surfaces are similar to those shown
in Figures 8 through 14 for the strain diffusion hypothesis (Section 11). How-
ever, deflection profiles in those figures are in terms of relative deflection
(relative to the deflection of the rigid plate). Therefore, an attempt was made
to normalize the deflection measurements in Figures 58 throuyh 6U. These data
are shown in Figures bl and 62. They correspond to the 3CP and PS geflection
data given previously. (Because of the difficulty of interpreting the normal-
ized 3CP deflection resuits for Figure 61, a similar normalization procedure was
not attempted for the oCP tests.) In these figures, the deflection at Pm xwz
was normalized for the various reinforcement configurations with respect'go the
plate settlement at maximum load, which occurs Jjust before the plate plunyes
into the subgrade sand. The data are remarkably consistent in the plane strain
tests (Figure 62). However, this was not the case for the 3CP tests.

It can be determined from Figure 14 that the maximum theoretical heave is
.2 ¢t x/a = 3. Figure bl shows that for the 3-inch diameter plate, a relative
adeflection (heave) of 0.2 occurs at r/b = 1.3, which is equivalent to x/a = 2.6,
or very close to the theoretical maximum at x/a = 3. For the 6-inch diameter
plate, the maximum relative deflection (heave) was 0.47, and it occurred at x/a
1.5, The difference between the 3CP and 6(P behavior is probably related to
some unknown scaling effect of plate diameter, as described earlier in this sec-
tion.

As the operational criteria of scme aircraft specifies ruts te be less than
abcut 1 inch in depth, it was of interest to determine what the load would be at
1 inch depth for the various loading plate sizes and reinforccaent configura-
tions. 1n some cases, the nature of the load-settlement curves and the limita-
tions of the instrumentation made it impossible to determine exactly what the
Joad was at a settiement of 1 inch. But a few yeneral conclusions can be drawn

from the data that do exist (see Table 6).

In a large number of cases, therc really was very little difference between
b (load at initial yield) and P at < - 1 inch. This observation was true
inderendently of whether the fabric or yrid reinforcement was used. However,
this was not true for the cases with partial and full fixity. The estiunated ¥
at s = 1 inch was at least twice that ot Ry . These observations tend to ver-
ify the observations of Haliburton, et al.(Refcrences 17 and 13). They found a
significant "work hardening" of the loac-deflection relationship after substan-
tial (U.3 to 0.5 D) sinkage of the loading plate took place. If the fabric is
"fixed” at the edge and placed relatively close to the surface of the sand. then
it could be expected that significant increase in bearing capacity and decrease
in deformations befaore failure would occur {see Sections 1.3, II1.5.h, and
i1i.5.) of this report).
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In several “"reinforced” tests, loading was continued well past the initial
failure so that the loading plate penetrated 2 inches or more into the subgrade.
Then the top layer of sand was carefully excavated and the reinforcement
removed. Significant depressions in the exposed sand surface were observed
(see, for example, Figure 35}). In contrast, Haliburton, et al. (References 13,
p. 72) reported finding no such permanent deformation below the level of the
reinforcement. The difference between present test observations and those by
Haliburton was probably the result of the edge fixity in his tests, but this is
only speculative.
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SECTION 1V
IMPLICATIONS FOR ALTERNATE LAUNCH AND RECOVERY SURFACES

The experimental and analytical investigations described in the previous
H two sections have rather important implications for the design and construction
of alternate launch and recovery surfaces. This statement is made in spite of
the fact that none of the reinforcement configurations actually tested woul' be
able to support present military aircraft on unpaved but reinforced surfaces
constructed of dense sands. The results, however, do point the way towards
several practical techniques which could significantly enhance the bearing capa-
city of unpaved surfaces and may ultimately provide economic ALRS systems.

F With the exceptions discussed in Section Ill, the test results presented
nerein tend to verify the conclusions of Haliburton, et al. (Reference 13) as to
the effect of lateral restraint reinforcement where membrane-type support is not
expected. However, if a very soft subgrade exists, then one would expect the
greatest effect of the memurane to be realized. This was shown theoretically by
Bourdeau, Harr and Holtz (Reference 44; see Section I and Appendix A), but it
could not be verified experimentally in the present series of tests because only
dense sands, not soft clays, were tested. !

Tne important effect of geometry, that is, the depth of placement ¢ the
first layer of reinforcement, as well as the effect of multiple layers of rein-
E forcement, was shown. However, the concept of a "critical depth" of reinferce-

ment at 0.5 B tan ¢, was not verified, although the data are not sufficiently
precise to recommend an alternate numerical value of "critical depth." If it
exists, it probably 1s less than (.5 B tan ¢ or about 1/3 8.

