
AD-A 34 343 ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF SOIL 1/

REINFORCING(U) PURDUE UNIV LAFAYETTE IN SCHOOL OF CIVIL
ENGINEERING R D HOLTZ ET AL. OCT 83 AFESC/ESL-TR82-31

UNCLASSIFIED F08635-71-K-0036 F/G 13/13 NLEIIEEIIIEIIEE
EIEIhEEEEEEIII
EIEIIEIIIIIEEE
IIIIIEEEIEmE

EE~hhhm.E~mI



1 1.0 11. 111.
112.

1.8

1111.25 111111'.4 111.

mICRoCOPY RESOLUTION TEST CHART

NATIONAL flU*EAU OF STA3NIARDS -96- A



ESL-TR-82-31

ANALYTICAL & EXPERIMENTAL
INVESTIGATION OF SOIL REINFORCING

R.D. HOLTZ & M.E. HARR

SCHOOL OF CIVIL ENGINEERING
PURDUE UNIVERSITY
WEST LAFAYETTE. INDIANA 47907

OCTOBER 1983

FINAL REPORT ' cLrf'
1 JANUARY 1981 -30 JUNE 1982 2 1983

10 D

APPROVED FOR PUBLIC RELEASE: DISTRIBUTION UNLIMITED

ENGINEERING & SERVICES LABORATORY
AIR FORCE ENGINEERING & SERVICES CENTER
TYNDALL AIR FORCE BASE, FLORIDA 32403

Illj 

I



PLEASE DO NOT REQUEST COPIES OF THIS REPORT FROM

HQ AFrSC/RD (ENGINEERING AND SERVICES LABORATORY).

ADITONAL COPIES MAY BE PURCHASED FROM:

NATIONAL TECHNICAL INFORMATION SERVICE

5285 PORT RbYAL HIAD

SPRINGFIELD, VIRGINIA 2161

FEDERAL GVvERNMENT AGENCIES AND THEIR CONTRACTORS

REGISTERED WITH DEFENSE TECHNICAL INFORMATION CENTER

SHOULD DIRECT REQUESTS FOR COPIES OF THIS REPORT TO:

DEFENSE TECHNICAL INFORMATION CENTER

CAMRON STATION

ALEXANDRIA, VIRGINIA 2314

I



UNCL.aaashlaa

SECURITY CLASSIFICATION OF TI..S PACE (When Date Friteed)

REOTDCMNAINPAGE READ INSTRUCTIONS
REPOT DOUMETATIN BEFORE COMPLET!NC, FORM

I REPORT NOMBER 2GOVT AC-CESSION 0O. 3 RECIPiENT'S CATALOG N.,MWER

ESL-TR-82-31 P, A3 Y'/ _______________

4 TI TL E (and S.6,elo) 5 TYPE OF REPORT & PERIiiO COVERED

Final Report, Phase I
ANALYTICAL AND EXPERIMENTAL INVESTIGATION OF 1 Jan 1981 to 30 Jun 1982
SOIL REINFORCING 6 PERFORMING 01r. RFPI' l.%AE

7AuT"OR'ii) S. CONTRACT OR GRANT IVIqi

R. D. Holtz and M. E. Harr F08635-71-K-0036

9PERFORMING ORGANIZATION NAME AND ADDRESS II0. PROGRAM ELEMENT PROJE-T. TASK

School of Civil Engineering AE OKUI UBR

Purdue University PE 62601F
West Lafayette, Indiana 47907 JON 26730002
I I CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE

Air Force Engineering and Services Center October 1983
Engineering and Services Laboratory (RDC) 13. NUMBER OF PAGES
Tyndall Air Force Base, FL 32403 129
'4 MONITORING AGENCY NAME it ADONESSil dittir,-(, f-on CcirifloIing Office) IS. SECURITY CLASS (of ehis ep-

Unclassified
i. DECLASSIFICATION --. W-N2:RA IN-G

SCI'H EDU LE

IS DISTRIE.JTION STATEMEN' (of this Report,-

Approved for public release, distribution unlimited.

17DISTRIBUTION ST ATEMENT 'it the~ oiIPcI entered in Block 20. it dV.,ret from Report)

IS SUPPLEMENTARc NOTE',

Availability of this report is specified on reverse of front cover,

I; KEYv WCODS (Conion.. ori-- ,e. , J, .1 if ce i d Ide. oly 
1

I block riurnberI

.ilreirnforciinq, qe(.txtiles, plate load tests, laiboratory tests, analytical
rn~dels, qeoqrids, stress and strain diffusion, unpaved runways

2C AF PS A - .T n( s if nve 4.. stIde it n-P.*^ ,, n d I.n*,~ by bl-k - rlna.

-Siqnificant improvements in the capacity and service life of reinforced
earth 3tructures reo:uire an improved understanding of the fundamental behavior
3f these system's. B~oth experimental and analytical investigations were carried
out to develop mo(I' ls for the interaction of geotextile-type reinforcement and
qranular soils- Reinforcement configurations and systems investiqated were
tiouqht to be aljplicable to alternate launch and recovery surfaces (ALRS).
Model AIRS systems usinq geotextiles and geogrids as reinforcement were tested
in the laboratory in a variety of configurations. These were loaded to

DD 1JAN MI 1473 EDITIONOF I NOVGS IS OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THISP PAGE WI, ;Y11 Ioq.A I



UNCIASSIFTRD
SECURITY CLASSIFICATION OF TMIS PAGE (*%on DIw Enmrrd)

0. Abstract (continued)

failure, quasi-statically, by both plane strain and axfrsymmetric rigid plates.
oad-deformation characteristics as well as the shape of the deflected basin
re reported.

Significant increases in bearing capacity and modulus of subgrade reaction
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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 carried
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 geoyrids
as reinforcement were tested in the laboratory 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. Numerical 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 deflection prufifes
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 (depth) 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 "critical depth," if
it exists, is probably about one-third the width (or diameter) of the loaded area.
Edye 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-
in were small compared to the diameter of the loaded area. Surprisingly, lit-
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. scaling
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 i'aximum load could be reasonably predicted from the strain diffusion

f hypothesis developed earlier.

Implications of the research findings for practical ALRS systems, as well as
an uutline of plans for Phase II research,are also presented.
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SECTION I

INTRODUCTION AND TECHNICAL BACKGROUND

Increased understanding 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-
tions (Reference 1). Reinforcing has also been carried out using woven and
nonw~oven 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 suimmarizes many of these recent developments for
reinforcing both embankmnents and retaining walls.

The primary functional 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 subsofil
and/or embankment materials. Many plastics and nonwoven fabrics have creep pro-
perties such that their effectiveness as reinforcement may decrease with time.
Of 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 wall back-
fills in which consolidation does not take place, creep deformations under high
loads 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 Europe. Initial applications in the U.S. were with woven
monofilament fabrics used as "filter fabrics," tnat is, as an alternative to



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 T.
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). Cf
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.
Very 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). Similar results were also obtained in some of the present
theoretical analyses. Improvement in bearing capacity resulted even when the
reinforcing was located significantly deeper than the lowest point on the
theoretical beiring 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).

F'inally, the results of the studies of Binquet and Lee (References 21 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



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 sound
theoretical 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 I 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 typical 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 considerable
success in practice.

Hamilton and Pearce (Reference 31) developed guidelines for the design of
flexible pavements using slit 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.



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 military membranes such as the T-16, T-17 and
WX-18 membrane mats have been used (References 32 and 33). WES 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 soft clay and sand subgrades. These tests are described in References 35,
36 and 37.

3. HALIBURTON'S WORK AND CRITIQUE BY VAN 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 deterioration 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 large 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 tan, 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.



Haliburton and coworkers found that if the fabric is placed below the
optimum depth, only minimal improvement in the load deformation characteristics
of the reinforced soil mass will be realized. However, 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 sinkdge
would likely be seen as excessive rutting in the wheel paths and probafly wuuld
not be tolerable. They found that if the fabric was placed at the optimum
depth, only a small 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 a
relatively soft subgrade soil is present under the fabric, then a failure in the
soil 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 postilatcoJ
by Haliburton, then there will be a movement outward of the soil mass of- Doth
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. Clamping 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 quality" base materials (sand) and the fact that the width of
the fabric is only six to eight times the width of the loading plates. he 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 called "geogrids" have recently been developed which have
some features similar to geotextiles. Geogrids look 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 "TensarO." Tensar" geogrids were utilized for
i 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 materi-

als. They also havP an added advantage over ordinary geotextiles of providing

Kt



"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
less than I-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. It 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 altern3L, 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 model 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 "Phase II."

7. UUTLiN. jF THIS REPORT

In Section II of this report, the analytical work carried out will be sum-
marized. In Section Ill, 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 dlSO included on the implications of the present research for RRR and
ALRS. Recommendations for Phase 11 research, field studies, are also outlined.
Finally, some conclusions tnd recommendations are presented.



SECTION II

ANALYTICAL WORK

1. INTRODUCTION

:t is the function of analysis in Civil Engineerin to perform inexpensive

experiments (generally on paper) that will help to predict the response ofother-
wise expensive prototype systems. Considering the number of possible permuta-
tions of soils, types and placement of fabrics, pavement types, and aircraft
sear configurations and loading involved in this study, it is apparent that
discovered truths msst first be approached by means of analysis. On the other
rana, the dominating factors in the analysis 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 as a
number of layers; each one is thin in comparison 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
way exhibit varying degrees of saturation by liquids and/or gases. Loadings are
Known only in magnitude, not in their distribution. Contacts between layer; vary
with time, ambient conditions and loadings.

In spite of the noted complexities, the engineerin, system offers a ,ethod-

ology witn a high potential for success; namely, (a) to offer simple andlytical
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 models may themselves be divided into three
parts: (a) input, (b) transfer mechanism, and (.- output. if both types of
7odels are subiect to the same input, the test of the adequacy of an analytical
,cnel will oe its ability to predict the observed response of its experime-tal
counterpart. Several such models will be presented in this chapter. All mcdels
consider the loading to act normal to the plane of the surface.

n.,(MOGt.NE'LS MLOUM

a. Plane Strain Case

This solution qjs presented uy hart (Reference 42) The expecterl
value of vertical stress (S) under a line load of intensity v, per unit run.

