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FOREWORD

-

The work reported herein was performed by the Purdue Research Founda-
tion, Purdue University, Lafayette, Indians, for the U. S. Army Engineer .
Waterways Experiment Station (WES) under Contract DACA 39-67-C-004k, during -
the period July 1967 to March 1969. The study was conducted as a part of
the landing mat program under Research and Development Project No. 1T062103A0L46, -
"Trafficability and Mobility Research," Task 05, "Mobility Engineering Support,"
under the sponsorship of the Research and Development Directorate, U. S. Army
Materiel Command (AMC). The principal investigators were Messrs,'Milton E.
Harr, Professor of Soil Mechanics, and John C. Rosner, Graduate Instructor.

WES Soils Division personnel directly concerned with monitoring this
contract were Messrs. D, N, Brown, Chief, Design and Analysis Section, and
D. W. White, Mat Section, under the general supervision of Mr. J. P. Sale,
Chief, Soils Division. COL Levi A, Brown, CE, was Director of the WES and
Mr. F. R. Brown was Technical Director during this study.
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ABSTRACT

Rosner, John Christopher. Ph.D., Purdue University,
August 1969. Theoretical Study of Landing Mat Behavior.
Major Professor: Dr. Milton E. Harr.

Mechanistic models are developed to help predict the
behavior of landing mat systems. The first model, which is
based upon elastic theory, is capable of duplicating the
action of such systems under static loads. The associated
assumptions are: 1) that an infinite beam is the structural
equivalent of the mat:; 2) that the subgrade is homogeneous;
3) that horizontal displacements within the subgrade are
negligible; and 4) that the mat always remains in contact
with the subgrade. The model parameters are established from
simulations of full-scale experimental tests. These param-
eters are also correlated with preototype test variables.

Results from prototype tests indicate that the mcdel
parameter k, the subgrade modulus, decreases as trafficking
of the section progresses. Contrary to common belief the
model behavior is found to be extremely sensitive to the
magnitude of the subgrade modulus. Results also indicate
that the performance of dual-wheel prototype tests can be
predicted with reasonable confidence by the procedure devel-

oped herein: use for the single-wheel tests appears to be

somewhat limited.
xii



"An investigation of the effect of end joint connections
indicates that scme increase in service life can be attained
by strengthening the standard end joint connectors.
| A second mechanistic model is developed to simulate
actual loading sequences and to provide a means of esti-
mating the residual deformations 6f the mat surface. Th?
applicabilityhéf thié model is demonstrated for both single-
-wheel’and dual-wheel tests. Complete evaluation of the

potentialities of this model is not possible from the avail-

xiidi
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INTRODUCTION

Present indications are that landing mats will be used
extensively in the forward areas of any future air opera=-
tions. This i1s particuvlarly true in theaters of operations
where time and the availability of native construction
materials will not pernit a more permanent type of installa-
tion. Since the efforts and cost required to produce and
deliver landing mats "o theaters of operations are so great,
the efficient use of the mat is esrential. 1Inefficient use
of mats may prevent the timely accomplishment of assigned
missions.

Existing criteria for designing runways to be surfaced
with landing mats have developed, by and large, from full-
scale experimental tests. Protot Pe tests were conducted
by the Corps of Engineers [10, 12¥ on individual mat types
under various conditions of load, number of coverages,
wheel spacing, tire pressure, tire ply rating, base thick-
ness, and California Bearing Ratio (CBR) of the subbase
material. Most of these tests were conducted until failure
occurred. Failure was judged on the bas’s of the roughness
of the mat surface or excessive breakage in the mat. 1In
regards to the roughness requirement, the test section was
considered to have failed when permanent deviations of 3
inches or more occurred in a 10 foot length in any direction
within the traffic lane. When breakage cevelopeé in 10 per-
cent or nore of the mat panels within the traffic lene, the
test section was considered to have failed. 1In most tests
both failure criteria were met simultaneously.

The results of each test when failure occurred were
used in connection with established desin curves Geveloped
originally for flexible pavements. Such design curves are
given by Yoder [68] and the procedure for using the obtained
data is given in Corps of Engineers publications [8, 10].

An effective thickness of flexible pavement was assigned to
the mat using the design curves. The performance of a land-
ing mat could then be estimated by interpolation and extra-

polation.

! The numbors in brackets refer to references given in the
List of References.
1
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In tests where failure was not in evidence after a
maximum established number of coverages, the effective
thickness of the mat was determineu using the same procedure
given above. For these, the effective thickness assigned to
the mat was less than optimal for the established failure
criteria.

For each type of mat tested a set of design curves has
been developed. In line with this procedure, each altera-
tion in the structure or configuration of the individual mat
elements has necessitated a new series of performance tests.

The objective of this study was to develop a reliable
procadure or method for predicting the performance of land-
ing mats. It was anticipated that the success of this study
would serve to reduce greatly the need for costly perform-
ance testing and the procedure could be used for cemparisons
of the relative effectiveness of existing mat types. 1In
addition, it was hoped that the study would provide a means
whereby more efficient utilization of landing mats could be
achieved.

For this study the results of the prototype tests as
reported by the Corp of Engineers [10, 12) were used.




REVIEW OF LITERATURE

~ Existing Theories of Surface Displacements

The benefits to be accrued from the use of selected
surface materials as agents for the transmission of wheel
loads to the existing sub-soils have long been realized.

The behavior of these materials, be they concrete, asphaltic
mixtures, chemically stabilized soils, or landing mats, has
been of considerable interest to the engineer. Many theo-
ries for the analysis of such systems have been proposed;
vet, no general theory exists today.

Winkler Concept

One of the initial analyses of load transfer between
surface materials and a subgrade was provided by Winkler
[67]. 1In his work he assumed that the action of the sub=~
grade was analogous to a dense fluid or a system of linear
independent springs wherein the reactive pressures developed
in the subgrade were proportional to the deflection of the
surface. Winkler's hypothesis stated that

P = kw (1),

where p is the pressure exerted by the subgrade
k is a proportionality constant
w is the deflection of the subgrade surface.

However he did not indicate what value or values should be
associated with the proportionality constant, k.

In his analyses of railway ties and rails, Zimmermann
[70] utilized the Winkler concept and concluded that the
proportionality constant was dependent upon the type of sub-
grade. Experimental studies conducted by Foppl [19] indi-
cated that the response of such systems could be approxi-
mated by using the Winkler hypothesis.



In a rathematical treatment of the subject, Hayashi
[25] employed the “linkler hypothesis to analyse bea@g rest-
iny on soil. He prezented the solution for the condition
where chearing forces evisted at the interface of the beenm
and the soil. 'The governing differential ecuation took the
form

SN . AL AL 2o w = (2)
M 2 3
ax EI Gx EX EX
wherein EI is the rigidity of the beam

A is a constant
g(x) is the loading function.

If interfacial shear can be neglected, the second term in
Eqn. (2) may be omitted. From a later investigation which
considered the presence of interfacial shear forces, Florin
[18 ] concluded that these frictional forces had negligible
influence on the cdistribution of the vertical pressure
exerted by the soil.

In 1926, Westergaard [ 64] used the Winkler hypothesis
to compute the stresses in concrete highway pavements.
Later [65] he extended his analysis to airport pavements.
In his initial study, he observed that an increase of the
subgrade modulus from 50 1lbs./cu., in. to 200 1lbs./cu. in.
produced only minor variations in pavement stresses. There-
fore it was surmised that an approximate single value of the
subgrade moculus, k, should be sufficient for determination
of the stresses in pavements. It was also suggested that a
standard procedure he developed whereby the value of k could
be ‘determined.

Prior use of the Winkler hypothesis assumed that the
subgrade folloved the structural member. This necessitaced
the development of normal tensile stresses at the interZace
of the load transfer mechanism and the subgrade. Murphy
[39] investigated the stresses and deflections of plates
whose edges were free of foundation support. 1In addition
to observing that the size of the plate had a considerable
effect upon the developed stresses, calculations indicated
that an increcase in the stiffness of the foundation reduced
appreciably the stresses and deflections of the plate. 1In
an analogous manner, Harr and Leonards [24], employing the
Winkler hypothesis, demonstrated that appreciable stresses
and deflections could be produced in concrete slaks when
moisture anu/or temperature gradients across the depth were
Present,




. In 1946, Hetenyi [26] prescented a collection of solu-
FlOQS'fOE beams on linkler foundatione; finite as well as
infinite length beams. To remove the discontinuity in the
deflection pattern that occurs at the end of a finite length
beam using the Winkler hypothesis, he suggested that the
finite beam he placed over an infinite beam which in turn
wai cilituaed in the gystem of springs. Hetenyi did not give
humerical velues for the subyrade modulus, nor did he sug-
gegl what factors may influence this measure,

In a study conducted in 1955, Drapkin [16) obtained the
solution for finite length beams utilizing the principle of
superposition. He noted that contrary to prevailing prac-
~tice increasing the length of a beam did not reduce sub~
stantially the maximum vertical foundation pressures.

In 1955, Terzaghi [62 ] presented a critical review of
the history and development of existing theory based upon
the subgrade modulus. He pointed out that the magnitude of
the subgrade modulus was dependent upon the dimensions of
the loaded arca as well as the elastic properties of the
soil. He also established a procedure whereby consistent
values for the subgrade modulus could be obtained. Terzaghi
noted that intelligent use of the Winkler hypothesis would
produce reliable stresses and bending moments but the theory
failed to provicde reasonable estimates for settlements.

In 1962, Lenczer ([36]) experimentally investigated the
effect of 'soil depth on the magnitude of the subgrade
modulus. He observed that for shallow depths, less than 1l2:
inches, the variation in the numerical values of k was
appreciable. He, as did Terzaghi before him, found that the
subgrade modulus was cdependent upon the size of loaded area.
In addition, he presented an empirical relationship wherein
the subgrade modulus could be taken as a function of deposit

depth.

Many other investigators (21, 29, 38, 51] have employed
the Winkler hypothesis or minor variations thereof to the
analysis of load transfer systems.

Elastic Solid Models
In the 1930's with the advance of soil mechanics, ques=

tions were directed concerning the validity of the Winkler
hypothesis. In 1937, Biot [ 4] presented the means of com-
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puting the contact pressures on the base of an infiqite .
elastic beam resting on a semi~infinite elastic solid. This
solution made it possible to determine an equivalent value
for the subgrade modulus, k. Subsequent investigations_led
to the conclusion that the subgrade modulus was a compli-
cated function dependent not only orn the elastic modulus of
the soil and the width of the beam but also upon the beam's
flexural rigidity. Biot concluded that no unique value of
the subgrade modulus could be assigned to a given subgrade.

In 1943, Burmister [ 6 ]obtained the solution for a two
layered system acted upon by a uniform circular load. Each
layer was assumed to be a homogeneous, isotropic, and .
linearly elastic solid. A perfectly rough interface condi-
tion was assumed to exist between layers with the lower
layer providing continuous support to the upper layer.
Lemcoe [ 35 Jconfirmed the results given Ly Burmister and
also investigated the condition of a frictionless interface.
He reported that only a very slight change occurred in the
vertical normal stresses as the interface condition changad

from perfectly rough to perfectly smooth.

The semi~infinite elastic solid model and an elastic
layer of finite thickness were employed by Pickett [ 43] in
his investigation of the behavior of concrete pavements.
Influence charts for deflections and moments at different
points in the concrete slab were presented for both an elas-~
tic solid subgrade and a dense liquid subgrade. However,
he gave no suggestions for associating the model parameters
with given subgrade conditions. The solution for an clastic
solid of finite depth was also presented by Sovinc 60 . As
an aid to obtaining this solution he approximated the dis-
placements within the solid by a double Fourier Series.

In 1961, Davis and Taylor [ 13 ]investigated the influ-
ince of horizontal loading on the surface displacements of
an elastic layer. They concluded that care in selecting
the values of the elastic constants was necessary for this
type of loading because some portions of the soil mass ex-
periences a stress reduction. In 1963, Lee [34) concluded
that for horizontal surface loads the normal stress
distribution along the contact surface of a flexible strip
was essentially independent of the magnitude of the contarct
shearing stresses. Lee also expressed the belief that the
assumption of a smocth contact surface leads to conservative
estimates of the bending moment and shearing force induced
in the strip. 1In an earlier study, Leonov| 37 ] also found
that horizontal forces have practically no influence on the
distribution of the vertical reactive pressure.
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In an attempt to simplify future computations, DeBeer
{14] usmng_anxlterative procedure, obtained the contact:
pressure distribution beneath a beam. He suggested that a
sccorid or fourth order polynominal could be used to approxi-
mate the contact pressure distribution. Using this relation~
ship he obtained rcasonably correct deflections and bending
moments. From the results of an experimental investigation
DeBeer [ 15 ] concluded that the second degree parabolic dis-
tribution reflected the results of the tests regardless of
the beam stiffness. Comparisons of the test results with
computations based upon the Winkler hypothesis were also
made. Barden [2 ) in his studies of finite beams employed
DeBeer's approximation for the contact pressure and con-
cluded that the results obtained were more valid than those
obtained from the Winkler analysis.