The requirement of sufficient depth of cover for prcper fabric anchorage is
apparently not as critical as had been originally thought. From the tests
reported in Section 111, even shallow depths of cover are sufficient to develop
fabric frictional resistance. This result is shown even with the "lower bound"
tests with no edge fixity in comparison with the results of partial and full
fixity at the same depth of fabric. This observation has important practical
implications. 1In the field, the depth of cover to the first reinforcement layer
can be relatively shallow, depending on the depth required to develop sufficient
bearing capacity versus the practical consideration of how to actually construct
a thin layer of sand over a yeotextile. This means that the fabric can be
placed at a relatively shallow depth, centingent only upon practical construc-
tion constraints, and not contingent upcon the requirement of a sufficient depth
of burial to develop fabric frictional resistance. The value of the geotextile
reinforcement is apparently much greater for ALRS installations, which are orly
required to support a relatively few operations before excessive surface defor-
mation or rutting may occur. GExcessive surface deformation indicates that a
bearing capacity “failure” has occurred and that the soil exists in a state of
plastic equilibrium. Thereafter, there will be little or nc increase in beariny
capacity, even with very large deformations.

ased on the results presented herein, the system most likely to be suc-
cessful as a reinforcement system for ALRS would be multiple layers of a heavy
jeotextile or geogrid with the depth to the top layer as small as can be practi-
cally constructed. The minimum depth should be on the order of 1 inch or less




if it is possible to construct such a thin layer, although scaling upward to
aircraft tire sizes may alter this recommendation. Construction problems will
exist also with the requirement for multiple layers of reinforcement. Specific
design rules for ALRS systems as well as specification of the desired fabric
properties are not possible at this time without the results of experiments simi-
lar to those proposed for Phase 1 of this effort (Section V).
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SECTION V
OUTLINE OF PLANS FOR PHASE 11 RESEARCH

[t was originally envisioned that the laboratory and analytical portions of
the research would allow a proyram of full-scale field tests to be planred and
carried out as a second phase of the research. The program would assess the
validity of tne analytical relationships developed in Phase I and would gather
additional experimental evidence on the performance and economics of selected
soil reinforcement systems.

1. FIELD TESTS

Full-scale model tests of a limited number of fabric-reinforced runway sys-
tems would be constructed. These test sections would be constructed tu simulate
actual field installation procedures. The size of the test sections would
depend on the place where the tests were carried out. If conducted at the USAL
Aaterways Experiment Station, Vicksburg, Miss., then test sections on the order
of 20 feet wide by 150 feet long are possible, as indicated by Webster (Refer-
ences 36 and 37). Thus, five different test sections, each 30 feet long, could
pe investigated. At WES it is possible to have test sections on both very soft
clay (CBR < 1) subgrades or subgrades of loose sands and silts, It is recom-
mended that a sand subgrade be utilized initially. One section would be unrein-
forced as a control, and the other sections would consist of different types and
jeometries of reinforcement. The test sections would bDe instrumented for vert-
ical and norizontal deformations. Inductance-type soil strain gages would be
attached to the reinforcement so that horizontal deformations could be deter-
mined (Reference 56). Settlement profiles could be determined either by cross-
sectional surveys or transverse settlement gages {Reference 57). The response
of the various reinforced systems would be obtained by use of the F-4 load cart.
The cart would be repeatedly towed over the control and reinforced sections
untii either subgrade failure or deep rutting of the surface occurred. Prior to
failure, surface deflecticns would be obtained by the traveling laser beam sys-
tem developed by tlton (Reference 58) presently at WES. In this manner. the
number of passes of the F-4 load cart could be courrelated with performance of
the reinforced sections. The observations would verify predictions of prototype
performance under full-scale traffic conditions and allow empirical corrections
to oe made to design procedures developed from the analytical and experimental
work conducted in Phase [ of the research.

2. ADDITIONAL LABORATORY AND ANALYTICAL INVESTIGATIONS

A limited series of laboratory investigations should be carried out as part
of the Phase 1l research program. Additional plate load experiments should be car-
ried out on (a) clay subgrades and (b) on the geogrids with coarse granular
mnaterial such as pea gravel utilized for the top surface layer. As mentioned
previously, one of the advantages of geogrid reinforcement is in their ability
to interiock coarser granular particles to provide tensile resistance, in addi-
tion to increased frictional resistance. Additional multiple-layer reinforce-
ment systems should also be investigated to supplement previous research. Tests
on soft clay subgrades would enable behavior and performance to be extended to 4
wide variety of natural soil types.




3. ADDITIONAL ANALYTICAL WORK

The potential of the strain diffusion theoretical development described in
Section Il has barely been realized. Work on this aspect was begun rather late
in the project and,consequently,it could not be completed in the time remaining.
This technique is not only applicable to ALRS and other pavement Systems but
also to an entire class of foundation (settlement) problems. The possibility of
being able to avoid having to determine or estimate traditional constitutive
relations for a wide variety of soils is extremely attractive. It is therefore

recommended that additional analytical work also be carried out as part of Phase
II.

ne




SECTION VI
CONCLUSIONS AND RECOMMENDATIONS
1. CONCLUSIONS

a. Significant increases in bearing capacity due to both the depth of the
reinforcement and the number of reinforcement layers were observed. However,
the improvement effect decreased as the depth of the first layer increased.

b. As observed by others, a strain-hardening effect due to the presence of
the reinforcement was also observed in these tests.