'Figure I) is giver by z

]
1T. iT- (Reference 42, (!iap. 7) demonstrated that the stress at a point

particulate mxedia is a P0 isson variable. Consider that at such a poirt
there way exist - a void - a solid - a 'iquid - a gas - ... - and, it is
evident, that any measure of the distribution of boundary enerqy, suct, as
stress, at a point is indeed a variarnle. The expected value, the ear
value, is the best measure of this intcnlltv it a point.
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Figure 1. L~oad Geometry.



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

"2-- ' + a 2-- :;

where ( ) is the well-tabulated cumulative distribution (see Reference 42, p.

b. Three-Dimensional Case

For a single concentrated force, P, normal to the plane of the surface,

Reference 42 gave for the expected value of vertical stress

S., 
, 7 

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

the above acknowledges the characteristics of the media (v); whereas, the Bous-
sinesq solution is devoid of any material properties characteristics.

For uniform normal load, q ,over a circular area (Figure 3), Equation 3)

3Qreralized to

:,eneral solutions of Equation (4) can only be obtained by numerical means.
hoe results will be presented below.

For the special case, under the center of a uniformly distributed load,q,

acting on a circular area of radius a, the expression reduces to

. ,,1
b 

- - I XV, ,-'

MULTILAYLR MEDIUM

Altnouyh 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.
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Figure 3. Uniform Load over Circular Area.



the assumptions invoked at the boundaries between the individual layers. All1
soclutions assume continuity of displacements across interfaces; however, this
ao,,umption alone is nut sufficient, 'Some statement must be offered as to the
.r irsforfration of shearing stresses at the interfaces as this is not knuwn a
o ricri. Two such assumptions, commonly prescrioed, are that (a) there is "nc

EP'and (b) there is "no friction" at the interface. Although,i, 4- .-
eral ly bel ieved that these provide 'upper" and "lower" bounds to the sy! "e':1
.nfortunately, this is not the case. A boundary wherein one-half evielences, iu
3' iP and the other half tho "no friction" condition would be more severe thlan
eitner. Harr (Reference 4,,) presented a sulution that obviates the need to
specify the shearing stresses at the interfaces of layered media. For the

o~etdvertical stress due to a line joad (if intensity p(Figure 4), he ,ave

I-IV

z is the vertic-al distincE i!nto the htr, layer.

sa3, u~anpl.. i A three-layer system is subjected to a lin. load
_(t ' 1uj ft wit, tr-e fellowing information- In I 1 ft, ~, - 0.4; n. ft,

-~n .,r unbunrded. Find the expected value f r the vortical
, Iral streis .ifeet 4!tc the third layer immediately under the line 1030.

Sc~oT:-JN From :-quation (65), the equivalent thickness is

trus, from Equation (6a) we h-ave for the expecteoI vertical normal stress at a
de-ptn of 3 feet i n the th i rd l ayer, immedi ately under the i ne load ( x c'.,

Tre theory of elastiity (Reference 243 ) would ,ive for this case (assu!ming
ai nriuoeneous section) , 1 o 9154. 9 1 b, ft .

0ojr a uni formly distrib)uted normal ?oa',1 c4, dcting over a circular area of
-,xd'us a, the equivalent form~ of 'zquation 6) is



Figure 4. Layered Medium (After Reference 42).



Again, results can only be obtained by numerical methods. Examples will ILc
developed subsequently.

4. SOIL-FABR1C MEDIUM

An anaytical model was developed to simulate the action of a soi2-fbric
system. Briefly, the model assumed a particL, ate medium, as descrineo ,y Lqaa-
tions il) throucqn (7), founded on a layer specified as a Winkler body. iiet,,-.en
the two layers kat their interface) is a "cote~tile" membrane. Solutions were
obtained Dy numerical means for a range of values of soil and yeotextile proper-
ties. The details of the model and some results were given in a paper by the
authors and Mr. P. L. bourdeau, which was preseoted at the Second International

fonerence on ueotextiles, August 1962 1Reference 44). A copy of the paper is
in Appendix A. The results of the developed analysis indicated that very little
4!iprsvement in the load-carrying capacity of vhe reinforccr systei would be
achieved unless the subgrade was very soft. ( his can be seen in Figures Y and
1, in the paper in Appendix A.) Another inte'estl ng observation was that the
effective length of the reinforcement was relatively snurt. in other worls, at
a rather short distance from the loaded arca, the rvi forcerient would not 'teal"
any stressinq due to the surface load. This result sr-vieO anomalous at f rst,
but recent evidence by Andrawes, et al. (Reference 45), showed very sihii r
res~u'ts for plain strair tests on reinforced sands. They found that the :;.eas-
,,red tersi lc force in the rei nforcement was practically nonexistent at I: tances
fr'e7 the conter line as close as twice tne diameter of vidth of the loade 3rea.

Altrough the i, )2el does not -onsider failure induceo !)y insufficient bear-
',n: capacity, it does investigate two other important possible modes of dis-
cr. ' ;)that of the tensile force exceedinc, the tensile strength of the
ftaric, and 2) the slip9ping t"pull out") of the facric if its length is fcns
than that required Ior stability.

T"e previous cases, as in centinuum rechar ics, presume that the stress 'Is-
r ~ -tin at t e surface, the input into the syster, is i known quantity. 7,his

eldui the case. co,ntact pressures ~noder tires arc tar from the idealil co
n tcrm v aies coior nv assumed. In addition, the pressures change with tine,

terl eraturtd no a ieie, conditiouns (Keterence 4b).

-no rationale of crntir, uu: mechai cs s to dete rm ine the tra nsmi ssi r
:'.'dry energy through rcdia as statements of stress intensities. rantei such
rdasures, constitutive relationships are then introduceo that relate str s~es to
co!;*,ensurate strains. The vertical components of the strains are then
,nrre rated to obtain the surface deflections, which are examined relative to
dIfferential settlements and/or ruttingJ.

6'hen one considers the mechanism responsible for the deformations notjd at

the surface of a nedi urn subject to induced loading, it is apparent that it ',

not caused iny the deformation of the innividual particles. Even a cursory e~ar-
ination will demonstrate that the registered displacements occur in response to
tn relative movements of the more mobile in ividual particles to form a denser
, atri , 'Iotivati ,; thi s movement is the induced boundary energy. ri pri n ipl e



when a rigid plate is impressed upon a soil 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 to 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 done
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 (Figurt
5), is

- ____X _ c x + r 2xr' cos ,

• / ,,' 3 0 iU

where . is a material parameter. Defining p(x) as the deflection of the sur-

face, we have

Introducing the Bessel functions of the first kind, (X) and J (x), Equa-

tion (8) takes the form

where:

C'14

n - 0k! (n +
k:?

For large values of t,

Equations (9) and (10) were solved numerically. In Equation (1u), t is a
dumiy variable introduced by the transformation t = t(x, u). 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 11.4 on "Soil-Fabric

lediurl' was investigated using "strain-diffusion." Equations (9) and (10) were
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Figure 5. Strain Diffusion Under a Circularly Loaded Rigid Plate.



assumed to hold for each of the layers (Figure ). For the maltilayer case,
that is of (h ,u ) and (h2 ,o. , Equation (10) must be solved twiic" for each
value of the Iarnieter L,;

S •X,

Equation (9) then takes the form of

o. F>.AMIPLES OF MODELS

a. Homogeneous Medium - Infinite Strip

Figure 7a shows a plot of the expected vertical stress for a unit Jis-
tributed load on an infinite strip, Figure 2. Equation (2) governs this case.
The depth is taken as one-half the width of the strip (z = a), the "' pararcter
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 d

uniformly loaded area of radius a at a depth equal to the radius. Equation
applies for this case. The differences between Figures 7a and b are only minor.
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 Diffusion

Recall in Section 11.5 that a methodology was developed that invokes
the diffusion of boundary displacerients through a continuum rather than throuj
the customary boundary stresses. TnheFent in the new analysis is the ,-
paraneter, Equation (8), which scales the transmission of the boundary enerjy.
A nujbter of numerical values were assumed for this parameter to examine the
intluerce that it had on surface deflections. It was assumed that a unifor,l
unit displacement acted over a circular area of radius a. that is, Equation .
applied with q = 1. The relative depth of the medium was h = 7.1 (the actual
depth in the test box of Z3 inches divided oy a plate diameter of 3.u inches).
t[ coo;puter proyram (Program STRAIN) for calculating the surface deflections as
written and is given in Appendix i. Input to this program were the values uf c

1, a = 1, h = 7.7, and various values of w, ranging from 3.0 to nearly that of
zer) kc.UUS). Uutput was in the form of normalized tabulated values of deflec-
tion (actually a deflection ratio equal to the deflection at any radius divided
by the riaximum deflection) and the relative radius, x/a. The results for a
number of values of , are plotted in Figures 8 to 14. As an example of how
these -Icts were obtained, the output for cases p = 0.3 and 0.2 are tabh o-
latrtk :.low and plotted in Figures 1i and 12, respectively.
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Figure 6. Strain Diffu. ion for a Layered Medium.
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Deflection Ratio

X/A ,= --.- 0.2

1.25 U.680 U.b6
1.50 0.505 0.448
1.75 0.386 U.366
2.00 0.301 j.27
2.25 0.225 O.200
2.50 0.171 0.146
2.75 0.127 0. Iu2
3.00 0.100 U.077
3.25 U.082 U.05b
3.50 U.119 0.097

3.75 0.076 L054
4.00 0.086 b.0b

it was desired to obtain the value of the parameter . that agreed with

excerin;ental observations of the deflected shape of the surface. Since this
required a "back-calculation' of u for the soil, no fabric was assumed to exist

for this case. It is seen from Figures 8 to 14 that as L decreases (figure
numbers increasing), more heave is evident. The heaving of the soil is of con-
siderale importance, as it was observed in all the laboratory tests see Fi-:-
urfs b1 and 62) to some degree. It should be emphasized, as shown in Figure 7
tne cOas-ical theory of elasticity cannot account for the heaving of a nomoce --
ous 'xdium.

lijures 61 and o2 present normalized deflection basin measurements for a
numher of physical tests. It is seen that heaving on the order of 20 percent of

the induced deflection is not out of order. Comparison with Figures , to 14
indie:'itcs that the -parameter is very close to zero. However, ,. u introduce_
mat e,,3tlcal instability' in iquation (N). Consequently, a value of U.OU5 was
asel ir" subsequent ,Xc,'k. The physical significance of this parameter is difti-

t ti scertai at this time. Apparently, it is somewhat analogous to
PO SS '. ratio.