, Many procedures and techniques have been developed
[57, 41, 23, 34, 48 ] to approximate the distribution of
surface contact pressures. A method developed by Zhemochkin
[ 69 )Jassumed that the load transfer element was connected
to the elastic solid by linkages (two-force members). By
treating the forces in these linkages as unknowns and using
the "method of virtual displacements", he was able to

‘approximate the contact pressures transmitted by the elastic
solid. A high degree of accuracy could be achieved by using
many linkages in the system. This procedure gave results
which agreed well with the more rigorous mathematical solu-
tion. Sinitsyn[ 59 ] extended the application of Zhemochkin's
procedure and Barden [ l]later presented another variation.

In his discussion to Barden's paper, Chueng [ 7] indicated a
further simplification and noted that this method had been
used in Asiatic countries in design for many years.

A recent theory for analyzing structures on elastic
foundations based upon a general variation2l method was,
developed by Vlasov and Leont'ev [63]. This theory is more
complex than the Winkler theory yet simpler than the elas-
tic half-space analysis. The form of the basic differential
equation given to describe the state of strain in a loaded
single-layer foundation had the same form as that obtained
earlier by Filonenko-Borodich [ 17 ]and by Pastarnak [42].
The method possesses great flexibility. By judicious selec-
tion of the coefficients in the differential equation, the
equation for either the Winkler hypothesis or the.elastic
solid model may be obtained. In addition, boundary condi-
tions are easily introduced and the developed procedure can
be readily extended for complex three-dimensional considera-
tions. This method forms the background of a large part of
the analysis developed in this report.

.



Viscoelastic Models

Recently attention has bkeen directed toward application
of viscoslastic theory to the response of soils subjected
to static and ¢ynamic loading. Many rheological models have
been provosed for simulating the stress-strain-~time behavior
of soils and for mocdeling studies of creep phenomena and
stress relaxation in scil.

Freudenthal and Lorsch [20] were among the first inves-
tigators who employed a linear viscoelastic analysis to
infinite beams. 1In their study the soil support was replaced
by a series of Keolvin, Maxwell, or Standard Linear Solid
elements. For each of these elements the authors were able
to develop relationships for the deflection of an infinite
beam subjected to time invariznt concentrated and uniform
loads.

In a brief note in 1958, Reissner [52] presented the
solution of a thin plate resting on a viscoelastic founda-
tion which possessed shear interaction; a frictionlecs
plate~foundation interface was assumed. Two years later,
Pister and Williams { 47] extended the work of Reissner to
incorporate a rough interface condition. 1In addition, they
presented response curves for the maximum deflection and
moment for an applied step force. Later Pister [40)
presented the solution for the axisymmectric bending of a
viscoelastic plate of finite thickness supported by a visco-
elastic foundation of infinite ertent. He, as did Reissner,
assumed a frictionless interface condition.

In his study of the creep behavior of snow foundations,
Kerr [ 28] employed a linear viscoelastic media. The tine
inveriant load was applied directly to the foundation rather

than by a load transfer mechanism (such as a beam or a plate).

Hoskin and Lee [ 27] used linear viscoelastic models for
their analysis of the siress and deformation characteristics
of a subgrade, strengthened by a flexible surface plate and
subjected to a sudde ily applied uniformly distributed invari-
ant load. They concluded that the Maxwell model Jave unrcal-
istic values for deflections, subgrade pressures, and plate
bending moments for long time loading; however, the use of
the Standard Linear Solid model was found to be satisfactory.
They also noted that under certain circumstances (by use of
transform theory the time dependence of the system could be
removed) stress and deflection analy~es of a system contain-
ing linear viscoelastic components could be treated as an
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anaybqqus clastic problem having the came geometric boundary
conaitions. Uhis analoyy is known as the "corresponcence
p;xnc:yln”: They concluded that the responge of a linear
vxscoglusLlc material to gtress could be precicted by an
elasglc nmatesin~l wharein the clastic constants were replaced
by tilae=dependent parameters.

Schapery [83, 54) reported that the solution of many
non=linear viscoclastic problems may also be closely approx-~
indted by rcducing them to an equivalent elastic condition
wihcrein the wparameters, which characterize the non-linear
viscoclastic iwmaterial, are taken as functions of time. The
validity of this procedure (quasi-elastic method of analysis)
was demonstrated by Schapery [53) for a viscoelastic canti-
‘lever—~beam subjected to a concentrated load at the free end.
Schapery [54] also applied this procedure to the analysis of
the creep of glass fiber reinforced resin under an uniaxial
stress condition and demonstrated that the procedure could
also predict the creep response of Polystyrene under a vary-
ing stress condition. Three different samples of Polysty-
rene were subjected to a triple-step stress application.
Predictions of the magnitude of the strains were within 9%
of those observed from experimental investigation over an
elapsed time of 1512 hours.

Konder and Krizek [31] investigated the creep response
of a commercially available cohesive soil, Jordan Buff,
under uniaxial and constant compressive stress. They were
able to predict creep response for this material which
exhibited definite non-linear behavior with an expression

of the form

g e =C(o) +C; (o0)(log t -G log2 t) (3)

where C(o), C; (o) are constants with respect to time
but are stress dependent
. Co is a constant
t is the time variable.

Singh and Mitchell (58] studied the creep response of

a number of soil types subjected to various test conditions.
They developed an expression for the strain of the form

e=clo) +¢ e®Pl)(gy!m (m#1)  (4)



where C(o) is = constant which is dependent on the
strain at unit time
C; is a constant
a 1is a dashpot constant
D(o) is the acviator stress
M is the slope of logarithm of strain rate versuc
losarithm cf time (straight line)
t is tine.

They concluded that the expression was applicable irrespec-
tive of whether the soils were undisturbed or remolded, wet
or dry, normally consolidated or over-consolidated, or

tested in a drained or undrained condition. They stated

that the developed creep function reflected the effect of
soil composition, soil structure, stress history, stress
intensity and the slope of the strain rate vs. time relation-
ship on a log~log plot. They indicated that further research
was being conducted to attest the validity of their creep
function for repetitive load conditions.

In his analysis of viscoelastic layered pavement sys-
tems, Barksdale [3) was able to develop a creep compliance
response for an asphalt mixture and one for a clay subgrade.
Both relationships were developed for materials subjected to
repetitive stationary step loadings.

The primary limitation of applying viscoelastic models
to real soil behavior has been the difficulty in a2ssigning
representative numerical values to the rarameters for even
the simplest model.

Prototype Tests on Landing Mats

Accelerated traffic tests simulating aircraft taxiing
operations were cond: :ted by the Corps of Engineers[ 10 on
test sections constructed with a range of subgrade strenhgths
that represented airstrips surfaced with landing mats. The
purpose of th-se tests was to provide data on the service
life of mat-sirfaced airstrips under various conditions of
whee; load, tire pressure, and subgrade strength. As noted
previously, design curves were developed by modification of
the conventional CBR (Culifornia Bearing Retio) design
curves for flexible pavements.

10
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_ The traffic simulated the operations of military air-
cendit with both single- and ducl-wheel assemblages, Single-
wiiael loads ranged from 10,000 to 50,000 lbs ané tire pres-
gucres ronged from 40 to 300 psi. For dual-wheel asgembly,
lotug of 50,000 1lhs were used with a wheel spacing of 27.5
in. (center to center) and tire pressures ranged from 100 to
200 psi. These loading arrangements were applied by a load
cart [(10]. ©Lach test section was approximately 26 ft. wide

and 30 £t. lonyg with the traffic applied over a width of

12 ft.--

Two types of subgrades were used: (1) a fat clay (CH)
with an average liquid limit of 60 and a plasticity index
of 39 and (2) a lean clay (CL) with an average liquid limit
of 36 anad a plasticity index of 15. The strength of the
subgrade was classified into three groups: (1) high strength
with a CBR above 20, (2) medium strength with a CBR between
7 and 20, and (3) low strength with a CBR between 3 and 7.

The tests were made on standard M6, M8, and M9 landing
mats. The M6 mat is a pierced steel plank with a moment of
inertia per foot of width of 0.069 in. : the M8 mat is a
heavy, deep~ribbed steel mat with a moment of inertia per
foot of width of 0.269 in. The M9 mat is a deep-ribbed
aluminum mat with an average moment of inertia per foot of
width of 0.618 in. * These mats, which are rectangular in
shape, were placed on the cubgrada in a masonry type arrange=
ment and connected by integral locking lugs on the sides and
hooked connectors on the ends.

The tests were continued until the test section failed
or until 700 coverages had been completed by the load cart.
Failure of the sections was judged on the basis of: (1)
development of roughness of the mat surface to the point of
endangering aircraft operations and (2) excessive mat break-

age.

In 1967, the Corps of Engineers conducted an extensive
study [12 ] to develop criteria for the efficient design of
aircraft landing gear for aircraft required to operate from
mat-surfaced airfields. Traffic tests were conducted with
numerous combinations of wheel configurations, loads, and

‘tire pressures. - The wheel configurations varied from a

single-wheel up to 12 wheels: the loading varied from 35,000
to 273,000 lbs and the tire pressures ranged from 50 to 250

11



psi. The two soils, which formed the §ubgrade, exbibited
only minor differences in characteristics. ne sox} was a
fat clay (CI) with a liguid limit of 58 and a plasticity
index of 21 while the other soil was a fat clay (CH) with a
licuic lirit of 61 and a plecsticity index ol 37. The in-
pléce, initial strencth of these subgrades as indicated by

CBR valuec ranged from 1.1 to 9.0.

These te.ts were made on the M8 mat (previously
described) and the modified T1l mat which is a lightweicght,
extruded-aluminum panel with an abrasive surface [ 11}. The
moment of inertia per foot of width of the Tll mat is
1.368 in. * 7The method of placement of the rectangular-
shaped T1l mat was also of the masonry design. The behavior-
al characteristics and performance of the mat surfaces,
whether loaded or unloaded, are well documented [ 12 | for
each test at various coverage levels. The single-wheel and
dual-wheel data from this test series constitute the basis
of the investigation reported herein.

Application of Theories to Landing Mats

It is well recognized [9] that the action of landing
mats in distributing wheel loads to the subgrade is compli-
cated and that the exact mecharism through which distribu-
tion is accomplished has not been defined. The consensus
of opinion is, however, that the mat distributes loads in a
manner similar to that of a beam or flat plate. Consecuent-
ly, most theoretical studies of landing mats have enploved
this type of analysis.

In 1951, Pickett [44] conducted a theoretical investi-
gation of the behavior of landing mats. In this investiga~
tion, he considered the landing mat capable of: (1) tensile
strength only, (2) flexural strength only, and (3) both
flexural and tensile strength. 1Initially, the assumption
was made that the composite mat and subgrade material could
be represented by a model composed of a thin membrane of
infinite extent supported on a liguid subgrade incapable of
supporting shear stresses. Vertical loads were appliea

d%rectly to the membrane. The governing differential equa-
tion for this model was

2
T AW=kw= -q {5)
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where T, is tho membrane tension (assumed to be constant)
A .is the Laplacian operator
w 18 the deflection of the surface
k %s the density of the liquid
g is the intensity of pressure in the direction
of positive deflection.

In-garlier studies, Schiel [56 ) and Filonenko-Borodich ([17]
arrived at this identical differential equation in their
analyses of beams on elastic foundations. After obtaining
the solution of Eqn. (5), Pickett developed an influence
chart by which the deflection of the surface and the reac-
tive pressure could be determined graphically for a uniform
load of any configuration.

Next Pickett [44] assumed that the composite mat and
subgrade material could be represented by a membrane sup-
ported on an elastic solid. For this model, influence
charts were prepared for both deflection and reactive pres-
sures for two finite thicknesses of the elastic solid in
addition to the case of infinite thickness. As could be
expected, the presence of the membrane reduced the magnitude
of the deflection as compared to the simple elastic half-
space model. A model composed of a thin plate type of mem-

‘prane (wherein the membrane tension could vary with direc-

tion at a point. and vary from point to point) and a subgrade,
assumed to be a dense liquid with respect to vertical reac-
tions but providing elastic resistance to horizontal dis-
placements of the membrane, was investigated by the finite
difference method. Mathematical difficulties prevented the
completion of this solution.

In a.later study, Pickett [45) extended his analytical
work to include considerations of orthotropic mats on elastic
subgrades. In these investigations, he considered the mat
capable of only flexural resistance and assigned to the mat
a wide range of combinations of transverse, longitudinal,
and torsional stiffnesses. He concluded that a given amount
of transverse flexural rigidity was several times as effec-
tive in reducing maximum deflection as an equal amount of
torsional rigidity and that both of these rigidities were
of less relative importance than the longitudinal rigidity.
It was further noted for widely distributed loads that all
mat rigidities were of less relative importance than the
subgrade rigidity.

13



In all of Pickett's studies it was assumed that the mat
and subgrade remaineG in contact at all points and that the
shear aeveloped at the interiace could bhe neglected. 1In
none of the stuuiles uid he actually utilize his models to
predict the performance of landing mats.