¢. At shallow depths of reinforcement, an increase in the modulus of
subgrade reaction was observed.

d. The concept of a "critical depth,"” if it exists, was found to be some-
what less than 0.5 B tan ¢; it is probably about 1/3 B {(or 1/3 D).

e. For the geometries tested, behavior of reinforcement systems in terms
of maximum load on the plate and bearing capacity ratio when loaded in plane
strain was the opposite of that observed for the circular plate tests.

f. Based on a limited series of tests, edge fixity conditions are not con-
sidered to be important. The bearing capacity tended to decrease for these
tests.

3. The benefit of multiple-reinforcement layers is greater if the depth
and spaciny are relatively small with respect to the diameter of the loaded
area.

h. The benhavior and degree of improvement using geogrids were about the
same as with the woven polyester, even though the grids have a significantly
greater tensile strength and modulus than the geotextile. This difference was
probably due to the lack of any contribution of "interlock" with the sand used
in the tests.

i. Geometric scaling of load, bearing capacity, etc. was not possible;
arparently factors other than diameter of loaded plate influence the response of
geotextile-reinforced systems.

Jj. Surface depression profiles due to the loaded plate could be preaicted
aporoximately from the strain-diffusion hypothesis developed in Section 2.

¢. RECOMMENDATIONS

Recommendations for additional research in earth reinforcing were outlined
in Section V. Full-scale reinforcing systems should be tested under prototype
1oading conditions. Construction problems, as well as field performance, can be
mocdeled adequately to effectively permit prediction of prototype behavior.




some additional laboratory and analytical work,
is desirable before site-specific design procedures

systems can be finalized.
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also outlined in Section V,
for fabric-reinforced ALRS
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APPENDIX B
LISTING OF COMPUTER PROGRAMS

PROGRAM MAINCINPUT, DUTPUT, TRPES=INPUT; TAPEG=0UTPUT)

FELR AR RSB RSN RN R SG R AR IR R RN ERGA P RS R IRV TR NBSERA DR R R R RO

® THIS PROGRAM EMPLOYS A 2D SYSTEM OF TWO LAYERS OF .
» SOIL REINFORCED BY A MEMBRANE AT THE INTERFACE. -
®* WINKLER MODEL FOR THE LOWER LAYER. o
®  TANGENTIAL INTERACTION IS RIGID-PLASTIC i
®» JTERATIVE SOLUTION TO THE FINITE DIFFERENCE EQUATION e
« DIMENSION OF VECTORS = 300 ot
* MODE BATCH b
- -
» »

BRRUERARBRIRNVBREA NG R G RDRARERAAERR OB BRI RERAB AR RBR ARG ERR

OoNOOONONOONONOON

COMMON ~BL1/EPSILO1.EPSILO2, TOs DELTAT: ITMAX, ITER, M,
* EMs Lo HR, IOUT(30), JOUT, XLA, Ry TMAX, XTMAX
COMMON ~/SIMPS/F(300),NSsHSs FINT
COMMON /MAT1.XA1300:3), XB(300),H{300), NP
COMMON /MAT2/T(300)s TAUC300)+ LAMBDASN:
COMMON ~TG1/TAUIM(300), TRU2M(300), TAUL (300, TAU2(300), X(300)
COMMON /TG2/512(300),522(300)

REAL KS,0OUI.L.LDIF,NU1,LAMBDRA
INPUT DATA

LE 22222221

oonn N

DO 100 I=1,30

éao I0UT(1)=0
HRITE(E,901)

301 FORMATC(/, 74 1Xs 130 1H®), 7, /4 45X, 1SHPROGRAM FABRICY,

® /v /01X 13001H®), /)
WRITE(B,90S)

305 FORMAT (74 74 1X, 37HCONUENTION? TENSILE STRESSES NEGATIUE)
RERD(S+1103)A
READ(S, 1103418

1103 FORMAT(F10.3)
READ(S, 1103)NUL
READ(S.1103)KS
LAMBDA=KS
READ(S.1103)EM
READ(S+1103)P
READ(S, 1103)L
READ(S, [ 103)F 1
READ(S, 1103)F2
READ(S, 1103)GAMA
READ(S, 1115)NSTEP

élls FORMAT(IB)

200 H=L/NSTEP

C
E NUMBER OF NODES

NP=NSTEP+1
READ(S,1103)TO

. READ(S, 1103)DELTATD
READ(S, 1214)EPSILOL
READ(S, 1214)EPSILOR




1214
1218
c

READ(S, 1218) ITERMAX
RERD(S, 1218) ITHMAX
FORMAT(F10.8)
FORMAT(I3)