STo he ;, p'arametur for ur for' sn0 i 1 is computed, it can also be uScO
to ot n the paramter fcv the 1,Jbri i.e., ' ). Some calculations were
r:'ade to !,'?ter n, the va ue of :, ring the experimental results for the cirr "ar

lat i qsre 61 Then thu cal lulinted alues of and , werp used in Equa-
tion> ,a nd ) to redict the sdrface deflection pattern of a soil-fabric
, .... whet, loaded in lane strain. The predictions did not agree well with theexe' wital results.



d. Displacements and Settlements

The objective of all the foregoing analyses is to predict the deflected
shaoe of a surface when subjected to an imposed load. After this objective is
achieved, determinations can be made as to whether the degree and n<tu-, ", the
ceforriations can be tolerated without impairing the intended use of the faci!-
i ty.

As noted in Section 5 ard Figure i, classical mechanics predict stress
listributions. To translate these into surface displacements recourse must e
na;" to constitutive relationships between stress and strain.

As is commonly the case, iooke's lw wi2 I e generalized to

,he,'c 7 ano S are nor;iial stresses on planes parallel to the unloaded sirface
and L aa -I- ar Young's ;)odulus and Poisson's ratio, respectively (see referenice
-'3 for the derivation). For axisymmetric conditions, Equation (Ila) reduces to

.rere 3 and S are the vertical and radial normal stresses, respective',,.

r

narr (Reference 42) fcund that the radi al normal stress can be relattd to
tre vertical normal stress by

,,ubstitutiny this opression with S fromi Lnuation (5) into Equatior i 
2rcauces an equation for the strain undeo the center of d circular load wite i
'tniform normal intensity q, or

Equation (Ne) cane expressed in thL form

.rt!re I ( z, z . v, ms , vertical strdin influence factor" that is a f t, e'
I the arameter, i d ., and z is the deoth/radlias ratio of a circm2a- r i

arla ,1 Z a.

tqu, t On ') ,iv',s the di splacement of the surface at the center o! tr(
i-wcuiar load, which can be combined with iquation 113 to give

i - i i i l



The stress approach could be extended to the plane strain condition by
merely selecting the I diagram under such conditions correspondinq to the cori-

puted value for sand. zM tdULuS plays an inportant role in the sett.ent UOITo ta-
tion, and because of the dependency of modulus on the degree of prestressing, ar.
experinentally obtained modulus is required.

" h. . .. . . .. ., ; L , ''



SECTION III

EXPERIMENTAL WORK

I. INTRODUCTION

The objectives of the experimental portion of the subject researcr w,-re to:

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

b. Test the theoretical formulation developed.

c. Ooserve 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. Verify, insofar as possible, previous research

findings.

2. DESCRIPTION OF EXPERIMENTAL PROGRAM

A series of laboratory-scale model loading tests of reinforced and unrein-
forced 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 tre
properties of soil), reinforcement, pavement types, and aircraft gear configura-
tions and loadings is 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 I tests because it is easier than cohesive
materials 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
been 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.

Ideally, tests should have been conducted using elliptically shaped plates
approximately 9 inches in average diameter, but the size of the test box, 36
inches square, was a constraining or. Since the scale ratios were only i.S



and 3, it was believed that the results of tests on 3- and b-inch diameter cir-
cular plates could be extrapolated to provide reasonable 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 effectively rigid. In addition to circular plates, a few tests were con-
ducted with a rigid plate in a plane strain configuration. A loading plate .

inches wide by3Oincheslong (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 11.

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

Table I lists the test variables, the quantities assigned to those var-

ables, and the symbul adopted for each variable.

c. Code

To facilitate identification of the individual tests, a coding systeii
wa adopted,usiny the symbols for the test variables listed in Table 1. For
circular plate load tests, tie code is

number type of edge
(didmeter)(CPI of layers reinf. - (depth) - (spacing) - cond.

CP d,in. 0 PF

b Cfp 2 ( sin. FF

:f an item is omitted for one reason or another, the symbol is left blank. For
example, the syqihols 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 example, with one layer of geogrid reinforcement at 2 inches depth, the test
designation is PIG-2.

Table 2 lists the tests performed and their symbols.

3. IKSCRIPTION 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

mAd



Figure15. Ilustration of Georetric Test Variables (Note:
Figre 5.D B for PS tests).



TABLE 1. TEST VARIABLES AND SYMBOLS

iariable Disposition Symbol

1. Soil Type Ottawa "flint" sand -"

Z. Relative Density Medium dense (D 7U1)

3. Loaded Area

Shape and size Circular plate:
3 in. diameter 

)CP

6 in. diameter 
6CP

Plane strain:
3 in. x 3U in.

Type Rigid

Mode Quasi-static (approx.

constant rate of load)

4. Reinforcing

Type None
Woven polyester 

w

beogrids

Number of LayersN None
ie

Two 
2

eptn of rein- 
(iepth in

forcing. d Variablc 
inches)

,pacing, S Variable (Spacing in

Variable nches~

Edge conditions Free
Patrial fixity
Full fixity 

F

L.]:



TABLE 2. TESTS CONDUCTED AND THEIR SYMBOLS

Total tests Tests with

Code Explanation Conducted Usable Data

3CP without fabric 2 2

3CPIW-O.5 with one layer 2 2

3CPiW-1.2 (or 1) of fabric 2 1

3CPIW-2 1 1

3CPIG-1 with one layer I 1

3CPIG-2 of SS2 grids

3CPIW-I-PF with partial 2 1
edge fixity

3CPIW-1-FF with full I I
edge fixity

6CP without fabric 8 4

6CPIW-1 with one 2 2

6CPIW-2 layer of 2 2

6CPIW-3 fabric 2 2

6CP2W-U.8-O.b with two layers I I

oLP2W-1.6-I,6 of fabric 1 1

PS without fabric 2 2

PS1W-1 with one 1 1

PSIW-2 layer of fabric 1 1

PSIG-1 with one layer I I

PSIG-2 of SR2 grids I I



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 18 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 204.13, 5 kip,
b-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 in a "stroke" control mode,
wherein the deformation of the actuator piston is controlled electronically; or
in a "load" control mode, wherein the rate and/or magnitude of load are con-
trolled electronically. The -troke nxot' was uced for the test setup when "zero-
inu" the load plate, etc.; the lead mode was used when applying the load to the

test specimen.

c. Sand

The test soil selected fur study was an Uttawa "flint" silica sand

obtained from the Ottawa ',ilica 'o. of )ttawa, Illinois. This sand had been
used In previous research dt Purdue University on fabric-reinforced sands (e.g.,
Referonce 5), and its properties were well known. The grain size distribution
of the sand is shown in rigure 19. Other classification parameters are:
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Figure 19. Grain Size Distribution of Ottawa Flint Sand.



C lb
C, u 94

0.rL34 ri

2 .65
114.9 pcf. e -o

'dmx 9. pcf; eid

The ,ra Ir. s ize ji s tri rut jon shown i n F i ure i s trio iv(.r 5 t D1
c>roarate determiiatiorIs, which varied only dL~out 1 per.ent Lit o~lS)O . cm-
Tnese oetermi ndt ons were made in order to verity trjt trie sand stor-(ri),
sever3l containers in the laboratory wcis tne same as that jsed previous-l Y. I
s ncwn i n F igure 19 i s the gradati on su pplIi ed Lny the Ottawa i.lirao.

The angl e o)f inrternal fi cI-t i or, or the sand wds dct'm 1-1 r
snocir and tri axial compress ion tests. - i rect shear, test resol ts ire srt -

i u -c- 2J The tests w'ere iiultistd~je; thdt is. only one test SA.IrO'
uc tror each run. 'Then the peak of the shear stress diefori-tiorn cojyv
reachec., the next incr-ement of normal ,tress was applied. 4,eo

the fdi lur-e envelopes are ~Urved, as (.'\pectes' for sanis ufl'e
stresses. :lulti stale tests may il so c-ontri hute to rl'lOO~
direct smear test specimens wetr-k initially Set wno O. o t

T~hi ch is very close to the averaye denisi tv of te irdi tkifo;
"of or a relative density of Xo)out 7,jnoen

T he normal IStress exi St I-j dt the ell OV At Ir J t f! n *Ii~ d
spec iriens is only on the order, of I j t~ u ps or T, o'I I I
I cest normal i~5uO t qr-1 -,n tne dIi rel t sh~ear1 tesT;

':tempts to ontai n fri ctioan ano 'lies it evei 1 ov~er :crox]al
i.aupa rentty I C(ue to the "i nterzna'l T- i Ct ior or t t- It '* I'j

-eision dIirect shear ajpparatus, (n.arol-varner) was or, to t
: slidinj pairts were specially reniachined to nake the i; 1~

r naefon-Dl3, mi ant i fri c t.I or) mnate Ii dl IWas sprye on (' I Or
-* , r Il stress of Vau psf , the f ri cti on of the appair 3t(. Is

St tlne net -)Lservea shear resi stance of the sind :, 1~ni n rI t 1 n)
tomtelra~o r;;~ pst to 145 psf. T he two (lat3 pci1. I hu OWI t' 11

"-averi ;e val uei Aldi tional d~irect shear tests at nor;-cil t 0 Ie
ost "ere not attelpted iincause of the Undesi rably 1 argo, oen m III(,n t I1

tthC-e X t rd 0l a t io o 0f te Moh r fi ore e n v I o ps to t- r n
s'ilnes in -ior- k,) i s :or rect, then the fric tio)n arlino at the rm

'i t v -f 70 pero-eit for theu ,,~I nn pre055u' o0- iat yev in tre test
oILPprcch 45 de res.. A-t rig hon norlnal prsuethe 3veraJe fri ct

* wos around Jb dejree~s. i v-i] ne more typi cal for- the p)oorly radled ro',nco
i a' ttawa sand. Thn direct shear- rcsults in i qwre c, at no)rmal stresses

,r rth an 2do d pSf f Y vni id tr cxa tet con (,uct*c(, d TaIlier on '
,.d das part 0t orij' ar achenic work it i010n,,versity. -r oir 1 t

u n , nre In for,-- d aios mwa cr t- de II t er )n t his YrOIurtl-, it I s pos sii to
I a. el i nt i or ~r 1. r I i beml oor' o~ty thm ory .. sin q i

ijh Ci rl tt f d ( t ar or and IPri 0 aY3t tni~ or i ic a 1 care0
Li '~ t 'i fnm~ or' e tiotirni i '31! e o.'t mg 4? dejroe s vics

1,_.'te tor( d al tht-e 1 aii platt;st. reer mt urf,rm thit. 't),!