In 1955, the Corps of Engineers [ 9] presented the
results of full-scale landing mat testes and model tests
which were compared with the analytical studies concucted
by Pickett [44, 45]. It was concluded that the beneficial
effects of the landing mat was dependent upon its longitu-
dinal, transverse, and to a very minor extent its torsional
rigidity. It wes further noted that because of slack in
the end joint connections and przctical considerations in
laying the mat little, if any, over=-all membrane action was
possible. The report concluded that landing mats act pri-
marily "in flexure" and that additional stiffness at the
end joints add considerably to the smoothness of the operat-
ing surface under traffic conditions, approximately doubling
the service life of the mat.

14
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MODEL DEVELOPMENT AND SIMULATION

Introduction

A mechanistic model was sought whose deflection behav-
ior reflected the action of landing mats. 1Initial consider=-
ation was given to the selection of a representative load
transfer element. In accordance with the findings of the

‘Corps of Engineers [ 9], a membrane was eliminated as a pos-

sible element. Also as indicated in Photograph 5 of this
report, (particularly for a group of M8 type mats) there is
an apparent lack of resistance to lateral bending due to the
presence of longitudinal joints. This would tend to exclude
a thin plate from consideration. Thus for the sake of expe-
diency, a beam was selected for the basic load transfer
element.

The second consideration was the idealization of the
soil media. The Winkler hypothesis, Eqgn. (1), was not con-
sidered suitable due to its shortcomings as pointed out by
Terzaghi [62] and its neglection of interfacial shear
stresses. 1Initially, a viscoelastic model was not used
because of its complexity and the anticipated difficulty of
correlating the model parameters with the given soil proper-
ties. Since it was shown [12] that the "average deflection"
increased with the number of coverages, a conventional
elastic solid medel was also not directly applicable. How-
ever, this behavioral characteristic could be accommodated
by an elastic solid model wherein the model parameters are
made coverage dependent. Such a quasi-elastic model for
the soil media was employed initially in this study.

Development of Mat-Soil Model

Since it was anticipated that the mat-soil model param-
eters would have to be established by analytical simulation
of prototype test data, careful consideration was given to
the method of analysis. The general variational method of
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analysis, developed by Vlasov and Leont'ev [63] for elastic
foundations, app2arcd to provide the cesired degree of flex~
ibility. & dotailel nresentation of this method for a
single laer foundation is given in Appendix A.

The rcaction of a beam of infinite length to loading
vas selected 2s the mechanistic equivalent to that of the
mat urdor sindilac circunztances. This seliection was predi-
cated upon saveral prevailing conditions. First, actual
field operatlions aau test procedures employed by the ater-
ways Expecciment Staticn {12 ) demonstrated that the mat ele-
ments extend latcrally fur an appreciable distance outside
the normal traific lane. The traffic lane widths for the
single wheel tests ranged from 4.75 £ft. to 12.00 ft. A
minimum extension of 10.16 ft. beyond the traffic lane
existed for all cases. Typically the width over which the
wheel load was applied was only 14.7 inches. Secondly, the
longitudinal joint used for the mats (necessitated by the
construction procedure) provided virtually no moment trans-
fer from one mat element to the next. However, as attested
by Photograph 4 of reference 9, in the transverse direction
an appreciable amount of moment transfer was afforded by
the end joint connectors. Tests [ 9 Jon the ME& mat indie
cated that the longitudinal rigidity was approximately 150
times larger than the lateral rigidity.

The width of thc infinite beam was taken as the length
of a rectangle whose area was equivalent to the tire print
area and whose width was equal to the maximum width of the
tire print. 1In those cases where this equivalent beam width
was greater than the width of the actual mat element the
longitudinal joint was neglected. 1Initially, it was assumed
that complete continuity existed et the end joints of the
mat el:wments; that is, the end joint connections provided
total shear and moment transfer between mat elements.

In 2ddition to the above, the following assumptions
were made:

1. The wheel loads can be represented by uniformly
distributed loads.

2. The beam obeys Eulerian conditions regardless of
the stress level,

3. The beam and the soil alwvays remain in contact.

4. Horizontal displacements within the €0il media
are negligible.
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pndeg these assumptious, the response of the mat-goil model
1? given by the differential equetion (Een. (BS), rppendix
5 ! I

L - N
¢ v 2 dly Y p ()L
- 2r + 8 V(p) = - ©
an an n EI ( )
where
2 1- ¢
2 tIf _ Yo H 2
r T w T T Loy % (7)
4 H
Y kL
(S = “EI = 2L / w; zdy (8)
o
and
3 3

S 2B (1-37)
L = B3 (9)

At the present time there is no reliable information
available as to the actual distribution of displacements
with depth in a soil layer. This is particularly true for
the selected soil model wherein horizontal displacements in
the soil media arc assumed to be of negligible magnitude.
Information available for homogeneous deposits indicates
that the distribution of displacements with depth is non-
‘periodic and has a maximum at the surface. Tests conducted
by the Corps of Engineers [9] on a rubber subgrade loaded
both without a mat and through a steel mat indicate an
asymptotic attenuating distribution of displacement with
depth- (see Plate 17 of reference 9). 1t appears reasonable
to assume that with different mat rigidities the same
general shape would be maintained but that the rate of
attenuation would vary with depth. Functional representa-
tions of this type of distribution may take many forms.

One form, suggested by Vlasov and Leont'ev ([63], assumed a
ratio of hyperbolic functions as

sinh Y EEX
sinh & :
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where H is the thickness of the soil layer
y is the distance from the subgrade surface
Yy is the vincnsionless parancter

"7ith the distribucicn of uisplacements described by Eon.
(10) ang arfter applying the assumption of negligible hori-
zontal displacemencs, the stresses can pe expressed as
(frem Zons. (2.16), Appendix a)

E dy, (v)
0 1
E,
1’xy = m)vi (W (y) (Lib)

A typical distribution of the above stresses is given in
Figure 1.

With the form of y; (y) taken as in Egn. (10), any vari-
ation in the rate of attenuation of the displacement due to
different mat rigicdities can be incorporated by judicious
selection of the parametery . As indicated in Figure 2,
¥, (y) does not procduce a unique distribution until the
dimensionless parameter y ic established. Since the value
of Y could not be established from any previous studies, it
was necessary to examine the "average deflection" patterns
for Lhe cases at hand with the hope that a simulation pro-
cedure could be developad which would yield reasonable
Ineasures of this parameter.

In addition to the prrameter Y, Eome measure was
required for the ecuivalent layer thickness, H. 1In most of
the test sections, the natural soil was excavated to a
depth of 6 ft. and the excevetion wvas backfilled under cone-
trolled conditions to produce the recuired soil strengths.
In some test sections, the subgrade was controllec only for
a depth of two feet. 2n analytical study of the effect of
layer thickness on the deflection pattern was made. For
this investigation the layer thickness was varied in incre-
ments from 12 in. to an infinite depth. From the simulaticn
of the "average deflection” patterns, results (to be dis=-
cussed later, see Tablc 3) for the extrene conditions inci-
cate that the layer thickness was immaterial. For simplicity,
the =o0il mecdia was assumed to be of infinite extent. Under
this assumption, the model characteristics % and t in Lcns.
(7) &nd (8), becone

18




SHEAR STRESS NORMAL STRESS
0

0
P ‘ Fo—
!
y
H
RIGID BASE . RIGID BASE
. L . Lo B . . ‘ . \ 3
177 1=7777=, 777 =77/7 =/ =7/] =777 =7777=777
0 o]

FIGURE I, DISTRIBUTION OF STRESSES

WITH DEPTH
yo)=1
o |
.
y=8
y Y=z4
H S— Y=
Y (H-y)
sinh L
VSO . Y H
sinh ""L—'
f

777777777 7 7777777 7777777777777

FIGURE 2. DISTRIBUTION OF DISPLACEMENT
] WITH DEPTH



EOG

L (12a)
2(1-2)

EOG

£ = —-—-S-S(HHO ;*- (12b)

As can be noted from the above relations, the two molel
characteristice ere functions of the unknown parameters :o
(modulus of elasticity of the soil), y, _ (Poisson's ratio Tor
the soil), and y. Therefore to use the developed mat-soil
model, the parameters E_ and y _ must be numerically identi-
fied in addiction to the parameger~y. The identification of
these parameters could be accomplished by simulating the
"average dcflection" patterns; however, to consider the
effect of each parameter independently would necessitate
extensive computer time,

Previous studies of beams on elastic foundations indi-~
cated that ¥ _ generally has a negligible effect on the re-
sulting defl&ctinrn pattern. To assess the validity of this
assertion for the present problem, the deflections of two
points in the mat, one directly under a wheel and one 36.75
in, from the centerline of the wheel, were determinec for
conditions identical to those of Section 13, Lane 2¢&, Item
2 for Poisson's ratios of 0.3 and 0.5. The resulting ceflec-
tions are tabulated in Table 1. For this particular test,

a Poisson's ratio of 0.4 appears adeqjuate. Hence in this
study, L is assumed to be 0.4. This assumption is also

in line with that made previously by Pickett[ 43, 44]. 1In
any event, any appreciable error incurred by this assumption
would be compensatea for, in part, by the other parameters,
Eo and y, obtained from the simulation procedure.
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- Table 1

LEffcct of Poisson's Ratio on Dcflection

Deflection
Deflection 36.75 in.
Y Eg at ¢ of from £ of

(psi) Wheel (in.) Wheel (in.)
by = 0.3 3.00 250 1,098 0.099
b, = 0.5 . 3.00 250 ~0.900 0.054

Actual~- (from "average 1.0 0.0
deflection”
pattern)

Parameter Identification Techniques

Several identification methods were applied to the
deflection data obtained from the prototype tests to deter-
mine eguivalent mat-soil model parameters. The first method,
which has been used successfully by mechanical engineers for
similar systems, utilizes a state variable filter. Unfor-
tunately, for the present problem it proved to be totally
unsatisfactory. The second approach, the so-called "steep
descent" method, proved to be adequate for the identification
of the model characteristic k, Egn. (l2a). A simplification
was introduced to this method to reduce computer time. The
"steep descent” method failed to provide a reliable measure
of the parameter Y. Finally, success was registered in this
regard by employing a trial and error procedure.

For each method and modification, input conditions were
imposed upon the developed mat-soil model identical to those
of the prototype tests. The criterion followed in the iden-

tification of the model parameters was to minimize the

response Gifferences in deflection of at least nine discrete
points taken from the "average deflections" patterns. In
cases where the curvature of the deflection pattern changed
appreciably from point to point, more reference points were
selected. In some cases as many as 51xteen reference points
were used.
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State Variable Filter

The injitial procedure utilized a.state.Yarigb;e filter
in conjunction with a steep descent linear 1uent%§1er as
sutlined Ls Kohr [ 30]. The procedurs (sec APPSHQIX'C) wes
proyrawace uoiny the field data; hoyever, ungegllsylc valucs
for the parcc.cters rcsulted. additional modificatione also
proved unsuccessiul and the method was eventually abanconoeu.
Feilure o. Lhis oroceciure to procuce l.eaningful values was
believed Lo se primarily due to the selecticn of a step
function as the forcing function for the load. The lack of
success for a cstep load ha¢ been noted previously in cther
cases by Kohr [30].

Steep Descent Method

The second nethod employed to provide a measure of the
parameters, E_ and y, was based upon the "stecep descent"
method [ 40, 68). A brief explanation of the procedural
aspects of this method is given in Appendix D,

This procedure was initially applied to data from the
ter+ designated as Section 1, Lane 2, Item 3, for zero
coverages. The initial values assumed for E_ and y were
100 psi. and 1.55, respectively. Using the gteep descent
procedure, a minimum of the error functional (defined in
Appcendix L) ¢Z 0.060 was obtained when E_ = 750 psi. and
y = 1,59¢; this is indicated as trial 1 %n Figure 3. To
determine whether the minimwn obtained was global rather
than local another trial was performed. Trial 2, Figure 3,
which was initiated with E_ = 200 psi. and y = 6.00, pro-
duced a minimum of 0.079 wRen E_ = 280 psi. andy = 6.006.,
With these results it was apparént that the surface of the
error functional was not bowl=-like in form. Additional
trials were made as indicated in Fiqure 3. As can be seen
from Figure 3, the error functional possessed a curved
valley of minimal values which for all practical purposes
were identical., Unfortunately, the shape of the error
functional provea not to be unique as shown for another test

ection in Figure 4.

It was apparent that unique values of E_ and y could

not be obtained with the selected form of th® error functional.
Fortunately, as can be seen in Table 2, the values of the
parameter k varied only slightly along the valley of the
error functional. Therefore, representative values of the
characteristic k could be generated regardless of the value
of .

Y
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Table 2

Values of k Along the Volley of the Error Functional

Section 1 Lane 2 Item 3 Zero Coverage
Ly Y Error k
750 ps%. 1.598 0.060 52.5 pci.
' 530 psi. : 2.620 0.095 52.4 pci.
400 pei. 3.608 0.100 51.0 pci.
280 psi. 6.006 0.079 52.8 pci.

Since the line of steepest descent for all trials,
Figures 3 and 4, was essentially parallel to the E_ axis,
the identification procedure was modified somewvhat. Values
of 1.0, 2.5, 4.0, 5.5, 7.0, and 8.5 were assigned to the
parameter y and for each of these values E_ was incremented
until the error functional was minimized. ~“This procedure
was subsequently employed for all relevant test sections and
at all. coverage levels.