E INTERMEDIATE OQUTPUT COMMAND

RERD(S, 1213)NOUT

1219 FORMAT(I2)
IF (NOUT. NE. 0)GO TO 210
GO TO 230
210 DO 220 I=1.NOUT
220 REARD(S,1219)I0UT(])
530 CONTINUE
C OoutTPuT
C wanane
c
HWRITE(E,2001)
2001 FORMAT(/, 1X, 21HBATA FOR COMPUTATION: »#ylHsussatinnnsnsrnensnnen)
[ .
HRITE(S.2 009)
200S FORMAT (45X, 12HGENERAL DATAy 7)
HRITE(Gs I111)HL, NULKS.EMPyLsFL1sF2sR
1111 FORMAT(/, 1X,3HH1=,E12.4, 1Xs 1HM» IX
1 +4HNUL=+E12.4,3X
2 »3HKS=,E12.4, 1X, BHKN.M—3, 3%
3 +3HEM=,E12.4, 1X. BHKN.M-1, 3%
4 +2HP=,+E12.4, 1X, 1HM, 10X
S »1X,2HL=,E12,4, 1%, 1HM, 10X
6 +3HF1=,E12.4,10%
7 »3hF2=,E12.4, 10X
8 vEHﬁ=.Ela.4)
HRITE(G, 1212;GRMA, NSTEP
1212 FORMAT (1%, SHCAMA=, E12. 4, 1X» BHKN.M~3s 2%, BHNSTEP=/+.14)}
HRITE(G,2{01)
2101 FORMAT(~, 40X, 34HDATA OF THE ITERATION COMPUTATIONS)
WRITE(G,2102)TO, DELTATO, EPSILOL, EPSILO2, ITERMAXy I THAX
2102 FORMAT (/. 1X, 3HTA=v E£12, 4y 1Xs BHKN.M-1+ 4%, BHDELTATO=,E12. 4+ 1X
1 »EHKN. M-, 7, 1 X BHEPSILO1=, E12.4,BX, BHEPSILO2=,E12.4,5X
c 2 »BHITERMAX=, 14, 13X, EHITMAX=, I4)
C
c
C INITIALIZATIDN OF UECTORS
c REPSARAABRBRBBRR AN BBR RN
c

DO 300 I=1.300 -
TAUCT)=0.
TAU1(1)=0.0
TAU2(1)=0,0
TAULH(I)=0.0
TAU2M(I)=0.0
7(1)=0.0
XA(1,1)=0.0
XA(1,2)=0.0
XA(1,3)=0.0
XB(1)=0.0
F(I1)=0.0
X(1)=0.0




7 I AR s o i -
H(1)=0.0
522(1)=0.0
300 S12(1)=0.0

C

C CALCULATION OF TAUIM

C wsssmscsssssnssennae

o
Q=P/(2%*R)
DO 350 I=1,NP
X(D)=(I-1)eH
Y1=(X(I)-A)/(H1«SGRT(NU1))
Ye2=(X(I)+A)/(H1*SORT(NU1))
HT=(Y2-Y1)/NSTEP
DO 320 J=1.NP
F(3)=YLi+((J-1)eHT)
FID=EXP(-(F(J)=u2)/2)

320 F(J)=F(J)/SART(8=ATAN(1.0))
HS=HT
NS=NSTEP
CALL SIMPSON

350 S1Z2(1)=FINT=Q

CALCULATION OF DELTAP
DO 370 I=1.NP
370 F(I)=512(1)
NS=NSTEP
HS=H

CALL SIMPSON
HRITE(Bs 1221)FINT

1221 FORMAT (7, 1X: PHPSI(L)=»E12.42
DELTAP=P-(2«F INT)
HRITE(E, 1222)DELTAP

1222  FORMAT(1X, 7HDELTAP=,E12.4+7H KN,M-1)
DO 400 I=1,NP
TAUIM(I)=(S1Z(I)+(GAMA=H]1) )*»F1

00 CONTINUE

HMAX WITHOUT MEMBRANE
HM=512(1)/LAMBDA
COUNTER OF PRINCIPAL ITERATIONS ITER

ITER=0
JouT=1

o000 O00s

ITERATION COMPUTATION FOR MAIN CYCLE

SO ITER=ITER+1
DELTAT=DELTATO

FIRST ITERATION : COMPUTATION WITHOUT TANGENTIAL FORCES
IF (ITER. NE. 1) GO TO S30

o000 000

(]

500 DO S20 I=1,NP
S20 T(I)=T0
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c
E ITERATIVE COMPUTATION FOR SECONDARY CYCLE'
330 CALL ITERA

c
g CALCULATION OF S2Z AND TAUZ2M

DO SSO I=1.NP
S22(1)=U(1)«_AMBDA
S50 TAUSHM(I)=(S2Z(I)+(GAMA*H1) )aF2

c
€ COMPUTATION OF TANGENTIAL FORCES
c

CALL TANG
c
C COMPUTATION OF EFFECTIVE LENGTH
c

IF (F1. NE. 0) GO TO SB&S
IF (F2. NE. 0) GO TO S65
XLA=L
GO T0 5?5

SES5 CONTINUE

DO 570 I=1«NP
IF (T(I). NE. 0)GO TO 570
XLAR=X(1)
GG 70 575
570 CONTINUE
c

S75 CONTINUE
c
C CONTROL OF THE MAIN CONUVERGENCE QH HO

IF (ITER. EQ. 1)GO 70 600
DELTAN=(HOL-K(1))/H(1)