Liami0 n ~'



o

6n 00-

ao

0,/-

400

OG

0V ______ I I

0 200 400 600 Soo 1000 1200 1400

Normal Stress,6, psf

Di ....hear Tests rn - Flin, Sand.



d. Reinforcement

'Two types of reiniforcemrent were used ini this study. Tefirst was j
hi ~g-strength, high-modulus, woven polyester fabric which nas b)eenf usi 'n the
past for other studies at Purdue University or yeotextiles (see ketercnce. 4,
/, and 48). The fabric is typical of woven multifilament ijeotxti, 'e -
duced, for example, by NYcolon , Carthage MillIS, etc. al though this hlnric actu-
allyv was 6btai ned fromn A14, Fodervavnadar, of L2oras , Swt~den The fab-ri c is " n
i ndustrialI gra de , wover nu utri iIament iwu nu ac tu reo a rom pol yester f i he rc
ubta nied from either inoechst ( Irevira Nc. )1 or -(' ( " erel in' ") .Tne Ieasic
1 ioer is a ti dtex (dMCb-Denler) p.olyester wmith d- 20,,2cC) yarn structure. kide
stri-, tensile tests cunlucted is p,!rt of this study -,ave an ultimate tensile
strength of about 166 Tric ' vpi-,ai tensile load-s train curves are shown in
F 4igure 41. I n th is t< .re , strain r, as 'letermi nen inr twe, wiy s , ( 1 as the rit io
cf the crosshead movement to the tros,,headj spacim r1 c-tre: the start of loadinog;
or 2 ) from frequent -w asreluerts with ,~ ,!crometer of two marks originally 2.5

ncnies apart near thb> center of the test, speciajer. f crusshead strain is used
,?s the on iterion, theo el sogati on dt t,2H cm v s about 12 percent. The stcant
tenrsile modul us at lo- ercent strai is arout 1 , , pounds/irich. it should tie
noted that the cata -snuwn in Fikoure 21 were Obtai nied fronm a modified wide strip~

en s iIe t 0s t. Although the test is not yet ,!l officiali As)TM standard, it Is
jrrc.,ntl.Y under "cvie Cw by AsI1, (~ nmrni s lee -1 It ,b i eret e.tpoa

is expected shortly. The drt stanoaco ca iIs for a specirmen width Of 0 inches.
Thst specimens were .' lnche.. wide. ITh is d1Ifference is considered negligible fcr
ow -ven fabric. From pr-evi Ous studies (ieir-'c 4i th , tessrinbhv

'; almost identical for Lboth tne warp !rd ilirrq directions;.

In addition to high tensile strenl4th annl favorablo modulus, the fabrK1 naS
several other 'mplortdant prtris It as eomello nt creep resistance. lists

conolucted in Sweden (Reterernc 4'i noicaten- thuit the extrapol ated creep
~trngt afer oretha I eir was about 6(o percert of itls short-term

strength. After I year, the cretmp ivas lcur;d to i rcreist: aoout 0.18 percent ;,er
og cycle of time. Trtu fiber hias excellent resistance to aqing, sunlight,

weathering , rotting, :nacteria, anid rodtS .1 It is ver -Y resistant to, acino%
relatively resistant to bases and is, iii ereral1, insoluble in most inorgjanic:
solvents, including jot and diesel fuels.;

'-he other reiriforcirg materials ised in this study were "geogrids". -asi-
rligeogrids ire extruned plastic sheets which have high tensile strenjtr and

d L uus . They are Mane from a hiyh-dori-ity polyethyleno or polypropylene in
hi~cri the polymner is stronyly or-tented to obtain high tensile strengths. (in a

wui';ht bas is, the .rids are stronger than steol I. T he oac (,polymers arc highly-
1-ta~tnt to chemicadl, biological , and ultraviolet ranliition. The geogrids used
in tri s research are nirnufacturen ir .ny),-nd by the Netion Lorporati on under the
trade name 'ensar '. 'ariplIes were oLbt-,ned from , ul f Canada, Ltd. , who is the
~ure-nt North American licensee and who Ail1l soon tre manufacturing the gridOs in
inacfa . IJati provided !)v the nanutacturer are givyen in Table 3 and l'i gres x22,

.; nil Z, . For reference purposes. physic-al ond mechani cal data f(o'- al I or the
jvii 'able grids arec shown, although only types SR? anid 'o(,2 were testec:. Ithe ten-
sile strength ot -Q is,1 'iitly more than 450 poundsu/nch at a maximum s-trail
ot le, percent compared to lob pounds/inch for the woven polyester. The tensile
s rength of Y-2 is sorfl(jwr',1 gr-eater thin that of the polyester, or 20t)
POun.-s 'inch at about tne same ul timiate strain. For the S.S2, note that the
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TABLE 3. PHYSICAL AND CHEMICAL PROPERTIES OF TENSARQ'

GEOGRIUS

A. Polymer Characteristics

SRI and SR2 SSi and SS2

Polymer High-density Polyuropylene
polyethylene

Snore hardness U
(Din 53505) 67 74

Vicat softening point
(Din 53460)('C) 127 148

impact Strength 2

(Din 53453)(kJ/m ) 13.2 4.5

Abrasion resistance
(Dig ,53754E) 14.0

(mam ,100 revs) 10

Chemical resistance Resistant to all naturally
occurring alkaline and acid-
ic conditions

Biological resistance Resistant to attack by
bacteria, fungi and vermin

Sunlight resistance Resistant to UV attack



TABLE 3. FHY6ICAL AND OCEMCAL PiO.DIPE OF %SAFk®
rOGPI DS (CrONTNUED)

Mechanical Properties

SRI SR2

Tensile strength -
maximum (kN/m) 84.0 79.0

Extension at maximum
load ( ) 12.3 12.0

Extension at 40], load (1) 3.5 3.0

Moduls in tension 5(N/m ) 5.2 x 109 4.1 x 109

Thermal stability Stable over temperature range

of -600 to 8C0 C

SSI SS2

Across Along Across Along
Roll Roll Roll Roll
width length width length

"Characteri stic"
tensile strength per
metre width (kN/m) 20.9 12.6 32.0 18.0

(Samples, 3 junctions long and I rib wide were extended at a
constant rate of 50nimimin, at a temperature of 201 0 C.

.. . . IL ......



TABLE . PHYSICAL AND CIEM1CAL PROPERTIES OF TENSAIU '

MEOGRIDS (CONCLUDED)

C. Physical Properties

SRI SR2 SS1 SS2

Roll length (m) - - 50 50

Roll width (m) 1.0 1.0 3.0 3.0

Weight (gm/m2 )  872 938 203 320

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

Color black black black black
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strength in the direction of the roll length is about 60 percent of the polyes-
ter, or about 97 pounds/inch.

The data given in Figure 24 are from Reference 49, and they ofmpare the
frictional resistance of TensarV 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
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 b inches
in diameter. The 3-inch plate was 0.75 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 ana threaded studs.

Phot-ographs 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 utilized 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 trdnsducer (DCDT, direct current differential transducer) or by the
LVUT !linear variable differential transformer) in the MTS system. The external
instrulent was a Hewlett-Packard Model 7DCDT 3.000, with a linear stroke range
of '. inches.

"ip lGad applied by the actuator ram was measured either by a Sensotec
Model 41 load cell with a capacity of 50,000 pounds or a Lebow Model 16.103 load
cell vith j 5.{JU-pound capacity. Both these load cells are strain gage type.

Detle(tions ot the sand surface were measured by several DCDTs mounted in a
beam nolder and running radially from the edge of the loading plate to one side
of tht bo. All DCDTs were powered by a Hewlett-Packard Model 6205B power sup-
ply. Figure 25 shows the mounting beam for the UCDTs as well as the load (ell
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 DCDT support beam was held by
long threaded bolts to "box girders" supporting it to facilitate leveling of the
DCOT support beam.



Figure 25. DCDT Support Beam, Load Cell, and b-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 OCDT 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 Commnittee on Soil and Rock Instrumentation of the
Transportation Research Board.) Unfortunately, we were not able to make a Sig-
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 calibrating
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). All these schemes were rejected because of the presence of the
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Figure 26. Location of DCDTs for Each Test
Configuration (see also Table 4).



TABLE 4. LOCATION OF UCDT FOR EACH TEST CONFIGURATION

(SEE ALSO FIGURE 26)

3CP Tests

DOCT Range (inches) Dist. (inches)

A '3.U 3.9

[ -0.5 b.7

C -D.25 8.5

0 tO.25 11.2

E i3 .125 14.4

F MTS

6CP Tests

DCDT Range (inches) Dist. from (inches)
Series I Series i1

A 23.0 7.5 3.7
..5 10.6 4.5

C !0.25 13.8 7.7

0 !0.25 - 5.9

E i).125 - 10.4

F MTS

P, Tests

Range (inches) Dist. from (inches)

*( 0.5 5.1
1) .25 7.9

L.25 10.6
'2 5 13.8

F MTS
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Figure 28. Schematic Diagram of Test Instrumentation
and Data Acquisition System.