.

‘ For a few of the coverage levels, where the actual
deflection pattern was relatively unsymmetrical, the magni-
tude of the error functional was found to be greater than

'1.0. MNevertheless, the representative value of k was taken

as that which existed.when the error functional was a mini-
mum for the selected values of y. '

Wwith the parameter k defined, only one additional param-
eter had to be identified. As noteé¢ in Tablie 2, the param-
eter £ showed considerable variation for the range of values
of v iRvestigated. As the parameter y appeared more stable
it was selected for identification.

Identification of the Parameter Yy

Due to the small variation in the error functional for
the range of y values investigated, it was concluded that
the preceding procedure was not csatisfactory for ident%fylng
the parametery . The procedure developed for determining y
was less direct than that used previously for the parameter
k. bPreliminary studies, Figure 5, indicated that the value
of Y did not influence greatly the magnitude of the deflec-
tions. However, it was noted that as vy increased deflections
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in the vicinity of the loads hecame larger and wore dissi-
pated more rapidly as the distance from the load increased.
This indicated that the value of vy was dependent upon the
rigicity of Lhe maty that is, the less rigid the mat, the
;Qrggr the ¢2flection under the load and the more rapié the
dicsipation gf aeflection. From comparison of deflection
patteras ut idaeatical coverage levels, it was also observed
that, in jencral, the convexity (curvature) of the deflec~
tion patterns for the M8 mat was greater than that for the
T11 mat. In addition, the subgrade strength, as represented
by the CBR values, was higher for the M8 mat tests than that
for the T1l mat tests. It was therefore concluded that the
difference in the convexity of the deflection patterns resul-
ted primzrily from the differences in mat rigidity and could
be accounted for in the model by the selection of the param-
eter Y. ¥

The parameter y was established by a trial and error
procedure utilizing the computed model deflections. The
previously determined value of k was maintained constant
for ecach coverage level while different values were assigned
to y. The "correct" value of y was established by comparing
the computed mocdel deflection configuration to the prototype
deflection pattern. After the parameter y hadé been estab-
lished slight modifications were made in the value of the
parameter k to produce even better correspondence between
deflection patterns. This procedure was applied to all
tests to provicde both y and k values.

Correlation of Model Parameters to Mat-Subgrade Properties

From the results of the identification procedure (to be
discussed later, see Figures 6 and 7), it was found that the
magnitude of k at any coverage level could be established as
a function of the initial value. The functional relationship
was established as

ky = —wgREs— A
N *
where k is the k value at zero coverage and kN is the k

value a¥¥3r N number of coverages.
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In order to determine k,, and the resulting deflections
at any coverage, mcans for obtaining a measure of k NT hac
to be established., To avoia developing a new soil %cét
which could ke both expensive and time ccnsuming to conduct,
it var decicezd to try correlating kI_ with the stancard
soil propertice, water content, cdry Finsit ., CBR, obtained
at the test site. Previous work by Black [ 5] indicated that
therc exists a strong correlation between soil strength,
water content, and dry Censity. Since kIW is in a sense a
measure of scil strength, it was thought ¥Rat therec might
exist some correlation between k_.. ., w, and Y.,. Representa-
tive values of the water contentlggd dry densgty were taken
as the average of the respective values given for the top
18 inches of the subgrade. Attempts to develop a relation-
ship among these parameters proved to be fruitless.

The literature [49, 50, 68 Jalso indicated the exist-
ence of an empirical relationship between the subgracde
modalus and CBR. However, this relation was established
for subgrade moduli greater than 100 pci. Extension of
these relations to prototype test conditions proved unreli-
able. Computations did disclose a reasonable correlation
among CBR, wy , (weight of water per unit volume of soil) and
the parameter ﬁ. It was found for these prototvpe test sub-
grades that kINT could be reliably established from the
relation

kINT = 164.0 + 3.0 CBR -~ 5.45 wig (14)

where CBR is the average CBR for the upper eighteen inches
of subgrade and WY is in pounds per cubic foot.

Observations of the "average deflection" patterns dur-
ing the prototype tests indicate that the curvature, in
general, increased with increasing number of coverages.
Hence, the parameter Y must also increase with coveragces.
The identification procedure demonstrated this response:
the value of vy did increase with coverages., In addition it
became slightly larger with decreasing mat rigidity. The
latter was found to be more pronounced for low coverage
levels than for high coverage levels. At all coverage
levels, the variation with mat rigidity was small. From
the simulation of the "averuge deflection" patterns the
relationship for Yy Was established as
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~where N is the spacific nwiber of coveragaes, (EI)

b (EI),11 = (EI)

= \f’ T MAT
o N <+
iy | N (EI)

(N > 1) (15)
MAT o

A _ - 11 is the
cogicity per root of width of the T1l aluminum maz, and
(nI),iT ig the rijidity per fcot of width of the mat being
%H?C::Lgdth. The cecond term of Ean. (15) has greater
ialluence on y for low coverages than for high coverages.

with the parameters k o and vy, defined, respectively,
by zens. (14) and (1S5), B¢V (l2a) may be solved for E_ and
the characteristic t may be found from Eqn. (12b). Ha¥ing «
obtained the characteristics k andé t, the mat-soil model may
be used to estimate the expected deflections for the mat at
different coverage levels.

Results

- Layer Thickness Investigation ‘

Data fror six different test sections [12] were used
for this investigation. Identical conditions of wheel load,
wheel spacing, wicth of tire print, ané mat rigidity as used
in the prototype tests were imposed upon the mat-soil mocel.

The subgrade thickness was varied from 12 in. to an infinite

depth. FPor each layer thickness the simulation of the
"average deflection" pattern was achieved by minimizing the
error functional, Ean. (D2). The modified steep descent
method was used with the value of 2.50 assigned to the param-
etery . Values of the error functional and the model charac-
teristic k for the extreme layer thicknesses are given in
Table 3.

Correlation of Model Parameters to Mat-Subgrade Properties

The identification procedure was applied to all test
sections. Values of the parameters vy, E_, k, and the error
functional for a few typical test sectiofls are given in
Table 4. For the remaininyg sections, the k values producing
the minimum error functional for the selected values ofy

are given in Table 5.

Plotting the magnitude of k against the number of cover-
ages, Figures 6 and 7, it can be observed that with only
rare axception the magnitude of k decreases with coverage

29



Teble 3
Comparison of Simulation Errcr for

Different Soil Layer Thicknesses

H = 12 inches H = infinity
Sect Lane 1Item Coverages

Error k-pci. Error k-pci.

1 1 3 0 .164 51, .167 51.
20 .182 39, 166 39.

200 .278 40, .281 39,

300 .435 45, .439 45,

1 2 3 0 .072 55, .068 54,
20 .064 45, .062 45,

40 .284 41, .278 41.

68 .286 40, .279 40.

3 5 1 0 .105 17, .122 17.
30 1.982 21. .758 15.

3 5 2 0 176 23, .214 24,
30 .347 19, . 349 19.

6 11 1 0 .040 36, .040 37.
600 .069 28, .070 2¢e.

6 11 2 0 .020 53, .020 53.
600 017 47, .017 47.
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| o ‘ Section 1

Y Eo-psi.
1.0 1030,
2.5 530.
4.0 380.
5.5 300.
7.0 260.
8.5

220.

Y Eo-psi.

1.0 . 840,
: 2.5 " 430.
: 4.0 310.
: 5.5 260.
; 7.0 210.
: 8.5 180.
!

Section 1

I Y Eo—pSi.

1070.
550.
390.
310.
260.
230.

(o o SUNINE 1 N S\ I
nmnouwmowunmo

PR

Coverage zero

k"l-)Ci .

50.
51.
53.
53.
56.

..547

Coverage 200

k=-pci.

38.
39.
40.
43,
42.
4]1.

o Coverage zero

k~pci.

52.
54.
55.
55.
56.
57.

Table 4

Lane 1

grror

0.218
0.167
0.16l1
0.157
0.181
0.156

Error

0.334
C.281
0.271
0.404
0.278
0.265

Exror

0.052
0.068
0.075
0.077
0.079
0.079

.31

Item 3

Coverage 20

Eo-psi. k=peci.
830. 37.
430. 39. °
310. 40.
260. 44,
210. 42.
180. 41.

| ' Conparison of the Variahility of the Characteristic k

Error

04229
0.186
0.193
0.368
0.214
0.184

Coverage 300

Eo-psi. k-pci.
940. 44,
480. 45,
340. 46.
270. 46.
230. 47.
210. 51.

Item 3

Coverage 20

Eo-pSl. k=-pci.
930. 44,
480. 45.
340 46.
270. 46.
230. 47.
210. 51.

Error

0.513
0.439
0.429
0.425
0.421
0.512

Error

0.057
0.061
0.067
0.070
0.072
0.167¢



Table 4 (Cont'd.)
Section 1 Lane 2 Item 3
Coverage 40 Coverage 68
Y Eo—psi k=pci, Error Eo—psi. k-pci. Error
1.0 870. 40. 0.262 850. 39. 0.242
2.5 450, 41, 0.27¢ 440. 40. 0.27¢
4.0 320. 42. 0.286 310. 40. 0.294
5.5 260, 4s, 0.297 260. 44, 0.369
7.0 220. 45, 0.305 210. 42, 0.299
8.5 210. 51. 0.682 210. 51. 0.971
Section 3 Lane 5 Item 1
Coverage zero Coverage 30
Y Eo-psi. k-pci. Error Eo-psi. k-pci. Error
1.0 430, 16. 0.116 380. 13. 0.433
2.5 230. 17. 0.122 210. 15. 0.758
4.0 160. 17. 0.135 200. 22. 1.693
5.5 200. 31. 3.189 120. 16, 0.672
7.0 1l0. 18. 0.107 150. 27. 1.950
8.5 150. 32. 1.453 150. 32. 6.370
Section 3 Lane 5 Item 2
Coverage zero Coverage 30
Y Eo-psi. k=pci. Error Eo-psi. k=-pci. Error
1.0 480, 22. 0.222 41). 18. 0.390
2.5 260, 24, 0.214 220, 19, 0.34¢9
4.0 180. 24, 0.174 160. 20. 0.37¢
5.5 160. 27. 0.601 150. 25. 2.065
7.0 120. 24, 0.196 1l0. 21. 0.433
8.5 110. 26. 0.194 150. 39. 2.374
Section 6 Lane 11 Item 1
Coverage zero Coverage 600
Y E_-psi. ke-pci. Error E,-psi. k-pci. Error
1.0 770. 34, 0.038 640. 26. 0.077
2.5 410. 37. 0.040 340, 2€. 0.070
4.0 290. 37. 0.041 240. 29. 0.069
5.5 230, 37. 0.041 190. 29, 0.06¢
7.0 190. 37. 0.043 160. 29. 0.069
8.5 170. 38. 0.041 140, 30. 0.069
32




~ Tabhle 5

kX values for Hinimum Simulation Error

Sect Lane Item Coverage

2 ’ 3 1 0
200
600

2 3 2 0
66
120
200

2 41 0
20

2 4 2 0
20

3 6 1 0
- 20

76

156

20
76

600

6 1la 1 0
20

130

g 6 11lA 2 0

! , 20
’ 3 130

20
20

20
44

33

k-pCi .

38.4
28.8
28.7

42.6
32.2
57.4
30.3

19,9
16.5

33.0
32.2

12.3
10.5
15.0
13.9

21.8
15.9
18.4

50.2
48.5

32.1
27.0
26.4

48.8

38.0

32.6

21.6
18.5
21.6

60.0
34.1
34.3

Error

0.102
00b23
0.040

0.172
0.872
0.086
0.144

0.177
0.373

0.130
2.836*

0.174
0.211
0.661
0.298

0.308
0.841
5.818%

 0.014
0.016

0.137
0.259
0.l1l68

0.425
0.623
1.951*

3.689%
0.646
0.203

0.152

0.253
0.669

1



Table 5 (Cont'd.)

Sect Lanc Ite:n Coverage k-pci. Error
9 21 1 0 18.9 0.070
20 15.6 0.159

200 12.6 0.131

300 11.3 0.541

600 10.4 0.868

9 21 2 0 29.1 0.053
20 26.7 0.041

200 25.9 0.500

300 21.8 0.126

9 22 1 0 13.9 0.511
20 15.3 1.266%*

400 9.6 7.937%

9 22 2 0 16.8 0.573
20 16.8 G.425

100 16.8 0.927

10 23A 1 0 42.9 0.222
32 32.9 0.160
10 230 2 2 32.2 3.825*%
10 23B 1 4 32.1 0.5€6
13 28 1 0 14.0 0.687
200 8.9 0.992
550 5.6 2.890%

13 28 2 0 25.3 0.145
200 21l.1 0.336

550 20.5 0.579%

13 29 1 0 22.7 0.395
42 7.8 2.204%
140 5.6 7.794%

13 29 2 0 26.1 0.384
42 19.9 0.542

140 19.9 0.432
200 19.9 1.714*
* Indicates that the deflection pattern as given [12] is

significantly unsymmctrical.
34
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refined values of k

-

for both the single-wheel and dual-wheel

: 7 . . (% S testSQ n
1l;ub§ratlops to accommodate the log scale, the vglughggg
toined by simuloting the "average deflection" pattern for

e

coro coveragoes has heen plotted as occurring at one coverage.