ADEL TAKN=ABS(DELTAW)

IF (ADELTAH, LT. EPSILO1)GD TO &80

COMPUTATION TOO LONG
IF (ITER. EG@. ITERMAX) GO TO 900
00 HOL=H(1)

INTERMEDIATE CUTPUT

L3 X2 222 22221222 ]

oacocoon o000

IF (ITER. NE. I0UT(JOUT)>)GCO TOD 620
CALL JUTPT
JOUT=J0UT+1

gEO GO TO 450

C IF COMNUERGENCE TAKES PLACE END OF COMPUTATION
c

680 CONTINUE

C

E CALCULATION OF T(X)

N=NP-2




DG 700 I=1.N
FCI)=(~3UC1) )+ (48U I+1))-H(I+2)
700 FI)=SIRT(1+(FC(I)/(29H))na2)
F(NP-1)=(L(NP)I(NP-1))H
F(NP-1)=SORT(14F (NP-1)#s2) -
F(NP) =F (NP-1)
DO 720 I=f.NP
720 T(D=T 1)eF(1)

o
E CALCULATION OF THAX

TMAX=T(1)

XTHAX=0.0

DD 730 I=2,NP

IF (T(1). GE. TMRXIGO TO 730

TMAX=T(1)
XTHRX=X(I)

E30 CONTINUE
HWR=W( 1) /WM

c CALL OUTPT

c CC TO 3893

g COMPUTATION TOOD LONG

300 HWRITE(E, 1801)

b 1801 FORMAT(/, 7, 1X, 32HNO CONUVERGENCE. IN THE MAIN CYCLE)

GO 70 €80

993  WRITE(E,S8001)

} 8001  FORMAT(/, 1X, 1BHEND OF COMPUTATION)
' c

c

) STOP

f END

SUBROUTINE ITERA-

'&'Sill..l.l'!l....I"l."'6‘!"l‘...‘.“."i{"""'l.ﬂ‘.

SUBRQUT INE ITERA
CYCLES OF SECONDARY ITERATION QF FABRICY
SOLUTION OF FINITE DIFFERENCE EQUATIONS OF THE
VERTICAL AND HORIZONTAL EQUILIBRIUM
FROM THE RESULTS OF THE PREUIOUS PRINCIPAL ITERATION
FORM THE MATRIX(SUBROUTINE MATRIX)
SOLUTION OF THE LINEAR SYSTEM(SUBRTN. SLIMTRI)
CCNTROL OF THE SECONDARY CONUERGENCE

vy —~vpyY

e wpr— -

FEERRABA BB SRR SRR BRABGE R A BB RN BB A RS RA RSN R VAT S EE RSN NN

COMMON ~BL)~/EPSILO1,EPSILO2, TO» DELTAT, ITHAX, ITER, WM, EM, Ls KR
§ ICUTC30), JCUT» XLA As THAX, XTMAX

COMMON /MAT1/XAC300,3),XB(300),W(300),NP

COMMON /MAT2-/T(300), TAU(300), LAMBDAH-

COMMON /SIMPS/F(300), NS HS, FINT

COMMON /TG2,512(300),522(300)

COMMON ~TG1/TARULM(300), TAUEM(300). TAU1(300), TAUZ(300), X(300)

OOOONOOONO0OODNOONOMOD 0OM
L 2N 2% BN 2R BN NR OF BN AN J

120 N




REAL LAMBDAWLDIFF.L

INITIALIZE

COUNTER OF THE SECONDARY ITERATIONS IT
IT={

COUNTER OF THE JUMPS OF THE RODTS DURING CONVERGENCE
XSAUT=0.0
DIFF=0.0

DIFFERPENCE FROM THE PREUIOUS ITERATICON
00 LDIFF=DIFF
FCPMATION OF THE MATRIX CCEFFICIENTS

CALL MATRIX

SiCCND MEMBER OF THE SYSTEM

o000 OOO-0000 O 000 o000 00

NSTEP=NP-1
DO 230 I=2,NSTEP
XB{I}=S12(TI)*HeH
XB(1)=0.0
»B(NP)=0.0

n
Q
o

SOLUTION OF THE SYSTEM
CALL SLIMTRI

CCNTROL OF CONUERCENCE

CRLLCULATION OF SRA

OO0 OoOn

N=MP-2

DO 300 I=1.N

FOI)=(-3«(1))+ (4=l I1+1))-H(I+2)
300 FOII=SCRTUI+(F(I)/(2uH) )uug)