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 FIC Syntxron
Magnetic Vibrator Model V51C1, controlled by a Syntron Electronic Controller
Model SCR-iS. The vi brator was attached to a 20- inch by 20- inch by 1/4- inch th ick
steel plate. Fiyure 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
1"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 lift 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 medsurement 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. Thi. procedure
was done twice and the average density was found to be 107.8 pounds/cubic foot.
This is equivalent to a relative density of slightly more than 70 percent. The
3econd procedure was followed in 23 tests. Small metal (water content) cans
were 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:



Figure 21). Vibrator and Plate.
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Layer Location

top E wall NW corner

middle SW corner NE corner

bottom SE corner

* Exception: 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 excavatea,

struck off level, weighed, and the density of the sand in each can was calcu-
lated. The results of these measurements are given in Table 5. The average
value of all the measurements by this scheme was slightly less than the overall
average density in the box of 107.9 pcf. The range of densities measured in
each test was between about I and 4 pcf. There seemed to be no definitive piat-
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. Occasionally,
the mniddle layer cans appeared to have the nigher density (as might be e.,)ected
from work with field vibratory rollers). The surface of the sand after compac-
tion appeared to be very dense to the touch.

After the last layer was compacted on the 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 froia storage was loosely
dumped into the box so that the initial loose-lift thickness was around b.5
inches. Then the compaction process proceeded as described above 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 I 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.
:n 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
King (Reference 13). It 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, how-
ever, a few tests were carried out with (1) partial fixity, and (2) total fix-
ity. The results of these tests will be described later.



TABLE 5. DRY DENSITIES AS DETERMINED BY THE SMALL

DENSITY CAN MEASUREMeNTS

Test P avg Range

3CP 103.8 102.6-105.3

3CPIW-0.5 105.8 105.1-106.3

3PIW-1.2 104.6 103.1-106.2

3CPlW-2 104.3 103.2-105.3

3CPIG-I 105.3 104.7-106.4

3CPIG-2 105.3 104.5*-106.1

6CP 106.0 104.6-106.8

6CP 105.6 104.6-107.0

6CP 105.7 104.6-106.8

bCpI- 10. 0.-108.36CP 105.5 105.1-106.1

6CPIW-I 106.4 104.9-108.3

bCPIW-1 104.8 104.4-105.8

6CPIW-2 107.0 105.4-109.4

6CPIW-2 105.4 104.3-106.1

6CPIW-3 108.8 104.9-109.6

6CP2 W-0.8-0. 8  106.4 105.1-107.1

6CP2W-1.6-1.6 IU4.1 103.1-105.5

PS 104.3 102.8-104.9
PS 104.6 103.5-105.7

PSIW-l 105.1 103.2-106.1

PSIW-2 105.4 105.2-105.6

PSIG-1 I'4.7 04.0-105.2

PSIG-2 1lb.3 104.8-108.0

*Apeared disturbed
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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
cell and appropriate loading plate were attached to the actuator piston by
threaded studs. The cable from the load cell was then attached to the ATS 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 DCOT is positioned just prior to loading of the 6CP tests (Series II
of Figure 26[b]). Figure 34 is a closeup of the DCDT support beam. The cores
of the DCDT 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 loadinr
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 linear range of the expected ;ovement
during the test. A MACSYM program was written to assist in this positioning.

All connections were checked to make sure everything was ready for the
loading test. The DAS was turned on, and, after a brief wantup period, the
piston of the MTS was lowered to apply a very small seating load (I 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 ITS LDVT were "zeroed" as close as possible with digital
voltmeters (DV14, Figure 28). To apply the load, the 'set point" on the TiTS 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 readings 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 001M. 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 grids 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 geogrids (Tensar- SR2), a definite "pcr-
manent set" of a "dip" directly under the loadin, plate was shown. This can oe
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 uneans of a mechanical dial indicator accurate to the nearest 0.01
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 originally planned to conduct tests with vibratory and
impact as well as quasi-static type loadings. The analytical work (Section 11)
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 total defor-
mnation of the loading plate. Figure 42 shows a plane strain test with a view
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 1 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 loading 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 significant work-
hardening 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 fixity 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 (ordinate) is very much
expanded. The initial moduli (or more properly the coefficient of subgrade
reaction, which might 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 moduli 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 aW soinewhat less than those

for 1-inch depth of burial, independently,of the type of the reinforcement. The
presence of the reinforcement at 1-inch depth clearly affected the initial
modulus (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 using 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, althet)h
some effect was shown on the two-layer test with fabric at 1.6 incrt-s 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 bCP2W-0.8 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 yogrid reinforcement at i-inch depth. There .vas 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
te-ts with reinforcing were slightly greater than the unreinforced sand, although
the difference is small.
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,'igure 51 shows the effect of edge fixity. The second run of test 3CPIn-
I-LnC-I PF hial a disturbec surfaoe and cxnsequently faile at a significarintly IcF-r
ultimate load than the first run or that test 102 pounds vs. 56 pounds).
Surprisingjly, there was very little difference between toe tests with full fi,.-
it aid those with partial fixity. Recall that in the full, ixity test, the
qeutetile was attached by wooden slats bolted to the sidk if the box. For te
partii fixity test, a fold of about I inch was made in the fabric all arouni
the periphery. The full fixity test was expected to be an upper bound of tnc
eftrl.t 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.

c. Itimate Load and otress

!able 6, an expansion of Table 2, describes the various tests, as ,eY
as soIe test results.

o gives ultimate load P at initial yield, P . and at a plate set-
tlemt,/t of 1 inch for each test. The depths to the reinforcement layers are
shenrl as a ratio of the plat J.iameter (or plate width in the case of the plate
strain test), ur T,.. no unit bearing stress at f3ilure. q, is P /A. Fror
th( v3iues in table t, it is apparent that reinforcement results In a sijrifi-
cart iicrease in ; for dIl plate sizes. Significant improvement also results
with the aodition of a second fabric layer, as shown in the bCPZe tests. full
or ;'J-tizi erle *ixity apt)aren*Iy nas vey little effect, and, surprisinjly. trtc
use jf tre rn. her strength ,ieorios did not incruase the ultimate stress as 1:;Uc0

as (\,ctec.

inquet and e (Refe e ce 22) expressed the degree of improvement due to
reirtorxemert in terms o! a bearing capacity ratio (BCR). They defined the i1QR
as a ,ith reirifo-c-ment divided oy - without reinforcement, at toe same verti-
ca f o :;ric ton. ". tO present test' series, iitial yield occurred at about
tre sm .etlnent.. anid once failure ,wcurred, the amount of vertical deforia-

, .r'-i, ther at ter Ioe not appear to make much difference in calcu cId
Lk e ee the Jad- se, t.iement curves, Figures 46 to 51). Therefore,

resc't re,,j'ts were put in terms of a modified BCR, wherein the q'/q ratio %as
(, ?.. . io to' " It, a'iU observed values of each. The modified BCk values for

t fe v i o, ' , v, "  t r -( re.-t to the test on the unreinforced sand for the
~ )~.ize-, .300 shao1:, are ilso snown in .able 0).

t teret co:mare toe results of the tests on unreinforced seCI-
tie- .1th t!, .: I - :a bearing capacity. This was (lone usinj Terzaghi-

. ,  :;edrin ry ;ac t. fa-tors (keferences 52 ann od ) . Table 7 shows tne
teortical ult'it t ')earin.4 capa( itv in pounds for the three test configura-
sions fi 3 rar;je of f riction anQles. Also shown in the table are the ooserved
ma',-rm- values of !oad Cn the plate. cOr all of the tests, empirical correc-
tiors t,, toe shap of the loaded area were made.
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TAILt I. THEORLTICAL AjTIMATE bEARINL, CAPACITY, PUb N2 '.
UNRE !NFORCED )LCTIONS

Test 15 0 40 0  4? 450 C)h[served

59.3 ou bU*5

2it L 7 64 411 to 50u; avg. 4,)5

_A 7NA 111 i123

0

The ij!reument of the thecretical val ues for c 42 w th coLserved i ~s
"ellent. -This valIj aft also agrees, with the results of the direct ha

tILsts presenteka in LO C an!i verifies the observation that the sains '.

~amarisorof 'r .sent reul ts for reinfor..ed sands wi th previ ousi v ~
'snesi theiretical _,evel1&pmerits is not easy. Lciiiuet and -ee (Refzorer!c

SU , ;esteO0 tnat the theoreticil bearing capacity ritio for one reinforce..
iyer~ sha)ulc b e atou C i c thai r theory was for a stri p footing arc f r

-'ips at reinfurcin -ahe than sheets, this comparison may lack validlty.
-reSen~t L,- test results Taole u) indicate [BCr' values sig nificantly yreatcer than

' ptand Lee's rusal s for two reinforcement layers suggest a thooreti -

of Ku t 1 .5 . ~Ithuu*, iny correction for strip vs. circular f :-ti

7rtsen t "-va]; esI t ,r, tws- tanri, layers were si gni ficantly greater-. .ne';oIy
t rthtwareti cal ocel ter Deiri ng capacity of fabri c rei nforced sands ras oen
ise-ite-o 5Y t101 i'Nrton . et al . Reference 13). Their results willI be ci s-a sed!

al1l bu rton, t a e- erence L- ', reLport thait i t; I 11,-aveme nt on the ~ro
i, in febr i su Si I 'I dk k dpac i tj c:a-, ari rerrei f ran the work ct !earejtcr>,_

and ~ ~ r tr- r aa es -eee s u , Z? a nd 54. Our tests verify

,i is a _,o averia e i:mprovement va'e.

f fet t frPc 're- 7cp tp and 1pa,: rj

r.o~ shovw n maximnr lcjO on the , an. ,vs. the no t. ,
I~c rst itS~r ~i appears tha t aeptm ra very 1 ittl t

t or, the ti rs t re jn f orcement I a Jver for 1)()tth toe '.and tCe> tests if 1,1,
tr ~ ~ ~ ~ 1 a nlisls ta rhe,, . or t, he ti test., when the depti)ac~

es ther-e ,as a -',r rrcant deceeose 1; thL P' On the orcinato i

tre ihOa a gcpacity values for'llie unrei nfarced sa-': , fora

4? egjrees OY'L _!hown O. .

the use o t tv IA W ct r f t) r ic rerin oorc e pt v i thm th e t c

n si nt i-';it, raorv,-,r t . I t n5oat wnown what wOUI ( have haprc;e i.

rei nforce,*~a h~i o ent;td
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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 Pmax increased significantly with an
increase in the depth of the reinforcement layer, at least to the deFths tested.
It is likely that P would eventually decrease if the depth to the first layer
was sufficiently laYe . The exact depth at which this decrease would benin 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
Detween the grids and fabric. Apparently the advantage of interlock, which the
grids obviously have, was not realized with the relatively fine Ottawa sand

ktnat 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 bearing capacity of the reinforced vs. the unreinforced sands
(Fiyure 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). Fig-
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
layer 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. In both cases, fabric and grids,
the BCR increased from about 1.5 to slightly more than 1.6 as the depth %as
increased from I 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
aata (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 "old" series consisted of tests which were conducted with
tne 5U-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 6CP test conducted with two layers of woven
fabric reinforcement indicated somewhat greater BCRs with the spacing and depth
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less than I 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
mobilize 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 plate test, the BCR for the
grids was about 3 percent greater than the fabric BCR at d = I 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 tyr-s of
reinforcement are the same.