“also shown, is the slope used for establishing the functional

rolationship for k.., Eqn. (13). For clarity of presentation,
results for scoven H¥vailable sections were omitted from these
figures. As can be ohgerved from Table 5, they exhibited
similar behavior to those shown plotted. '

Deflection patterns were calculated incorporating the

. Tyr and Egqns. (13) and (15). Some typical
flect atternsiHE i i

deflection patterns e presented in Table 6 along with the

actual deflegtlon patterns. The distances given in this

table are referenced from a point ten feet left of the cen-

terline of the traffic lane.

Table 7 provides a comparison of the initial subgrade
modulus as given by Egn. (14) with simulated values. It is
noted that the largest discrepancies occur for those sections
where the simulated values are generally high. 1In Figure 8,
it is observed that small variations in the subgrade strength,
as reflected by the subgrade modulus, have appreciable influ-

.ence on the deflection characteristics of the load transfer

slement. Consequently, Egn. (14) was developed with a bias
directed toward the better reproduction of low values of

kINT'

Summary and Discussion of Model

As indicated by the results presented in Table 3, any
choice of layer thickness greater than twelve inches appeaxs
to have negligible effect upon the simulation of the "average
deflection" ratterns. Similar behavior was also observed by
Lenczer [36 ] in his study of the influence of layer thickness.
The assumption of an infinite depth for the subgrazde was both
expeditious and justifiable.

Indications were that a Poisson's ratio of 0.4 for the
subgrade material was reasonable; selection of this value
was based upon . the work of Pickett [ 43, 44] and the results

of the preliminary study, Table 1.
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Table 6
Comparison of Deflection Patterns
Section 1 Lane 1 Item 3
kINT = 50.5pci. YINT = 1,00
Zero Coverages = Errcr = 0.059 20 Coverages = Error = 0,059

Actual Estimated Actual Estiinated
Deflection Deflection Deflection Deflection
Distance (in) (in) Distance (in) (in)
(in) (in)
47. 0.00 0.07 44, 0.00 0.01
51. 0.10 0.14 51. 0.20 0.14
56. 0.22 0.26 56. 0.35 0.29
66. 0.75 0.66 66. 0.80 0.78
76. 1.10 1.22 69. 1.00 0.96
86. 1.55 1.65 76. 1.40 1.43
%. 1.79 1.75 86. 1.85 1.94
106. 1.59 1.65 %6. 2.20 2.08
1l6. 1.18 1.22 106. 1.90 1.94
119. 1.00 1.05 lle6. 1.30 1.43
126. 0.75 0.66 123. 1.00 0.96
136. 0.31 0.26 126. 0.85 0.78
1l46. 0.00 0.05 136. 0.31 0.29
148. 0.00 0.01
40 Coverages = Error = 0.313 68 Coverages - Error = 0.348
Actual Estimated Actual Estimated
Deflection Deflection Deflection Deflection
Distance (in) (in) Distance (in) (in)
(in) (in)
4]1. 0.00 -0.03 49, 0.00 0.10
51. 0.31 0.15 56. 0.48 0.32
56. 0.38 0.31 66. 1.10 0.83
67. 1.00 0.87 76. 1.40 1.52
76. 1.50 l.4¢8 87. 2.00 2.09
84, 2.00 1.93 %6. 2.50 2.20
96. 2.50 2.15 109, 2.00 1.94
106. 2.00 2.01 116. 1.48 1.52
116. 1.20 1.48 121. 1.38 1.17
126. 0.92 0.81 126. 0.90 0.83
131. 0.50 0.53 136. 0.50 0.32
141. 0.35 0.15 141, 0.35 0.15
151. 0.00 -0.03 151. 0.00 -0.03
38
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Table 6 (Cont'd.)
Scction 3 Lane 5 Item 2

P Kenp = 21.0 pei. g = 1.75

Zero coverajyens - Error = 0,621 30 Coverages ~ Error = 0,619
Actual Estimated Actual Estimated

Deflaction Deflection Deflection Deflection
Distance (in) (in) Distance (in) (in) ~

(in) | (in)

99. 0.00 0.47 96. 0.00 0.42
104. 0.50 0.73 104, 0.79 0.€8
109. 1.00 1.04 114. 1.72 l.64
119. 1.71 1.73 119. 2.00 2.03
124, 2.16 2.01 124, 2.66 2.35
134. 2.10 2.20 135, 2.80  2.60
144. 1.99 2.17 144. 2.60 2.58
154. 2.11 2.00 154. 2.60 2.60
l66. 2.00 1.91 l64. 2.35 2.35
174. 1.37 1.39 169. 1.67 2.03
183. 0.50 0.79 174. 1.60 l1.64
190. 0.00 0.42 184. 0.68 - 0.88

194, 0.00 0.34
Section 13 Lane 28 Item 2
kINT = 25.0 peci. YNy = 1.75

zero Coverages - Error = 0.157 550 Coverages = Error = 0.788

Actual Estimated Actual Estimated
Deflection Deflection Deflection Deflection
Distance (in) (in) Distance (in) ‘ (in)
(in) o (in) :
32.- -0.16 0.05 32. - =0,16 0.09
36. 0.00 0.10 42. 0.15 0.32
42. 0.13 0.22 52. 0.52 0.70
62. 1.00 0.86 57. 1.00 0.92
72. 1.00 1.06 72, 1.35 1.38
82, 1.00 0.93 82. 1.30 1.24
92. 0.73 0.64 94, 1.00  0.88
1020 : OcSl 0-52 1020 . 0.82 "0'79
112. 0.68 0.65 114. 1.00 0.98
122. 1.00 0.92 122. 1.00 1.23
132. 1.02 1.06 132. 0.83 1.38
142. 1.00 0.86 142. 0.81 1.14
152. 0.40 0.51 152. 0.30 0.70
162. 0.12 0.22 170. 0.00 0.12

167. 0.00 0.12 39
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Comparison of Simulated to Calculated Values of kINT
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Lane
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28
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40

k pci.
Simulated Calculated
48.5 59.3
50.5 66.1
35.5 18.5
41.0 35.1
19.0 15.9
31.5 38.3
16.0 17.0
21.0 32.7
12.5 20.4
18.0 29,2
34.0 20.6
50.5 41.8
22.0 29.4
36.0 36.7
14.0 11.9
25.5 20.2
10.0 11,2
16.0 13.5
37.5 27.1
27.5 31.7
32.5 27.1
11.0 11.6
25.0 25.3
18.0 11.7
28.0 24.2
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Tt is believed that failure of the state variable filter
and its mcdifications to icentify the rodel characteristics
% and t was due to the intrinsic reprezcntation of the
anplied loecs &s step functions., Cimiler difficulties with
step loads had bcen noted earlier by Kochr [30].

The mocel characteristics % and t, Egns. (l2a) and (12b),
are functicne of y in 2acition to the conventional E_ and "ﬂ
paramcters. The "steep descent” methed, in which thé cellel-
tion difference batveen the rodcl and the prototype for at
Jeast nine discrete points was minimized, also failed to
produce unicue values of the parameters E_and Y, Figures 3
and 4. However, the error functional Eqn. (D2), was found
to possess a valley of minimums along which the value of the
characteristic k was essentially constant.

The simulation of the "average deflection" patterns,
Table 4, indicated that the value of the model parameter k
increased slightly with increases in Y. For a specific value
of v (as shown in Table 4) the magnitude of k was found to
decrease with the numpber of coverages., Computations indi=
cated that the magnitude of k was more sensitive to the
number of coverages than to the value of the parameter Y.

The evident validity of the developed expression for k_,
Eqn. (13) is amply demonstrated in Tables 4 and 5 and gigures
6 and 7.

As noted in Figure 5, variations in the parameter Y were
reflected primarily as alterations of the deflection pattern
curvature. This type of response coulc not be identifiec by
the selected form of the error functicnal, Eon. (D2). The
representative value of Y was established from the similarity
of medel deflection curvaturc for various values of y with
prototype deflection curvature. From this comparison it was
noted that the curvature, thus Y, increased with coverages
and decreased with increasing mat rigidity. This behavior
is expressed by Egn. (15).

After the parameter Y was established (by the above
procedure), slight modifications were made in the magnitude
of k to provide even better correspondence between the Geflec-
tion patterns. The simulated values of the characteristic X
at zero coverages, Table 7, were found to be less than 51 pci.
In this range, the mocel deflections were found to bs auite
sensitive to the magnitude or Xk . For an incremental
change in k N the difference {§Tdeflection characteristics
was found télincrease as kINT decrcased, Figure 8.
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volues of k

“An.ompirical relationehip, Con., (14)

ki 5 . € » Bon. was established
to rclate K.,., to the given soil propertiés of CBR, w, ané
Y .. bue to"the above descrihec rmodel eensitivity, this
relationship was c¢evelopea with a bias toward the smaller

TINTS
In all cases where the "average deflection” potterns

were fairlwy sviemetrical, the developed mat-soil model was

able to duplicatc the mat behavior under static loads with

a rcasongbly lew ceyree of error. The degree of reliakhility
of the sinulation of prototype behavior, as reflected by the
magnitude of the error functional, can be inferred from
Table 6. The magnitude of the error reflects the number of

_points used for simulation. For example, assuming that the
"total error is uniformly distributed among all points,

errors—of 0.5625 and 0.6250 are equivalent to a quarter inch
difference at each point on deflection patterns represented
by nine and ten points, respectively. It is further noted
that only a few deflection patterns were described by the
minimum of nine points. The results, Table 5 and particu~
larly Table 6, demonstrate the general reliability of the
chosen model and the latter table confirms EQns. (13) and
(15) . :

For those coverage levels where the resulting error was’
greater than unity, the prototype deflection pattern was
grossly non-symmetrical [12). Behavior of this type could
not be simulated with the chosen mat-soil model because
imposed conditions assumed: 1) that the applied load was
symmetrical and 2) that the subgrade was homogeneous.
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DEVELOPXINT OF FAILURE CRITERION

Introduction

A failure criterion had to be established to use the
developed mat-csoil model as a means of predicting mat per-
formance. The search for a failure criterion which would
relate well to performance produced many blind alleys.
Finally, success was had through an educated "trial and
error" procedure. The full chronicle of procedures and
methods examined will be given below in the hopes that
their display will prove valuable to others on similar
expeditions.

Initially, the failure criterion employed was the
roughness criterion established by the Corps ¢f Engineers
[12]. The basis of this failure criterion was a deviation
in the mat sucface of 3 inches or more within a 10 feet
length in any Jdirection within the traffic lane. Measurec-
ments were always made on the unloaded mat and the con-
figuration of the mat surface at intermediate coverage
levels and at failure were recorded as "average cross-
sectional deformations" {12]. These configurations are
referred to as "deformation” patterns in the present study
and they represent the residual or irrecoverable displace-
ments of the mat.

The established roughness criterion depended in some
complicated way upon the residual deformation of the sub-
grade and the permanent set that occurred in the mat element.
As the selected mat-soil model was capable of estimating
deflections only when loads were applied, a fictitious lozd
was assumed to act on the mat. The distribution of this
load was taken to be similar to the distribution of the
traffic imposed during each test. The magnitude of this
fictitious load was selected to be that necessary to
simulate the maximum deformation. Investigation of the
model deflection curvature revealed that the roughness
criterion could not be satisfied at the failure coverage;
thus this approach was deemed not successful and another
procedure was sought.
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A dlmensional model was selected as the second means
of cstablishing a foilurc criterion for the mat or of
indlcating the dominate factors. Attempts to develop a
functional ralationehins hetween the failure coverége and
the tqst paramnteres indicates that the developed functional
relationship was not a reliable measure of performance.

~_ Next, the nat-so0il model deflection at the indicated
failure coverace was expressed as a product function of the
failurc coveorage and test parameters. A stepwise regression
analysis of the data in this form was undertaken. The data
were divided into two categories: single-wheel tests and.
dual-wheel tests. Unfortunately, for both categories, the
regression analysis indicated that the number of coverages
to failure was an insignificant factor.

In light of the above study, various parametric com-
binations were analyzed in an effort to obtain an ordering
which would be more dependent upon the number of coverages
to failure, N_.. By adjusting the exponents occurring in
the product fSnction, a combination was found for the duale-
wheel tests which proved reasonably reliable as a failure

criterion. Success for the single-wheel tests was limited.

Residual Loaé Concept

Comparison of the observed "deformation" patterns with
the observed "average deflection" patterns revealed that,
although the magnitucde of displacements in both patterns
were relatively the same, the curvature was much less pro-
nounced in the "deformation" pattern. The primary differ-
encé between the "deformation" pattern and the "average
deflection" pattern was assumed to be attributed solely to
the manner of loading. On this basis the model parameters

obtained from simulztion of the "average deflection" pattern .

were equally applicable for the simulation of the "deforma- -
tion" patterns.