FHP-11=(WHP)-W(HNP~1))/H

F(MP-1i=50RT(1+F(NP~1)eu2)

F(NPI=F(NP-1)

NS=NSTEP

HS=H

CALL SIMPSON

SRA=F INT-L

CALCULATION OF SRB

g Xaie]

DO 350 I=1.NP

350 FOI)=F(I1)#ABS(T(I))
NS=NSTEP
HS=H




e s

aonon

aan

unoon

545

T

CALL SIMPSON
SRB=FINT/EM

TEST OF CONUVERGENCE

DIFF=SRA-SRB

ADIFF=ABS(DIFF)

ADIFF=ADIFF/SRA

IF (ADIFF. LT. EPSILO2)GO TO 600

TESTS ON THE JUMPS QF THE ROOTS

PROD=DIFF#{ DIFF
IF (PROD. LY. 0) GO TO S50

STEPS OF THE JuMP

CONTINUE

TO=TO+DELTAT

DO S4S I=1.NP
TCD=T(I)+BELTRT

IT=17+1

IF (IT. GT. 1TMAX)GOD TO 580
GO Y0 100

c
C JumpP

C
550

570

575

OO0

2001
1001
1411

1012
578
o
580
1420

XSAUT=%SAUT+}

XSIGN=-1
DELTAT=XSIGN#((1/(2%XSAUT) ) «DELTAT)
TO=TO+DELTAT

DO 57S I=1.NP

TCI)=TC(I)+DELTAT

IT=1T+}

IF (I7. G7. ITMAX)IGO TO S8G

INTERMEDIATE OUTPUT

IF (ITER. NE. IQUT(JOUT))GD TO S78
WRITE(G,2001)ITER
FORMAT (7, 1X, SHITER=, 14)
.TE(E, {001)DELTAT
AT (1X, 7HDELTAT=,E12.4)
WRITE(G.1411)
FORMATBSXs 4HSRA=, E12.4, SXy» 4HSRB=, E12. 4+ SXs SHDIFF =y

! E12.4,5X, SHADIFF=,E£12.4)

WRITE(6,1012)PRQD
FORMAT(1X, SHPROD=,E24.4)
GO 70 100

WRITE (G, 1420)ITER, IT
FORMAT (/s 7» {1 X, 37THNO CNNUERGENCE IN 1rJ .SECONDARY CVYCLE, 1,

1 SHITER=,14,3H1T=14)

STOP

CONTINUE
RETURN
END




SUBROUTINE TANG

A A AT AR ST XS L SR L e s 2R e S Rl sl el o nda n Lol d

SUBROUTINE TANG

COMPUTATION OF THE NODAL TANGENTIAL FORCES FOR
FABRIC4
PRIMARY TANGCEMTIRL STRESSES S!Z2 ANR S22
SECONDARY TANGENTIAL STRESSES(ELASTO-PLASTIC)
TENSILE NODAL FORCES IN THE MEMBRANE T

L IR JR 3E W B BN IR I

FABRBHERARA AR FRAREBEREREPRBEURP BN R BN RERREEFERER RN RN

glslvieinlieigiaininliainliqly!
TS EPESEDS

COMMON /BLL/EPSTLOLLERPSILO2, 7O, DELTAT, 1THAX, ITER, WM, EMy Ly HR
1, I0UT(3071, JCUT. XLRY Ry THAX XTHAX

CGMMEN /761 TARULM(300), TARUZMI3003, TAUL(300), TRUR(300), X(300)

COMMON ~T52-512(300),522(300)

COtrCN AT L-XA( 300432, XB(300) . H{300), 1P

CCHMMON /MAT2/T(3C0), TRU(300)LAMBDAH

COMMON ~SINPS/F (300 NS, HS FINT

REAL LAMBIA
SECONDARY FORCES ARE ZERD AT THE EXTREMES

aaon N

F(11=0.0
TARUL(1)=0,
TRU2(1)=0,
TAUC1)=0.

F(HP)=0,
TRUCNP =0,
TRUI(NP)=D,
TRUZ(NP)=0,
FINT=0,
TINT=0.
NSTEP=NP~1
DO S00 I=2,NSTEF
CCHMPUTATION STARTS FROM THE END OF THE MEMBRANE

AUXTILLIARY TNDEX IA

NOoOOO0 O

IA=NSTEP-1+42
JAR=IR+]

LIMIT OF THE MOBILIZED STRESS
RIGID PLASTIC MODEL

LOO0nn

) S0 TAULC(TAX=TALIM(IAR)
¥ TARU2(IARI=TALZM(IR)
‘ 00 TAUCTARI=TAUL( TR +TRU2(IR)

aa




TENSILE FORCES IN THE MEMBRANE

o0

Do 500 I=2,NP

J=1-1

4 B=(TRU(J)+TRU(I))*H12
{ TINT=TINT+B

TCD =TI FTINT

N0 CGHPPESSIONS

nOoo

1F (Tely, LT. OG0 10 6006
T(1)=0.