. Effect of Partial and Full-Ed.e Fixity of the
keinforcement

As shown in Figure 53, edge fixity actually decreased the BCR for the
too tests conducted at d = I inch. This response is surprising because it is

oifficult to imajine how the edge conditions would influence 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 inttresting, therefore, to look at the tests in an
attempt to "scale upwaras" 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
diD. 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
Dearing capacity values are indicated along the ordinate by small arrows. It
will be recalled that these are the theoretical values calculated for = 42
degrees. As in Figure 52, there is a marked increase in maximum load 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 ultimate load than for the unreinforced sand
alone for the same size plate. For the case of the plane rtrain tests, the
degree of improvement is significant. In Figure 55, the stress at maximum load,
max/Aplate : q, 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 al.
(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-
rient, d/D. Obviously, for no reinforcement, the BCR is 1.0, so the points for
d/D = U are not shown. The trends as suggested by Figures 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 6CP test, and from both tests, the BCR
decreases as d/D increases. As noted previously, the plane strain test behavior
is in the opposite direction. The responses for grids 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 d/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
laboratory 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
olate. Thus, using purely geometric scaling to predict the load-carrying capa-
city of yeotextile-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/D = U.S.
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 is not obvious. If the behavior hypothesis proposed by Haliburton and
his colleagues is correct (Section I), 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 D 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 work-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

d1@MMMML____



3cp SOp PS

none 0 a A
Iwo 0 a~

44 PF.FF~ - -

-2 W

Hal)lbueatris

te t 0.2 04 0.

S4/0

Figue 5. Sressat axiui' Loa~q~~ ,s. te ptiodID



L !ENfl

2.5- IG ~ - ~

PF,FF~ --

2.0

C-,

(3

0 0.2 0.4 0.6

d/D

Figure 56. Modified Bearing Capacity Ratio BCR vs. the Ratio dID.



LEGEND

1 Fabric 44
None 0 0
600X a 0

A Typar A A

A Geolon V V
o Sedle * (

*ii 0A With 2%C restrets$oox * 4}

Typar ,

d7 10

0. 0
1* *

C4

4/0

Figure 57. Modified Bearing Capacity Ratio vs. diD for
Test Results Reported in Reference 13.

/ . .Li l l-I I I . .



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 as raised about the
relationship between the size of our loaded plate, at that time 6 inches in
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 3CP
tests. It 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
effPcts could be considered negligible.

2. 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
Dearing capacity due to the presence of the reinforcement. They suggested that
the optimum depth of the fabric should be at 0.5 B tan 4. For the present
study, the most probable q = 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/D ratio of 0.45 for each case. The results in Figures 52
through 56 indicate that the "optimum deptY" 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
ninimum placement depth is probably about I inch or perhaps deeper, especially
if ordinary construction equipment is employcd for the placement of the top sand
layer. 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 bO, 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 edch figure, small arrows A through E are indicated.
These positions correspond to the locations of the bCDTs aescribed earlier (see
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Figure 26). In all cases, the deflections were determined at one-hall of the
load on the plate at first yielding. Considering the rather small deflections
measured (in many cases, only a few thousands of an inch), the data are rerrark-
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 t : -2in-
forcement. Apparently, the stress field is changed by the presence of tre ruin-
forcement well before yielding or "failure" occurs. This is consistent wit;- the
strain diffusion hypothesis presented in Section 11.

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 through 60. These data
are shown in Figures b1 and b2. They correspond to the 3CP and PS aeflection
data given previously. (Because of the difficulty of interpreting the normal-
ized 3CF deflection results for Figure 61, a similar normalization procedure was
not attempted for the oCP tests.) In these figures, the deflection at P 2

was normalized for the various reinforcement configurations with respect To the
plate settlement at maximum load, which occurs just before the plate plunges
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 cietenrined from Figure 14 that the maxinium theoretical heave is
.2 t x/a = 3. Figure 61 shows that for the 3-inch diameter plate, a relative

oeflection (heave) of 0._ occurs at r/D = 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
pl3te, the maximum relative deflection (heave) was 0.42, and it occurred at x/a

1.5. The difference between the 3CP and 6CP behavior is probably related to

one unknown scaling effect of plate diameter, as described earlier in this sec-
t i on.

As the operational criteria of some aircraft specifies ruts to be less than
about 1 inch in depth, it was of interest to determine what the ijad would be at
i inch depth for the various loading plate sizes and reinforcc;,ent configura-
tions. In some cases, the nature of the load-settlement curves and the limita-
tions of the instrumentation made it impossible to determine exactly what the
load was at a settlement of I inch. But a few general conclusions can be arawn
from the data that do exist (see Table 6).

In a large number of cases, there really was very littltv difference between
kj (load at initial yield) and P at s - 1 inch. This observation was true
inleoendently of whether the fabric or grid reinforcement was used. However,
this was not true for the case. with partial and full fixity. The estii;iated i,

at s I inch was at least twice that of TiL,: . These observations tend to ver-
ify the observations of Haliburton, et al.IRefcrenoes 12 and 13). They found a
significant "work hardening" of the load-deflection relationship after substan-
tial (0.3 to 0.5 0) 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 inurease in bearing capacity and decrease
,n deformations before failure would occur (see Sections 1.3, III.5.h, and

iIi.5.j 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 IV

IMPLICATIONS FOR ALTERNATE LAUNCh AND RECOVERY SURFACES

The experimental and analytical investigations described in the previous
two sections have rather important implications for the design and cnnstruction
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.

With the exceptions discussed in Section I1, the test results presented
herein 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 membrane 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.

The important effect of geometry, that is, the depth of placement of the
first layer of reinforcement, as well as the effect of multiple layers of rein-
forcement, was shown. however, the concept of a "critical depth" of reinforce-
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 is less than 0.5 B tan or about 1/3 B.

The requirement of sufficient depth of cover for proper fabric anchorage is
apparently not as critical as had been originally thought. From the tests
reported in Section III, 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. In 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 geotextile. This means that the fabric can be
placed at a relatively shallow depth, contingent only upon practical construc-
tion constraints, and not contingent upon 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 only
required to support a relatively few operations before excessive surface defor-
mation or rutting may occur. Excessive 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 no increase in bearin9
capacity, even with very large deformations.

oased 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
geotextile 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 arenot possible at this time without the results of experiments simi-
lar to those proposed for Phase II of this effort (Section V).

i



SECTION V

OUTLINE OF PLANS FOR PHASE 11 RESEARCH

It was originally envisioned that the laboratory and analytical portions of
the research would allow a program of full-scale field tests to be planned and
carried out as a second phase of the research. The program would assess the
validity of the 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 to 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 USAE
aterways 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
De 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
geometries of reinforcement. The test sections would be 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). lhe 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
until either subgrade failure or deep rutting of the surface occurred. Prior to
failure, surface deflections would be obtained by the traveling laser beam sys-
tem developed by Elton (Reference 58) presently at WES. In this manner, the
number of passes of the F-4 load cart could be currelated 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 I of the research.

2. ADDITIONAL LABORATORY AND ANALYTICAL INVESTIGATIONS

A limited series of laboratory investigations should be carried out as part
of the Phase 11 research program. Additional plate load experiments should be car-
ried out on (a) clay subgrades and (b) on the geogrids with coarse granular
,aterial 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 interlock 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 a
wide variety of natural soil types.



3. ADDITIONAL ANALYTICAL WORK

The potential of the strain diffusion theoretical development described in
Section II 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.

1 (~7



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
toe reinforcement was also observed in these tests.

c. 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 op; 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 fiAity conditions are not con-
sidered to be important. The bearing capacity tended to decrease for these
tests.

g. The benefit of foultiple-reinforcement layers is greater if the depth

and spacing are relatively small with respect to the diameter of the loaded
area.

h. The behavior 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;
alparently factors other than diameter of loaded plate influence the response of
qeotextile-reinforced systems.

j. Surface depression profiles due to the loaded plate could be predicted
appriximately 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
loading conditions. Construction problems, as well as field performance, can be
modeled adequately to effectively permit prediction of prototype behavior.