Two types of traffic distribution, uniform and nonuni-
form, were used during the prototype tests. For the tests
with uniform distribution, the fictitious load on the model
was applied uniformly over the traffic lane. For the
nonuniform traffic distribution, the distribution of the
fictitious load, CPY was taken as shown in Figure 9.
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The magnitude of dp vos dotormined by simulating the
RN BREST Qniﬂxwwtiow lorrach prototype test. The range of
valute ol e wac ound to Le large. In addition, ag noted
yrovm:Unly,‘tL: curveture of the deflection patterns,

' o§t3inod grnf tho oo 21, was much less than that of the
“detormation® wotttens,  This was particularly noted in
cthe lancu whilch were unlformly loaded. Conseguently, the

throe in~h rouwwners criterion could not be met at a
coveraye level ”hluh could be considered to produce failure.
“hus, this approach [or establishing a failure criterion

was chandonuod,

Dimensional Analysis and Taylor Expansion

Another approach followed to define failure was to
obtain a functional relationship among the mat, soil; loade
ing properties, and the number of coverayes which caused
failure. It was thought that a functional relationship

of the form

N = £(WL, CA, EI, wvd, CBR) (16)
where = WL is the sﬁngle wheel load in kips . .
CaA is the contact area in sq. in. '
g and the other symbols are as previously defined

would provide some insight to the development of a failure
criterion or could possibly even serve as a means of predicting

- performance. To reduce the nuwber of variables, the

Buckingham Pi theorem [32] was applied to the system,
allowing Egn. (16) to be expressed as
N = f(ﬂlo "2 ] 1!‘3 ) (17)

where the n's are dimensionless ratios or numbers. Letting
7, be a dimensionless ratio of wyy, WL, and EI,

c
(de) : (WL)C2 (EI) (18)

where Cl and G, are constants, it was found that
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= ¢ Q
" (in)3/3 ()
Similarly, lettinj ¥, be a Cimensionless ratio of v Y. UL,
and CA,
() 2 (en)
= p— 773 (20)
as CBR is a dimencionless quantity,
= CBR (21)

3
With the « terms so designated, the pursuit of a reasonable
functional relationship followed. The function was expanced
into a Taylor series about the fixed points LIS PO ana LI

which were assigned typlcal values for the =, w, and ",
factors. The expansion cf Egn. (17) lead to the “following

relationship

f(ul ' My "3) f(wx,n r )

C oL 3
+ (- )—t (7 - )“"“ (n _“o)___ f(a, o mom )| 0 o o
[ 1 1 aﬂl 2 ﬂz 3 3 orm 1 2' 3 Wl lﬂz B

(22)

PRI PUIE (W SR N P SYRL N [
vt Y 2 an My TMyam 10 ") o, 0, 0

. 2 3 LIS PR
1 0, 2 0. 2 3
i - s - ——— - —
37 | “1):91:l o, = )ty = 1) . £y My Ty) O 1y g0

2 3 1 T2 T

+ e o0

o
where.f( X1 .wg, n;) rcpé:esents the value of the function at
the fixed points LIV and w: and hence is a constant.
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WS, it was found that
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The expression

) .
—a';;- f("l :'"2' "3)‘ '? ,“:,ﬂg (i = 1, 2, 3) .

represents the partial cerivative of the functiop with o
respect to w, evalucted at the fixed points ™1, %, , and "3 .
All of the pﬁrtial derivatives are unknown but once fixed
points are selectec they become constants.

Data were used from the prototype tests for the single-

‘'wheel load assemblages wherein failure occurred before 700

coverages. ‘In all, ‘a total of 26 different sets of data'

were utilized. With this amount of available data as many
terms of the Taylor rceries were used as possible. Considering
only the first 4 terms of the series, 20 different coefficients
or constants had to be evaluated to obtain the required
functional relationship. If the functional relationship

was to apply, of necessity, it had to satisfy each set of
data. Thus in order to determine the coefficients, the

data for 20 different tests were used to produce 20 differ-
ent relationships which were then solved simultaneously to
produce the 20 reqguired coefficients.

All of the dual-wheel tests which produced failure were
also investigated in the same manner with the inclusion of
the wheel spacing, WS, as an additional variable. This

additional varizble necessitated an additional ¥ term.

Letting n, be the dimensiénless ratio between de, WL, and

1/3
. (wy 5) (wWs) (23)
N - (wWL) 13

Hence, for dual-wheel tests the functional relationship
becomes

N = :E('n‘1 P Ty W3 T,) (24)
where ., = and n., are as defined previously. Due to the

limited lamont of data available, only the first three terms
of the series expansion could be considered. This necessi-

tated the evaluation of 15 coefficients.
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Data from 20 different tests were used to develop the
funntionel relaticnchip for the single-wheel tests, Lea. (22).
mhe foncticnal reletiocdship outaiued from one particular
cowbination of 20 data scts was

N = = 62.20¢ + 0.265 (%= 7))
- 0.155(my- 7)) = 85.261(5y~ )
= 0.001(m~ 7} (v, =73) + 1,070 (m =0 ) (v =73
+ 2,842 L n:) ("3 —w:) + 0.002(!1-«: )2
T 0.026(7,~ " + 115.730(1.3-1;‘5 (25)
- 0.006(%= 7)) (¥, =7)) (1, =73) = 0.000(w -} y r, =73)
- 0. oos(vv‘--w°)2 (v, =73) - 0.000(“1--1,‘1’)(ﬂz-«g)2
- 0.016(" -“z) (v "‘a) + 1.036(w1-«‘1’)(13-ng§
- 3.602(7,= 7)) (T, "”3) - 0.000(1:1-1(:)3
- 0.000(™,- w‘z’)’ + 8.466 (0 )

applied to all 26 available field

tests. Table 8 ves the results.

This LLluuﬁunChlp %
8 giv

As expected, the functional relationship predicted the
exact failure coverage for the 20 sets of data used in its
develcpment. However, the prediction >f the failure coxeLﬁge
was quite poor for the other tests. A total of 100 differ-
ent combinations of cata sets were investigatec. The coefifi-
cients obtained from the different cGata combinations were
very erratic.

The same procecdure was also apb*ied to the dual=-wheel
test data. Again the developed functional relationship
failed to repioduce the failure coverage. Hence this pro-
cedure was abandoned.

kKeuression Analveis

Actual wh;el loadings were ﬂppllec to the mat-soil model
using Eons. (23), (14), ana (15), and the ceflection ol the
mats was LO”ULLCU for the failure coverage. 1In the sincle-
wheel tests, the deflection of the mats at the center of the
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Table 8

Resulte of Dimensional Analysis Study
of Sinyle-ilheel Tests

Test Coverages

+ Sect. Lane Item Actual Predicted
R ' Failure . Failure

2 7 3 1 * 600. 600.

2 3 2 % 120. 120.

9 21 2 % 300. 300.

6 11A 1 * 130. 130.

6 - lla 2 * 130. 130.
10 e 23A 1 * 32. 32.

10 23A 2 * 2. 2.

10 23B 1l * 4, 4,

10 23B 2 * ‘ 2. 2.

7 %% 94, 94.

8 * % 6. ' 6.

9 % % 94, 94.

36 * % 14. 14.

: } - 37 - k% 98. .- 98,
— 38 *% 197. 197.

39 *x 60. 60.

40 * % 20. 30.

41 * % 30. 30.

71 %% 160. 466.

72 % % 675. 11384.

73 % % 473. 5428.

74 * * 74. : 74.

75 ¥ % 360. 7292.

76 *% 223. 738.

92 * % 300. 300.

93 * % 23. 156.

* Reference 12

* % Referénce 10
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wheel was recorded and is presented in Table 9 and Figure 10,
For the dual-wheel test sections, the deflection of the mats
at the centerline cf the wheel assembly was recorccd anc is
presented in Tablc 10 ana Figure 11. It was‘antigipatcc
that a failure criterion could be establicshed empiricelly
provicdec that the results, as shown in Figures 10 and 11,
could be grouped in some manner. Since the predicted deflcc-
tions were themsa2lves functions of olher test parameters, in
acaition to coverages, the prediciea ueflections 1or ezch
test were taken as a product function of these parameters.
For a single~wheel test, this relation was expressed as

' 4 = () (81)%2 (ca)®s (cBr)Cu xCs (26)
where A_. is the predicted deflection at the failure
coverage in inches
WLR is the wheel load relative to 35 kips
EIR is the rigid%ty per foot of width relative to
13680 kip=in
CA, is the contact area relative to 150 sqg. in.
N Rs the number of coverages to failure
C1, C2, C3, Cy, C are exponents whose values are
to be determined.

The parameters of tire inflation pressure and tire ply
rating werc not included beczuse their effects were con-
sidered to be reflected by the parameters WLR and CAR.

The data from each single-wheel test section was
written in the form

logAf= c,lcg(WLR) +C, 1og(EIR) +Cy log(CAR)KL 1og (CBR)+C slog:\’
(27)

A multiple stepwise regression analysis of the data was
performed using a computer program [ C1] to obtain the coef-
ficients, Q, C2, C3, Cy, and C.. The feilure condition
for all 2& tests are shown in Figure 12. Also indicated

in this figure is the regression line for the failure con-
dition. The results of this analysis indicated that thne

factor sought, failure coverage (N), was of only minor
importance,
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Table 9

Predicted Deflections of the Mat

at I"ailure for Single-Wheel Tests

Sact. - Lane

- 3
3
1lla
114
21
10 N 23A
10 23n
10 23B
10 23B

WOy MIN

Test

36
37
38
39
40
41
71
72
73
74
75
76
91
93
108

Failure Deflection
Item Coverage in.
1l 600 2.32
2 120 1.52
1 130 2.68
2 130 1.74
2 300 1.70
1 32 2.69
2 2 2.50
1 4 4,24
2 2 4,28
Failure Deflection
Coverage in.
94 1.14
6 1.74
94 1.37
14 1.80
98 1.56
197 1.35
60 1.59
30 1.49
30 1.83
160 1.23
675 0.95
473 0.97
74 1.59
360 1.18
223 1.43
570 0.77
23 1.75
160 1.21
50 1.38
53
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Table 10
Prodicted Deflections of the Mat
" at Failure for Dual=jtheel Tests '
Failure Deflection
Sect. Lane Item Coverage in.
1 1 3 300. 1.52
1 2 3 40. 1.68
2 4 1 20. 3.76
2 4 2 20. 1.87
3 5 1 28. 3.03
3 5 2 28. 1.65
3 6 1 130. 2.04
3 6 2 76. 1.27
4 8 1 460. 0.57
4 ‘8 2 142. 0.50
6 - 12 1 90. 1.37
6 12 2 44. 0.82
9 22 l 400. 3.14
.9 22 2 100. 2.62
13 28 1 700. 2.37
13 28 2 700. 0.87
13 29 1 140. 3.27
13 29 2 200. 1.€8
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From the prototype data, it was observed that the sane
tire ply rating wss not used in all tests; thus, thke ratic
of tire inflation pressure to contact pressure was not a
constant., Thic ohserveation indicated that poscibly the tire
inflation prcssure might incdeed be a significant paramzter.
Thus another regression analysis was performec on the data
where each test was expressec as

logAf=Cllog(uLR)+Czlog(EIR)+C3log(CAR)+q,log(CBR)
(28)

+C5 Log (N) +Cg log (TP)

where TP_ is the tire pressure normalized relative to 100
psi. affer obtaining the coefficients, the failure condi-
tions were as showa in Figure 13. This analysis also indi-
cated that the failure coverage was of minor importance.

The dual-wheel test sections were investigated by a
similar regression analysis with an additional parameter
of wheel spacing. Each dual-wheel data set was expressed as

logAf=Cllog(WLR)+Czlog(EIR)+C31og(CAR)+q‘log(CBR
(29)
+C510g(N)+Cslog(TPR)+C7log(WSR)

where WS_ is the wheel spacing normalized relative to 25 in.
Surprisingly, the N parameter was again foundé not to ke a
significant parameter. 1In view of the fact that the I
parameter is of primary imporcance to the establishment of
a failure criterion, the regression analysis program, as
applied to the cata in the form of Ecn. (29), was also
discarded.

Educated Trial and Error Procedure

Finally, an educated trial and error procedure was
uncdertaken to achieve the combination of test parameters
whose order was more dependent upon the numher of coveracges,
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N. Combinations of parameters scre set up by celcting
cerizin peran~ters an’ variocves forms of the functtion “rere
chtoin2d hy orductin evionents. For each co instion,
corpLaticons vrore airected towara the ceveloprment of a
lin-0- rel-*ioreni,, on - Lo =log plot, hetween tha pre-
Gictnd f£ail're ceflecticons (Tables 9 and 10), the failure
coverayts, ~ad the selected test perameters. Fellowing
this proc. W @ ovresonehle corrzelation was mvencrelly
achieve. for the dual-whael Zailure conditions.

2 linear ernprovimation of the failure conditions was
estalblished as the foilure criterion for both the single-
wheel and the cual--heccl tests. A computer projram wacs
developed whereby the performance of a mat could be pre-
Gicted from the paramcters of the test section. This com-
puter program is given in Appendix G. It requires entries
of: moculus of elasticity of the mat, moment of inertia of
the mat per foot of width, the length of a rectangle whose
area is equivalent to that of the tire print and whose wicth
is the same as the actual tire print, the number of wheel
loads, the weight of water per unit volume of soil, CBR,
wheel load, contact area, tire inflation pressure, the dis-
tances to the beginning and end of each wheel load from an
arbitrarily located origin and the magnitude of the wheel
load expressed as a uniform load over the width of the tire
print.