TAU(I)=0.

Trulcin=0.

Tau2(13=0.
800 CONTINUE
c
1 C
4 PETURN
END
¢
~
i ¢
SULROUT INE MATRICE
C
C wu'";aﬁexe::»uua‘uipa‘tlia;;l&a&*#&érai&l#*&&*;ii“!ii!&i!
cC = hod
o= GUBROUTING MATRICE »
C = .
Coo* ATRIX COLFFICIENTS FOR FABRIC4 "
c ot
[ ;l‘Sulriiah}!iL:!|“nul¢ll&&l.K‘ilﬁiil.il.lll‘l!li*‘.'..“
c
C
conmon ,HQT&/KG(306-3).XB(300)vN(300).NP
Corvon MQTE/T(BOO)-TRU(SDO);LQMBDQ.H
E AL LAMEDA
C
8o 200 1=2.N1P
%A1, 1)=TC1)
SRt Ts Q) -LFHEDARHeH
sacl,2)=xAt 1,2 42871
Wl Te21=¥ACT,2)4 (HaTAUCT))
230 YAall.3 =T (1) +(HsTARUCT )
; c
! C
: C TOUNDARY reNO1TI0NS
i ©
! W le =0
r Ja01.23=1,
‘ ¥a(l,s3"=-1.
| ¥ (MPs1)=0.
' pathp,2)=1.
iR, 33 0.
c
C
PrTURN
LD
C

124
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CTYNTT TR RS

OO0 0000000 nOnn0 O

SUBRODUTINE SLIMTRI

TR TN TS RS RN R R RN

SUBROUTINE SLIMTRI

- -
- -
- -
# SOLUTION BY THE DIMINISHON OF A TRI-DIAGONAL LINEARR =
& SYSTEM L
- "
® »

AR ECSERR S EICR R BB ETETRUGRBLTDRTRD R DR HR SRR RRRA T RSN N

COMMON /MAT1/XA(300,3),XB(300),W(300), NP
ELIMINATICON
30 100 I=2,NP

FACT=XA(I,1)/XA(I-1,2)
XA, 2)=¥A(1,2)+(XA(I-1,3)#FACT)

100 XKBCI)=XB(I)-(XB(I-1)#FRCT)

COMPUTATION OF W(I) BY SUBSTITUTION

H(NP ) =XB(NP) /XA (NP, 2)
DO 200 J=2,NP
T=NP+1-J

200 HODY = (XB(I) = (XA(T, 32 %N (I+1))3/XACT,2)

RETURN
END

SUBROUTINE SIMPSON

TEELERBEGR DD RGN RGNS TR S I S I R RSN e

-

-

- SUBROUTINE SIMPSON

-

# NUMERICAL INTEGRATION USING SIMPSON RULE
-

FERERRER R AR RARRERCHEER ARG RRRBRRRBRRBRREERRERRER R RN E NN

COMMON ~SIMPS/F (300)+NSsHS« FINT
SIMPSONS FORMULA (NS HARS TO BE EVEN)

FINT=0.

DO 110 J=2.NS.,2

XINT=F (J-1)+4sF (1)+F (J+1)
XINT=XINT®#HS/3
FINT=FINT+XINT

RETURN
END

w




A it o

c

C

c

o

C =
C =
C =
C =
C =
C »
c

c

c

c
151S
C

c
15285
300
1526
C

c

{i&".l.ﬁ'l.Il’llIll'#*iIl’..ll”ii*’....""ﬁIQ’Q’.I'..

WONOU S WN -

SUBROUTINE OUTPT”

SUBROUTINE  OUTPT
OUTPUT FOR FABRICY

s eSS :

’Il'lllIIl..l‘Ci.QQ..’!I.I.”I."‘G.....I”I.I{'l."‘ll..

COMMON /BLl/EPSILOl-EPSILDE-TO-DELTQT.ITHQX.ITER.NH-EH.L-HE
, 10UT (300, JOUT» XLA, A» TMAX, XTHAX

COoMMON /TGI/TQUIH(300).TRU2H(300).TQU1(300)-TQU2(300).X(300)
COMMON ~TG2/512(300).522(300)

CCMMON /MAT1-XA1300,3),XB(300),H(300),NP

COMMDN ~MAT2-T(300). TAU(300),LAMBDAH:

REAL LAMBDA.L

NRITE(S-1515)ITER-H(l)oT(l).T(NP)oTNRX'XTNﬂXoXLQ.Hﬂ-HR
FORMAT (7 7+ 1Xs 27HRESULTS OF THE COMPUTATIONS » SXe SHITER=y I6s.
/e 1%, 20Hunuvsnnanannsunantan,

/025X, SHH(1)=, E12. 4. SXs 1HM,

225X, SHT(11=,E12.4» SX» SHKN.M-1,

7+ 25X, SHT (LY =, E12. 4. 5X, EHKN.M-1,

/4 E5X%s SHTMAX =+ E12. 4» 5X» GHKN. M~1,

/s 25X, GHXTMAX=,E12.4, SXs 1HM

725Xy 4H¥LA=,E12.4, SXs L1HM»

79 25X 3!‘1'””:'612-4!