IL



Some additional laboratory and analytical work, also outlined 
in Section V,

is desirable before site-specific design 
procedures for fabric-reinforced ALR5

systems can be finalized.
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APPENDIX B

LISTING OF COMPUTER PROGRAMS

PROGRAM MA IN (INPUTP OUTPUT* TAPES=S I NPUT; TAPES-OU[TPU T)
C

C, * THIS PROGRAM EMPLOYS A 2D SYSTEM OF TWO LAYERS OF
C * SOIL REINFORCED BY A MEMBRANE AT THE INTERFACE.
C * WINKLER MODEL FOR THE LOWER LAYER.
C * TANG~ENTIAL INTERACTION IS RIGID-PLASTIC
C * ITERATIUE SOLUTION TO THE FINITE DIFFERENCE EQUATION*
C * DIMENSION OF UECTORS = 300
C * MODE BATCH
C.
C
C
C

COMMON /BLI/EPSILOIEPSILO2.TO.DELTAT, ITMAX. ITERWI.
EM.L.WR, IOUT(30).JOUJT.XLA.A.TMAX.XTMAX
COMMON /SIMPS/F(300). NBHS, FINT
COMMON /MATl'XA(300.3),XB(30O).W(300),NP
COMMON /MAT2/T(300).TAU(300)*LAMBDA.H,
COMMON /TGI/TAUIM(300),TAU2M(300),TAUI(300)PTAU2(300)tX(300)
COMMON 'TG2/SlZ(300). 52Z(300)

C
REAL KS,OUI,L,LlIF.NU1,LA1BDA

C
C INPUT DATA
C
C

DO 100 I=1#30
100 lOUT(I)=O
C

WRITE (E.901)
901 FORMAT(/.,, X. 130(1H.)..'./.45X. ISKPROGRAM1 FABRIC49

* '.. lX, 30(lH*)9/)
)RITE(S.905)

3OS FORMAT(/,..X,3?HCNVEIITION: TENSILE STRESSES IIECATIUE)
READ(5. 1103)A
READ(S.1I103)HI

1103 FORMAT(F1O.3)
READ(5, 1103)NU1
READ(5. 1103)KS
LAMBDA=KS
READ(5. 1103)EI
READ(5. 1103)P
READ(5,vll03)L
READ(S, 1103)FI
READ(S, 1103)F2
READ(S. 1103)GAMA
READ(5, 1115)NSTEP

1115 FORMAT(IS)
c
200 H=L/NSTEP
C
C NUMBER OF NODES
C

NP=NSTEP.1
READ(5, 1103)TO
READ(S, 1103)DELTAmt
READ(S. 1214)EPSILOI
READ(5, 1214)EPSIL02

1116



REFAO(5,1218)ITER1AW
READ(S. 1218)ITf1A(

1214 FORMAT(F10.8)
1218 FORrAT(13)
C
C INTERMEDIATE OUTPUT COIMA!ID
C

REiAD(5, 1219)NOUT
1219 FORMAT( 12)

IF (FlOUT. NE. 0)CO TO 210
GO TO 230

210 D0 220 I=1.riOUT
220 READ(S. 1213) IOLT(X)
230 CONITINUE
C
C OUTPUT
C
C

2001 FORMAT(/, 1X.21HDATA FOR COMPUTATION:,1,21H*o..-.-..*.**,*w
C

WRITE'5. 005)
2005 FORMAT(45X2HGMRAL BATA9/i

WRITECS. 111flH1,r.J,KS.EMP.LFIF2.A
1111 FORrAr'.1X,3HH1=,EI2.4.1X,1HM.SX

I .4HN'U=E12.4,SX
2 .3HKS=.El2.4.lX,GHKN.M-3,3X
3 v3HEM .El2.4p1X.GKNl.ti-l3X
4 .2HP=.E12.4 1X.. IO1X
5 .1X,2HL=,EJ2.4*lX.lHMi,10X
G .3HFl=.El2.4.10X
7 ,3hF2=,El2.4.l0X
8 .2HA=.El2.4)

WRITEiC. 1212)CAMA.NSTEP
1212 FOMTl.HA~-#I.,X#HMM32tHSE~.4

LRITE(SP2101)
2101 FORrAT/.40X.34HDATA OF THE ITERATION COMPUTATIONS)

IRITE(6.2102)TO.DE-LTATOEPSIL01PEPSIL02. ITERMAX. ITMAX
2102 FORMAT(.X.3HT=L12.4,lX,6HKN.l-1.4.8HDELTATO=E12.4.IX

I ,SHKI.M-l.I.X,HPSILO=,EI2.4.6X.SHEPSIL02=.El2.4.SX
2 *SHI TER.MAX2.,14. 13X. 6HITMAX2. 14)

C
C
c
C 1FNITIAL12ATION OF VECTORS

C

DO 300 1=1.300

TAU(I)=0.0
TAU2(I)=0.0
TAUIII(I)=0.0
TAU2tI( 1)20.0

XA(I. 1)=O.0
XA( 1,2)=0.0
XA(I.3)=0.0
XB(1)20.0
F(I)=0.0
X(I)=0.0



S2Zi I )0.O
300 S1Z(I)0O.0
C
C CALCULATION OF TAU1I1
C
C

Q=P/(2*A)
DO 350 I=1.NP
X( I)=(I-I).H

Y2=(X( I)+A)/(HI*ScNT(NUI))
HT=(Y2-YI )-NSTEP
DO 320 J=1.NP
F(J)=YI+( (J-I).HT)
F(J)=EXP(-(F(J)**2)/2)

320 F(J)=F(J)/SQRT(8*ATAN(l.0))
HS=HT
NS=NSTEP
CALL SIMPSON

350 SIZ(I)=FINT.O
C
C
C

CALCULATION OF flELTAP
DO 370 I=1.NP

370 F(I)=SIZ(I)
NS=tiSTEP
HS=H

C
CALL SIMPSON
WRITE(6, 1221 )FINT

1221 FORMAT(/. IX. 7HPSI(L)=.El2.4)
DELTAP=P-( 2*FIrT)
WRITE(6. 1222)DELTAP

1222 FORMAT(lX, 7HDELTAP=.,E12.4.7H KM.II-1)
DO 400 I=1.NP
TAUlM(I )=(S1Z( I)+(CAMA*Hl) ).F1

400 CONTINUE
C
C WMAX WITHOUT MEMBRANE
C

WM=S1Z( 1)/LAMBDA
C
C COUNTER OF PRINCIPAL ITERATIONS TTER
C

ITER-0
JOUThi

C
C ITERATION COMPUTATION FOR MAIN CYCLE
C
450 ITER=ITER+l

DELTAT=DELTATO
C
C FIRST'ITERATION :COMPUTATION WITHOUT TANGENTIAL FORCES
C

IF (ITER. NE. 1) GO TO 530

500 DO 520 I=1,NP
520 T(I)=TO
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C
C ITERATIUE COMPUTATION FOR SECONDARY CYCLE
C
530 CALL ITERA
C
C
C CALCULATION OF S2Z AND TAU2M
C

00 550 I=I.NP
S2Z(I)=W(I).LAMBDA

550 TAU2M(I)=(S2Z(I)+(CAMA*Hl))oF2
C
C COMPUTATION OF TANGENTIAL FORCES
C

CALL TANG
C
C COMPUTATION OF EFFECTIUE LENGTH
C

IF (Fl. NE. 0) CO TO 565
IF (F2. NE. 0) GO TO 565
XLA=L
GO TO 575

565 CONTINUE
C

DO 570 I=INP
IF (T(I). NE. O)GO TO 570
XLA=X(I)
GO TO 575

570 CONTINUE
C
575 CONTINUE
C
C CONTROL OF THE MAIN CONUERGENCE ON WO
C

IF (ITER. EQ. I)GO TO 600
DELTAW=(WOL-W(I))/W(1)
ADELTAW=ABS(DELTAW)
IF (ADELTAW. LT. EPSILOI)GO TO 680

C
C COMPUTATION TOO LONG
C

IF (ITER. EO. ITERMAX) GO TO 900
60 WOL=W(1)
C
C
C INTERMEDIATE OUTPUT
C
C

IF (ITER. ME. JOUT(JOUIT))_O T13 620
CALL OUTPT
JOUT=JOUT+1

620 GO TO 450
C
C IF CONUERGENCE TAKES PLACE END OF COMPUTATIIN
C
680 CONTINUE
C
C CALCULATION OF T(X)
C

N=NP-2

.9
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DO 700 11.NM
FiI)=(-3*W( I))4(4*W( I+I))-W(I+2)

700 F(I)=SZ RT(1+(F(I)/(2*H))**.a)

F rhP- I )=SORT ( 1 Ff (NP- 1 **2)
F(MP)(NlP)
D0 720 I=I.14P

720 T(I)=T'I).F(I)
C
C CALCULATION OF TMAX
c

TrIAX=T( 1)
XTMAX=0.0
DO 730 I=2,JiP
IF (T(l). CE. ThRX)GO TO 730
TMAX=T(I)
XTI1AX=X(r)

730 CONTINUE
C

WR=4I1)IJI
CALL OUTPT

C
CO TO 99

C

101 FORMIAT(,,,32HMi CON1JERCET1E.IM THE MAIN CYCLE)

399 WRITIE(G-3001)
3001 FORr1ATc', lX.181END OF COMPUTATION)
C

STOP
END

IISUBROUTINE ITERA
C * E * . . . . . . . * . . . * . . . . . . . . . . . . .
C

C -CCESMO SECONDARY ITERATION(3OF),u30o)RI
OMMOIN OFMFINTE DFFEENC TEUUATIONSOF-THE

C CMO ANDP'F H 00)ZONTAL EQU IIBIU

CO*SOTONON H LINEAUM(00,AR SYS0)TM(UBRT300), TAU R30).

C * ONTOL O TH SECNDAY COUE120C



C&

C
PEAL LAIBIJALDIFFoL

C
C INITIALIZE
C
C COUNTER OF THE SECONDARY ITERATIONS IT
C

IT1l
C
C COUNTER OF THE JUMPS OF THE ROOTS DURING1 CONVJERGENCE
C

XSAUT=0.O
C

DIFF-0.0
C
C
C OIFFEPEriCC FROM THE PREUIOUS ITERATION
C
100 LDIFF DIFF
C
C FCP~kTION OF THE MATRIX CEFFICIENTS
C

CAlLL M$iTRIX
C
C
C SECOND r!EtilLER OF THE SY~STEM
C

HSTEP=NP- 1
00 2)0 I=2.hSTEP

200 XB~I)=51I2(1)*H*H
XB( 1)= .0
B (rip)=0.O0

C
C SOLUTIUN OF THE SYiSTEM
C

CP.LL SLIMTRI
C
C CCNTROL OF CONQUPENCE
C
C CPLCULATION OF SRA
C

N=NP-2
00 300 I=1.N

300 F( I)CRSOTI+(FI/(2H))**2)

F(NP)=F(rIP-1 I
NS=NSTEP
HS=H
CALL SIMPSON
SRA=F INT-L

C
C CALCULATION OF SRB
C

00 350 I=1.NP
350 F I)=Ffl)*A8S(T(I))

NS4IS TE P
HS=H
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CALL SIMPSONi
SRB=FINT/EM

C

Dl FF=SRA-SRS
AOIFF=ABS( 01FF)
ADIFFzADIFF/SRA
IF (ADIFF. LT. EP5IL02)CD TO GOO

C
C TESTS ON THE JUM-PS OF THE ROOTS
C

PROD=D1FF.DIFF
IF (PROD. LT. 0) GO TO 550

C
C 5TEPS OF THE JUMP
C
540 CONTINUE

TO =T 0DEL TAT
DO 54S I=1.NP

545 T(I)=T(I)+DELTA'
ITr1T+1
IF (IT. GT. ITrAX)GO TO 580
GO TO 100

C
C JUMP
C
550 XSAUT NXiAUT+1

XSICN:=-
570 DELTjAT- XS1C.( (I/(2aXSAUT) IUELTAT)