The ecuation of the failure criterion line can be
expressed as

)M

Af = C(N (30)

where %.is either the deflection of the center of the wheel
for the“single-wheel tect or the deflection at the center-
line of the assembly for the cdusl-wheel test and C and M are
each constants which are devendent on the tyre of test. 1In
the computer program, the N varameter is incremented and the
deflection 2t the specified point is computed. For values
of N less than 200 the increment interval is 5 and for
values of N greater than 200 the increment interval is 20.

For a single-wheel test as the value of N increases,
the deflection as given by the failure criterion will also
increase; thus, the deflection will follow the line "C" in
Figure 14. From the gimulation mocel, the cdeflection of the
same point alsc incrcases as the value of N increases, line
“D", Figure 14. As N is incremented the mozel deflection is
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DEFLECTION AT § WHEEL
" (LOG SCALE)

c N™
(LOG SCALE)

FIGURE 14. PERFORMANCE TEST FOR A
SINGLE WHEEL TEST. '

(LOG SCALE)

DEFLECTION AT ¢ OF ASSEMBLY

c N™
(LOG SCALE)
FIGURE 15. PERFORMANCE TEST FOR A DUAL
WHEEL TEST.



computed and corpared to the deflection rquireq by the
failure criterion. 3hen the latter deflection is just ecual
to or yreaoter than that ¢f the model, the corresponcing
value of N is cunsicercd the failure coverage.

mhe nrocodnre given above was also followed for the
dual-rheel tests For this case the failure criterion
indicoia? thoco the dallections cecrcased as N increased,
line "F", Fijure 15. Thus, for small values of N, the
¢ ¢ivan by the criterion would be larger than
the model cefloctionz, line "G", Figure 15. Failure was
consiriered to be imrinent when the model deflection became
just equel 1o or greater than the deflection given by the
criterion.

Results

When the trial and error procedure, which was biased
toward a significant N parameter, was applied to the dual-
wheel test data the "best" ordering of the parameters
resulted in a plot of the failure conditions as shown in
Figure 16. &All data points, except three shown encircled,
were fitted with a linear function using a least squares
technique. The three points were believed to be in error
because .

1) The maximum differential deformation for Section 1,
Lane 2, Item 3 at the indicated failure coverage
was 2.3l in. This was less than the established
criterion for failure. To meet the roughness
criterion nore actual coverages would be necesesary.
This indicated that the failure condition should
place the point to the left of that shown in
Figure 16,

2) The deflection pattern for Section 4, Lane g,
Item 1 was pronouncedly unsymmetrical. This
indicated the likelihood that the reported soil
properties were not representative of the soil
conditions that joverned in the process. If
this was the casge, then the resulting predicted
deflection should be larger than shown in igure
16. I: addition, the maximum differential
deformation for this section at failure was
recorded as 2.63 in. Consideration of these
two factors would place the faoilure conaition
up and to the left of that shown in Figure 16.
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3) The CBR values rcported at the beginning of test,
Section 4, Lane &, Item 2, showed a decrease of
ctrength sith c<epth for the upper 12 in. of soil.
For all other cual-whcel test sections the inverse
of thic conditicn existed. It appears that tre
performance of this test section is governed by
weaker uncerlying material, Accounting for the
wealler concitions, the predicted ceflection at
failure would have to be larger than that shown
in figare 16.

The "calculated" trial and error procedure was also
applied to the single-wheel test data. The failure conci-
tions for cne of the "hetter" parametr’c combinations of
these is shown in Figure 17. In an atcempt to establich a
failure criterion for the single-wheel tests, the data
shown were fitted by a linear function. The three points
indicated by circles in Figure 17 were omitted in the curve
fitting procedure. These points represent tests which
failed at four or less coverages. In view of the extremely
low number of coverages to failure, it was felt that these
tests should not be included as they did not represent
reasonable engineering solutions for which mats could be
employed.

The computer program, Appendix G, developed to predict
the performance of a test section, incorporates the linear
relationghips indicated in Figures 16 and 17. The cata for
the given prototype tests [ 10, 12] were prccessed by this
computer progran. The predicted failure coverages, along
with the actual failure coverages, for the dual-wheel tests
are given in Table 1ll. Eimilar tabulation for the single=-
wheel tests is provided in Table 12.

Sumrar, and Discussion of Fajivre Critex.

The roughness criterion established by ‘e Corps of
Engineers {12] for the prototype tests was based upcn the
permanent displaccments of the unloaded mat. With the
developed elastic mat=-soil model Cdisplacements of the mat
could ke determinea only when the surface was subjecte« to
external loading. Thus in oracer to use the developed nrat-
soil model as a means of predicting performance, the
behavior of the model, under actual or fictitious loading,
had to be relateu to failure. 1Initially, a fictitious loaad
with a distribution identical to the traffic distribution
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Table 11

Comparison of Performance
for pual-ilheel Tests

Actual Failure

Predictec Failure

Coverage Coverage

300 220
40 (56)* 260
20 25
20 25
28 35
28 35
130 150
76 85
90 120
44 (54)* 65
400 320
100 (56)* 30

- 700 (267)* 880
700 1560
140 170
200 (145)* 130
460 > 5000
142 1000

* More realistic values, see Summary and Discussion of
Failure Criterion.
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38
39
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71
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ol
92 .
93
108
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10-23a-1
10-23A-2
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Table 12

Comparison of Performance

ror single-itheel Tests

Actual Failure
Coverages

600
120
120
130
>600
300
94

6
94
12-16
70-126
170-224
40-80
20-40
20-40
150-170
650-700
400-546
40-108
350-370
170-276
570

300

23

160

50

32

2

4

2

67

Predicted Failure
Coverages =

680
120
125
115
400
135
40
65
105
75
140
120
120
75
. 135
45
80
40
50
110
55
35
60
220
195
170
580
340
> 5000
4940



was assumes to act on the mat-soil model. The magnitude of
this loae was deterainced from cimulation of the maximum
delora. cion. Investigation of the curvcoture of the result-
iny ~obel oiilection pattern revealeé that the roughncss
critecion could ace be sacisfied at the definec failura
cCovalTyY2. caprrisons of the magnituae of the ficiitious
lo~cs Lo ailuse coverazes was also unsuccessiul,

An attempt was made to develop a functional relation-
chip betwe.n railure coverzjes and tcsiL parameters by dimen-
sional wo clin_ . The results, Tebhle £, indicated that a
unicue rel-licashipz could not be esteblished. The inahility
to vevelop a zaticfactocy functional relationship by this
procedure was attrikbuted to: 1) consideration of only a
limited numbzr of terms in the series expansion, anc/or 2)
omission of significant factors in the selected dimensional
model. For this stuvdy wore terms were not consicered due to
the lack of reliable data available. For example, to include
the next term in the series for the single-wheel tests would
require fifteen additional sets of data. Further examination
of Eon, (25) failed to establish which » term was most influ-

ential in the functional relationship.

The mat=-soil model was subjected to loading identical
to that used to obtain the "average deflection" patterns
[12]. Under this loadingy the mat deflection was computec
for each ipecilic feilurc covercoa, For consistency, the
mat ceflection was computed at the center of the wheel and
under the centerline of the wheel assembly respectively for
the single-wheel and cual-wheel tests. These deflections
were then expressed as a product function of the failure
coverage and remaining test parameters. A regression analy-
sis of both the single-whecel and dual-wheel test data indi-
cated that the failure coverage was an insignificant paran-
eter, Figures 12 and 13.

An educated trial and error procedure was undertaken to
achieve an ordering of the test parameters waich was depen-
dent upon the failure coverage. Numerous combinations of
the test parameters were investigated. For each combination,
computations were directed toward the Gevelopment of a linear
relationship on a log-loy plot. & reasonable correlation of
the dual-wheel tests was achieved and the results are pre-
sented in Ficure 16. The results as shown were fittec with
a linear function vhich was established as the failure cri-
terion. Using this criterion the performance of each test
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geatlon was Pr\vl?tcc with the aid of the computer program,
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t{@w:‘}i\?.ﬂ"?yf‘.bh Lrom thls program may e compared wwith
Elilh::fpi”tﬁi:riu Sovisage: Table 1ll. The results indicate
hat tie periomones of gimilar tests may be predicted with

rcaton;ulo.con{+aancc ky this procedure. Apparent discregan-
Jic teckes may he attributed to the following ¢

-

l) Section 1, Lanrne 2, Item 3. This test section was
consicered to have failed at 40 coverages due to
roughness and mat deterioration. However, the
mavimua differential deformation at this coverage
level was 2.31 inches. To meet the established
failure criterion £for roughness, additional cover=-
ages would be necessary. Thus it is believed that
the performance of this test was governed by mat
deterioration rather than by surface roughness
upon which the prediction of performance is based.

2) Section 6, Lane 12, Item 1. The "average deflec-

: tion" patterns for the various coverages when the
load assembly was at the center of the panel are
pronounceély unsymmetrical. In addition the deflec-
tion did not increase consistently with the number
of coverages. Due to the unsymmetrical character-
istic of the deflection patterns, the soil proper-
ties reported may not be representative of the
governing subgrade conditions.

3). Section 6, Lane 12, Item 2. The maximum éifferential

. Geformation at failure was reported as 2.63 in. Con-
formance with the roughness criterion would necessi-
tate more coverages and therefore better agreement
with the predicted failure.

4) Section 9, Lane 22, Item 2. The maximum differential
deformation at failure was reported as 4.39 in. This
indicated that the failure criterion was‘satisfied
at a coverage level less than 100. Applying a linear
interpolation between the maximum differential *
settlement reported for 20 coverages and 100
coverages, the section would have satisfied the
failure criterion at 56 coverages.

5) Section 13, Lane 29, Item 2. The maximum differ-
ential deformation at failure was 4.00 in. Again
applying a linear interpolation for the maximum
differential deformations reported for early
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coverage levels, failure would have occurred at
145 coverages.

6) Section 4, Lane &, Item l. As noted earlier the
ceflection pattern was pronouncaily unsymmetrical.
The soil properties rcported, which were uset 10r
the met=scil mouel, ray represent a cstronger sub-
grode £haa actually ciisted. If there was on
sppreciable cifferencz between the worst soil con-
Gitions anc the conditions as reported, one shoulc
not expect the perlormance of this section to be
predicteu by the developed procedure.

7) Section 4, Lane &, Item 2. Also, as noted earlier,
the strength of the subgrade as reflected by the
CBR values decreased with deoth. The performance
of this section appeared to have been governed by
underlying weaker material.

8) Section 13, Lane 26, Item 1. This section failed
at 700 coverages due to elastic deflections; that
is, excessive displacements were in evidence uncer
the wheel loads. This failure, therefore, could
not be attributed to roughness. Extrapolation of
the given deformation data indicated that the scc-
tion woulcd satisfy the roughness criterion at %67
coverages.

9) Section 13, Lane 28, Item 2. No apparent reason
can be found from the available data for the cis-
crepancy shown for this section between observed
and predicted periormnance.

Apparently as incicated in Table 12 and again in ©

17, the develop2d procecdure cenonstrated less success '
predicting the periormance of sinyle-wheel tests. The
paucity of available information ané¢ test results for the
sectiong chowing the poorest comparison of performance
(sections reported in reference [ 10]) rencer the correlation
for the single-wheel tests academic. This is particularly
true since the three inch rouchness criterion was not specii-
ically employed; further, the macnitudes of the differential
deformnations and the "cCeformation" patterns were also laclh-
ing. If one can speculate, a prine factor which mi jht
effect this correlation is the variability of the number of
passes recessary to complete one coverage. For the tests

ure
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reported in refercnce (10 these ranged from a minimum of 7
o oo moxdinan of 29 passes., Thus the input eneryy level por
sgvens o could e euite different for snemlngly similar
citactione. enge, 1t woao thouuht advisalble to turn to an
e nodal whereby actuarl loadings could be simulated.
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ASYMMENRIC LOAD MODEL

Int-oduction

The "deforration" patterns of the prototype landing
mat tests conducted by the Corps of Engineers 12] incicate
that the time rate of ceformation cecreases with coverages.
Typical nat ceformations at the centerline of the tratffic
lane when plotted as a function of coverages, shown by the
circles in Figure 16, suggest that a continuous plot of this
relationship might follow the dash~line. Larew and Leonards
[ 33] obtained the same general shape in their study of the
deformation characteristics of fine-grained soils subiject to
repetitive loads. They concluded that for repetitive loads,
wherein the ratio of the repeatecdly applied deviator stress
to the static deviator stress causing shear failure was in
excess of 0.91, the behavior might best be represented by a
viscoclastic model.

Most works to date which employ viscoelastic models
assume for mathematical expediency, the existence of a con=-
tinuously applicd constant load or a single step load in
time [ 20, 55]. Generally, the first type of load is utilized
in the stucy of creep phenomena while the latter is emploved
in the study of stress relaxation.