/v 25X, 3H“R='FS-3')

HRITE (6, 1525)
FORHRT(/-3X.lHN.?XoIHXv10X.3H512-10X-3HSEZ'SX-4HTRU1-3Xo
4FTAU2, 10X, 3HTAU, 12X 1HT, 12%s 1HW /)

DO 300 I=1,NP
hPITE(S.1526)I-X(I)-SlZ(I).SZZ(I)-TRUI(I)TRU?(I).TQU(I)
fTCD W HCD)

FORMAT (1X» 13+ 1X,E12.4,7(1X,E12.4))

RETURN
£ND




P "RTER R LTS . T *

PROGRAM STRAIN(INPUT, OUTPUT, TRPES=INPUT, TAPEE=0UTPUT)

C
C
c bad A L 22 X Y Ry Y Y Y L Y P Y N N Y e R R Y Y Y Y RISy
C = -
Ce PROGRAM STRAIN L]
C e ]
C » THIS PROGRAM COMPUTES THE SURFACE SETTLEMENT UNDER e
C * AN APPLIED CIRCULAR STRAIN IMPRESSIONs USING STRAIN «
C ® DIFFUSION TECHNIQUES. L
Co» .
C LA A A2 2 s I Y Y Y Y Y Y Y I Y Y R T YR R R Y R Y YRR YT Y Y
DIMENSION C(250).D1(40)
REAL MU
c
PI1=3.1427 ;
! Q=1.00, 10 e SR AT THE Eer AT s T, ,
C DT TR LAY e D ONTERLVAL L CF DD A Cpe  THAT M e |
c IR R PN MANTINR e g
C INPUT M4 UALUE
REARD (S, 10 MU,
10 FORMAT(F10.3)
WRITE(6,20)MU
20 FORMAT (77, 1, BH MJ URLUE,F5.3)
C
HRITE(G.25)
25 FORMAT (7, BX, 3HR/Ay 13X, 1EHSETTLEMENT RATID)
c
DO 800 M=1,186
R=1.0+(M-1)%0.25
C
Cc
R0=0.0
DO 600 J=1,*
c
2=(J-1)DEL2
[
B=0.5eMyn(2)ne2
C
D=0.0
DO 300 1=1.240
DELX=0.12%
X=(I-1)=DELX
AC=EXP(-(X##2)#B)
C
c
c IF (X. GT. 7.0)G0O 7O 270 ’
E USE BESSEL FUNCTION FOR LDWER ARGUMENTS
Si=1.0
S2=1.0
c
c

D0 200 K=1,10
Ni=]1

C
C CALCULATE THE FACTORIAL
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c
150

290
250
C

USE

DO 100 L=1,
N1=L=N1
CONTINUE

»

N1{=(N1)we2

X1=ReX
DELS=((-0.25#(X#=2))#»K)/N11
DELS1=((~-0.25#(X1#e2))waK)/N11
S1=S1+DELS!

DELS2=DELS/(K+1)

S2=S2+DEL.S2

IF (ABS(DELSY). GT. 0.0001) GO TO 150
IF (ABS(DELS2). GT. 0.0001) GO TO 150

GO T0 250
CONTINUE

CONTINUE
CONTINUE

S2=52#0.5X

IF (X1, LT. 7.0)G0 TD 2390

CONTINUE

APPROXIMATE BESSEL FUNCTION FOR LARGE : ARGUMENTS

THETA=X-P[/4.0
S1=(SART(2/P1,X) J#COS(THETA)

IF (X. GT. 7.0) GO 7O 230
THETAL=X-3.0#P1/4.0

S2=(SART(2/P1/X))*COS(THETAL)
CONTINUE

CtIY=(R2)*(S1)#(S2)
IF (1. €Q. 1)GO TO 300

COMPUTE THE STRAIN

DELD=0.5%(C(I)+C(1-1))»DELX
D=DELD+D

IF (ABS(DELD). LT. 0.0001) GO TO 400
CONTINUE
CONTINUE
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¢ ’
c
D1¢J)=Q*D
Cc
1F (J. EO. 1)GO TO 600
c
C CALCULATE THE SETTLEMENT
c
DELRO=0.5#(D1(J)+D1(J-1))=*DELZ
RO=RO+DELRO
If (ABS(DELRO). LT. 0.0001) GO TO 700
c
600 CONTINUE
c

700 CONTINUE
C
€ CALCULATE THE SETTLEMENT RATIO

c
IF (R. ED. 1.000)RO1=RQ
RO=RO-/RO1
c
HRITE(B,750)R.RO
750 FORMAT(/,F10.3,9%X,F10.3)
c
C
800 CONTINUE
c
STGP
END

¢ 9
(The reverse of this page is »wlank)