CTO0+ DEL TAT
DO 57S I=1.NP

575 T(I)=T(I)+DELTAT
IT=IT*1
!F (IT. GT. ITNAX)GO TO 580

C
C !NTERIEDIATE OUTPUT
C

IF (ITER. NE. IOUT(JOUT))GO TO 578
L4RITE(G, 2001 )ITER

2001 r' RMAT(/,IX. rITER-v14)
.TEE. 100! )DELTAT

1001 -'!AT(lX.7HUELTAT=.E12.4)
WW'1TE(G. 1411)

1411 FOMT5,HR=E24S.4SBl.,-,11F2
1 E12.4,5X,&HADIFF=,E12.4)
WRITE(G. 1012)PROD

1012 FGRMAT( lX.ShPROD=,E24.4)
578 GO TO 100
C
58C WRITE(S. 1420) ITER. IT
1420 FORMAT(/./, lX.37HN0 CnNVERGE4CFEI lr -SECONDARY t:YCLE, lX#

I 5HlTER=,I4,3HIT=I4)
STOP

C
600 CONTINUE

RETURN
END

C
C



SUBROUTINE TANG

C *SUBROUT1INE TANG

r. COMIPUTATIONI OF THE NODAL TANGENTIAL FORCES FOR
C *FABRIC4
C P RIMIARY TANrENTIAL STRESSES SIZ AND S2Z
C S S FCCNDARY T4NrENrTIAL STRESSES(ELASTO-PLASTIC)
C *TENSILE NODAL FORCES IN THE MEMBRANE T
C
C
C
c

I ,IOUT(30O,-CUT.t-ATAXoXT1AX
70MMrON' /TCI / rAUIr300).TAU2M1'300' .TPU1 (3O0). TAU2(300),X(300)
COMIiON ./Tl 2/S1Z(300).S2Z(30O)
CY-TrCN -'ITI/Xi(30.B3O).XB300,W30).~IP
CCri-oN /rMAT2/'T(3'O0).TI!J(300).L~i"BDAH.
COMM~ON SlS/5F300).NS-HS.FINT

C
REAL LAiMBDA

C
C SECONDARY FORCES ARE -ZERO AT THE EXTREMES
C
C

TAUl (1 )=O.
TAU( I)=.

C
F(tIP)=0.
TAU(NP)=0.
TpUI (hP>=D.
7AU2(TIP)=O.

C

FINT=0.

NSTEP=NP- I

0O 500 I-2,NSTEPr

C. CCMPUTATION STRT~S FPlJM THE ErND OF THE MEMBRANE
C
C AUXILLIkRY !NDEX IA
C

IA=NiSTEP-1+2
JA=IA41

C
C LIMIT OF THE MOBILIZED STRESS
c
C RIGID PLASTIC MODEL
C
450 TAUIA)=TAUJM(IA)

TAtU2( IA)=TAU2M( IA)
500 rAU(A)=TAUI IA)+TAU2(IA)
C



C TENSILE FORCE.S INi THE MiEMBRANE

DO 600 1=2PNP

B=(TAU(J)+TAU(I) )*H/2
T I NTT UI T+B
T fl) .T 1) O1NT

C '4O CONpPESSIONS
C

IV ~ LT. O)GO Ta 600

1YAU2(1I =O.

PE7O UPINA

c

SLPTuTOriINF rPIPFCE

C

C

C

no~ 1.0 1='i

(I,3'1.(

C

C

X"124



C
SUBROUTINE SLIMTRX

C
C
C
C.
C *SUBROUTINE SLIMTRI
C.
C *SOLUTION BY THE DIIIINISHON OF A TRI-DIAGONAL LINEAR
C *SYSTEM
C.
C
C
C

COMMON /MPT1,XA(300,3).XB(300),L4(300),NP
C
C ELIMINATION
C
C

DO 100 I=2.tiP

XA( I,2)XX(I,2)±(XA(I-1.3)*FACT)

C C: ;PUTAf "ON OF 14(l) BY SUBSTITUTION
C

W~(NP)=XB(NP)/XA(NP.2)
DO 200 j=2,NP
I NP+1-J

RETURN
END

C
C

SUBROUTINE SIMPSON
C
C
C
C.
C *SUBROUTINE SIMPSON
C.
C *NUMERICAL INTEGRATION USING SIMPSON RULE
C.

C
C

COMMON /SIMPS/F(300).NS.HSoFINT
C
C SIMSONS FORMULA (NS HAS TO BE EUEN)
C
C
100 FINT=0.

DO 110 J=2.NS.2
XINT=F(J-1 )+4*F(J)+F(J+1)
XINT=XINT*HS/3

110 FINT=FINT+XINT
C

RETURN
END



C

SUBROUTIN1E OUTPT*

C

C.
C *SUBROUTINIE OUTPT0
C.
C *OUTPUT FOR FABRIC4
C.

C

c COMMON ,8LlEPSILO1.EPSILO2.TO.DELTATITMAXP ITER.WM,EM,L.UR

1I IOUT(30),JCUTXLA*APTMAXPXTMAX
COMMtONi ,TGI/TAUIf(300),TAU2M(300),TAU1(300),TU2(300).X(

3 00)

COMMON ,TG2,'SIZ(300).52Z(300)
COMMrON /MATI/XA(300,3),XB(30)W(30)tl
COMMON /r1AT2T(3O0).TAU(3O0).LAMBDApH,

PFAL LAMBDA.L
C

LRITE(6. l5lS)ITER.W(1),T(1).T(tiP),TMAX,XTAXXLAWMPWR
1515 FORMAT(/,/,'. 27HRESULTS OF THE COMPUTATION:.5X.5HITER. IS,.

2 ,,25X.5HW(1)=.E12.4,SX,lHM.
3 ,.25X5HT(I)=,El2.4.5X.GHKN.til*
4 ,,25XSHT(L)= .E12.4.SX.EHKN.M-lp
5 /,25X.5HTMAX= ,E12.4.SX.GHKN.tl
6 /.25X,6HXTMAX=, E12.4.SX.l1M,
7 /,25X,4HYLF ,El2.4t5X.l1M.
8 /',25K. 3HWM=~. E 12.4.
9 /,2SX.3HWR=.F6.3.)

WRIPTE(S. 1525)
1525 FORMAT(/.3X,lHN. 7X,lHX,1OX3HSZ,1OX3H2Z,9X4HTAU19

9X*

1 4H'TiU2,IO0>.3HTAU. :2X. IHT. 12X. 1MW@')
DO 300 I=l.NP

300 LIPITE(6. lSG)I.X(I),SIZ()S2Z(I)TUI(I)TA1(1)#TAU(I)

152G FORMAT(IX13,IX.E12.4.?(IX.EI2.
4))

C
C

.6



PROGRAM STRAIN( IKPUT, OUTPUT. TAPE5=IrPUT,TAPE6=OUTPUT)
C
C
C
C.
C *PROGRAMI STRAIN
C.
C *THIS PROGRAM COMPUTES THE SURFACE SETTLEMENT UNDER
C *AlN APPLIED CIRCULAR STRAIN IMPRESSION. USING STRAIN
C *DIFFUSION TFCHNIOUES.
C.
C

DIM1ENSION C(250).D1(40)

C REAL MU

PI=3. 1427

C
C INPUT MU UALUE
C

10 FORMiAT(F10.3)
LWRITE(S.2O)MU

20 FORr1AT(".>,8H~lU VALUEvF5.3)
C

LIRITE (6. 25)
25 FORIIA4T(//',6x,3HR/A, 13X. 16HSETLEIEriT RATIDO)
C

DO 600 M=1,16

R=C ~ -)02
C

RO=O.0
DO 600 J=lo,.

C

Z=(J-1 )iDEZ)4
C

D=0.0
DO 300 l~1.24O
DELX=0. 125
X=(I-I )*DELX
A2=EXPC-(X**2)*B)

C
C

IF (X. GT. 7.0)GO TO 270
C
C USE BESSEL FUNCTION FOR LOWER ARGUMiENTS
C

s1=1.0
S2- 1.0

C

DO 200 K=1#10

C
C CALCULATE THE FACTORIAL



C
Do 100 L=1.K
NI =L*Nl

100 CONTINUE

cNli =(Ni )**2

XI 'R*X

S1LS1=+DELS1 X*2)**)/l

SI=CSI+DELS'(+1
C

S2LS2+DELS/W2
C

IF (ABS(DELSI). CT. 0.0001) GO TO 150'
IF (ABS(DELS2). CT. 0.0001) GO TO 150-

C
GO TO 250

C
150 CONTINUE
C
200 CONTINUE
250 CONTINUE
C

S2=S20 .5*X

IF (XI. LT. 7.0)00 TO 290
C
270 CONTINUE
C
C USE APPROXIMATE BESSEL FUNCTION FJR .ARCE ARGUMENTS
c

THETA=X-PI/4.0
SI=(SORT(2/PI/'))4IS(THETA)

IF (X. GT. 7.0) GO TO 290
C

THETA 1X-3. 0PI/4.O
S&=(SORT(2'PI'X) )*CDSCTHETAI)

290 CONTINUE
C
C

C(I)=(A2)*(Sl)*(S2)
IF (I. EQ. 1)C0 TO 300

c
C COMPUTE THE STRAIN

c DELD=0.50(CCI )+C(I-1))*DE1Y
D=OELD+D

cIF (ABS(BDEf). LT. O.0001) GO TV 400
C
300 CONTINUE
C
400 CONTINUE

'8



C

IF (J. E~D. OT 0
C

C CALCULATE THE SETTLEMENT

C

C
700 CONTINUE
C
C0 COULTIE TESTLM AI
C

IF (R. ED. 1.000)RDO1RO
RO =ROIRO1

C
WRITE(G. 750)IRRO

750 FCRTIAT(,.FIO.3,SX,F1O.3)
C
C
800 CONTINUE
C

STOP
END

(The reverse of this paqe is h)laxr,)
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