The time-dependent response of a soil may assume a
variety of forms depencing on such factors as soil tyoe,
soil structure, stress history, type of loscing, and other
factors [58 ). 1In most studies these factors are classified
into two croups of effects: a creep effect and a relavation
effect. It has been shown, Singh and Mitchell [5€] and
Konder and Krizek [31], that in general soils exhibit-both
linear and non-linecar behavior. It is also comonly assumed
that the magnitude of the strain is stress dependent. Thus
any strain-time function which is to deceribe the response
of such materials must: 1) be applicable to the range of
stress levels encountered; 2) account for both linear and
non-linear velationships between strain and time; and 3) be
relatively simple in form for ease of application and deter-~
mination of parameters.
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In this section a viscoelastic model is developed for
redicting tle responce of landing mats to a simulation of
L2 actual secuence of tralfic loace. Althouch only the
suhgrrce will be taken to possess viscoelastic proncrties,
t' e rouzl varenetors which ave established from the responce
of actual tests will also indirectly reflect the viscoelastic

[ S

.-'-(J

behavicr of the lanaing mets.

inalysis of rodel Behavior

Assume that 2 load applied to a mat-soil system pro-
c¢uces a constant stress o, , as shown in Figure 19(a). The
response of the system due to this stress will be as shown
in Figure 19(b) wherein ¢, represents the immediate elastic
strain and e(t) represents the strain for times t > 0. 1If
transient effects are considered negliyible in the elastic
range, €, will be a constant and € (t) may be expressed as

e(t) = €, + Ac(t) (31)

0
where A4e(t) contains all the time effects, Figure 19(b). An
increase in the magnitude of the constant stress will simply
displace the response curve upward, Figure 19(c). Assuning
strain is time dependent and stress is incependent of time,

. - : : s : 1. .
an oooscinted chrcoo-ctradin relatizrehip will tale the form

R T R e

e(t) = D, (t)o (32)

where 0 represents the magnitude of the (constent) stress
and D _(t) is a "compliance" function. Accoréing to Schapery
[55) ¥nis function can be expressed as

Du(t) = DO + D (t) (33)

where D is a test cdependent constant
DPt) is a function of time so defined that D(0) = 0.

The assumption is comronly made {55, 5€ ) that tine effects
can be expressad by a power lav of the form

n
D(t) = Dl(-(;l—t-) (0< n<1) (34)
D
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where D, and n are parameters to be determincd from response
curves; a, is the chift factor which is stress dependent and
cxpressedas

g/0, 1/n

sinh .
%5

ap = ap(9) = (25)

D

and o0, iz a constant. For constant stress concitions aD is
seen to be ecuzl to unity. Hence from Eqns. (32) end (33),
the strain at 2ny time t > 0 under a constant stress will be

given by

€(t) = (p, +Q t")o (36)

If a step stress of time duration 44 is applied, the
corresponding strain will be as shown in Figure 20. For any
time t ¢ t; the strain will be defined by Egn. (36). For
times t > t the residual strain in the system can be
expressed by

e (t)
or (27)

€ (t)

oy + 0 ()% =lD +Di(t - ¢)70

[pt" =D (t=-¢t)"

Development of Landing Mat-Soil Mocel

Under the action of 2 sinjyle pass of a load vehicle, a
point on the surface of the cubgrade experienccs a normal
stress variation similar tc¢ that shown in Figure 21. This
stress variation can be represenced bv a step stress providecd
that the time cduration for stress build-up and release is
small. The effective time duration of the step stress, say
t) =t, - t;, will be a fraction of the time required to
complc%e one pass.

It will be assumed that traificking of the section was
continuous and performed at uniform speed. The actual tire
to complete one pass will then be a constant and one ™ass
may serve as a basic time unit. Also, the duration 4 of
the step stress will be a constant independent of pas:. The
magnituce of the step stress will be cependent upon the
assembly load¢ and the position of the point under considera-
tion relative to the path followed during the pass.
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Assuming the surface displacement of the subgrade for
time t < t; can be expressed by Ecn. (36), the residual
displacement at the end of one pass will be given by

8,(1) = [0 (% -p (1-)Te (1> &) (38)

where by is the time curation of the step stress
0 is the magnitude of the step stress
q ana n are constants.

The superpocition principle may be used to extend the
applicability of Ean. (3d8) to more than one pass of the load
vehicle, For examp-e, if two passes of the load vehicle are
made along the same path, the residual deformation at the
end of the second pass will be

8(2) = [p (2" ~ b (2-t)" + o (1) - D, (1=t )™ (39)

Generalizing Eqn. (39) for any number of passes N, along the
same path, one obtains

m=N n n
8.(N) =D, of 1 (m" = (m~g) )] (40)
m=

Under normal traffic conditions the path of the load
vehicle changes with passes. Thus, the magnituce of the
step stress is also altered as the path of the load vehicle
changes, see Figure 22. Therefore the stress is space
dependent and must remain in the summation operation, Eqn.
(40) . The resicual c¢eformation at any number of passes
regardless of the path followeé would then be given by

_ m=N n
£(N) =D I [m - (m=t ) oy (41)*
m= 1

where o is the magnitude of the stress at the point for
the specific position of the load vehicle.

* It is noted that D, "fh[mn—(m~ﬁ )n] is analogous to the
nm= g
reciprocal of the subyrade modulus used in the Winkler
hypothesis assuming it to be time depencent.
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A cuasi-elastic analysis was developed to predict thre
resicunl deformation of a landing mat=-subgrade system (con-
pute r program given in Appendix H). The rouel concisted of
an infinite beam with rigicity iuentical to that ol the mat
and ¢ontinuously supported by a subyraue whose response Lo
loading could be expressed by Ecn. (41). The loading on
the beam was (esigned to approximate the loading sequence
auplouyad ian the procotype vests (frem reference 127) wcre
uniform cictributicn ol traffic was applied. The loaciny
wae wadle Loth time and space dependent. The sequence of
loacing for a tingle-wheel test is given in Figure 23 and
for a dual-wheel test in Figure 24.

To be consistent with the prototype tests, the basic
time unit was taken as one coverage. Due to lack of infor-
mation as to the actual time to conduct the prototype tests,
the curation of load application was assumed equal to one-
half the tine recuired to make one pass. This assumption
may be unrealistic but lacking more information it was
expedient and in addition it does not effect the validity
of the model or the method of application. Only the numeri-
cal values of the pacameters D, and n are influenced Ly this
assumption. Not having adequate test information available,
these parameters could only be roughly approximated.

Reenl+ =

The developed model was applied to a dual wheel test,
The v~lues of the parameters, Dj and n, were ohtained Ty
conparing tre mofel rerponse for a point located on the
centerline ¢f rhe traific lane to the ectual rcsponse of
the seame poi . Jariny the prototype test. In Figure 25,
the fitted moczi deformation of a point on the centerline
is indicated by the curve labeleu "theoratical” and the
actual celonmation is given (hy crosses) at three coverage
levels. The actual deformations sho/n are the average of
the centerline decformations at three coverage levcls
obtained froa the two "Geformation" patterns given in
reference [12]. Some predicted deformation patterns at
various coverage levels are shown in Figure 26.

The model was also employed fo. 2 single wheel test.
Some results are given in Figure 27 and Figure 2€.
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FIGURE 26. PREDICTED DEFORMATION PATTERNS
FOR SECTION 1, LANE 1, ITEM 3.

TRAFFIC LANE WIDTH «(2°

SINGLE - WHEEL
ASSEMBLY LOAD = 35"
AVE. INITIAL CBR = 2.53

N 20/

200/
600\

AN A

o
o

o

NN

DEFORMATION IN.
N
O

Ly
o

NOTE: NUMBER ON CURVE = NUMBER OF COVERAGES

FIGURE 27. PREDICTED DEFORMATION PATTERNS
FOR SECTION 2, LANE 3, ITEM 1.



P (WAL ‘€ 3NV *2 NOO3S) SNOLLIYINYO0S3a 40 NOSHVIWOD '8¢ 3dNOld

S39vYH3N0D
ov9 096 o8t o0 oz2¢ ove 09| 08 o)

3NV Diddvdl
40 3NMY3LIN3D 1v  NOULVINYO430

WNLOV S0 3SVH3AV  SIIVOIONI + \.\\

\\

00

O
m
m
\ mau.
st <
" Qe m
\ O
=
=z
(01
280 = U
p2='o
ov

I W31l € 3NV <& NOILO3S



- peai e A, e

DRSNS | Hins T o o e E TN g

A o

) e e -

e W GRS e -

e e g e

T G o

swgon
PRinglobyd-iniolh

OV

- Lot

Discuacseion

It gho:ld h: rocalled that the parareters, D, and n
shovn in Pijures 25 and 2¢, were selectad £0 as to provide
the sinmulation of the ceformation at a single point. 1Io
attennt ¥ ¢ boon mace to attach eny physical significanc
to tho ces of 2 varameters. In acdition to the usual
test variaples, wheol loac, number of wheels, wheel spacing,
contact avea, mat rigicdity, and soil conditions, these
parameters are influenced by the width of the traffic lane
and the nuwber of positions of the load vehicle required to
conplete one coverace. More detailed information of the
deformation-coverage response of sections ang loading
sequences are necesfsary to develop a procedure of identify=-
ing these parameters with conditions of either past or con-

templated future tests,

It is noted that the shape of the deflection pattern
for the dual=-wheel test, Figure 26, is very different than
that for the single-wheel test, Figure 27. This is due
primarily to the assemblages usecd and the magnitude of the
total load applied to the subgrade. Another contributing
factor is the test procedure itself. For thz dual=-wheel
test six different assembly locations were used to complete
one coverage; whereas, for the single-wheel test, eleven
assembly locations were nececsary to complete one coverage.
To maintain a correspondence between coverages, it was
assumed that the load for the dual-wheel test was applied
for a time 1.835 longer than that for the single-wheel tect.
For these conditions, the effect of the preceding position
of loading is more pronounce¢ for the cual-wheel test than
for the single-wheel test.

Ecuation (41) may be genecalized further. Under the
assumption of a steacy, continuous trafficking, the value
of t,; may be aken as a constant and Eqn. (41) can be
expressed as the difference eguation

t t

s ) L [f(m) - £(m-t )] . (42)
1 m

1 ‘m=l

Recoynizing that the value of t; is small in comparison to
the time reavired to ccmplete one pass, the terms in the
brackets may be taken as the derivetive of the f(m) with
respect to t, . The sumnnation of this quantity approximatcs
the integral of the derivative which is the function iteself,
£(m). Undor an average stress condition Egn. (42) may be

)

crrressed as
- €6
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If the ggsidual deformation at a point k can be measured
at two specific nunker of passes, N, and N,, the function
£(u) mav be cstablished by . J

= . (44)

Thus the function f(J) could be taken as any form which
satisfies Eqn. (44).

In summary, a mechanistic model has been developed
which is capable of simulating the actual loading sequence
and which also provides a means whereby residual deforma-
tions of the mat surface may be predicted. The potentiali=-
ties of this molel have bean demonstrated for a single-wheel
and dual-wheel prototype test. To fruitfully pursue the
capabilities of thif model, more detailed test data are neces-
sary to identity or attach physical significance to the
model parameters., A continuous record of the deflection as
a function of the number of passes is necessary along with
a record of the position of the load vehicle during each
pass. Also, information :oncerning the speed of the load
vehicle and the time interval (expressed as a function of
the time required to complete one pass) required to shift
the position of the loac vehicle -is necessary. With thuis
additional data and by selecting a single psss rather than
a single coverage as the basic time unit, better correepon-
dence between cdeformation patterns can be achieved thus
allowing the possible establishment of a limiting deformation
as the failure criterion.
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MOMENT TRANSFER INVESTIGATION

Ty R b Ser i G

In nost of the test sections reported in the Corps of
Engineer's remort [12] it was observed that the distress in
the traffic lane was quite pronounced in the vicinity of
the enda joints of the ma* elements. This is why in all
i simulations the load wa. laced in the center of the mat
element. In view of t' is observation, a study was under=-
taken to investigate tne effectiveness of the end joints
to transfer moment from one mat element to another under

simulated test conditions.

e

e -

1 Due to the masorry type of placement of the mats,

q Figure 29, it was not possible to determine the amount of

! moment transferred solely across the end joints, A signifi=-
1 cant amount of moment could be transferred around the end

s B joint between mat elements A and B, Figure 29, due to the
transfer of shear across the transverse joints. An inves-
tigation that considers the presence of elements C and D
under field conditions is further complicate. by the contact
length of the tires under test loading being greater than
the width of the mat element. Thus it was decided in this
study to restrict the investigation to the overall influence
that the presence of 2n end joint has on the transverse
continuity of the traffic lane. Emphasis will be placed
upon the performance of the T1l aluminum ané the M8 steel
mats as reported by the Corps of Engineers( 10, 12].

oy

The type of end connector employed for the T11 mat was
described in some cetail in the Corps of Engireer's report
(11]. The method of connecting the M& mat, which is a
self-locking mat, was also described. A modified or
strengthened joint connection was given in a later report
[9). an examination of the performance of these connectors
suggested efficient shear transfer across the end joints;
however, the capacity of the end joint to transfer moment
appearcd to be less than that of the mat itself. The latter
is attested to by the enc joints shown in the photograrhs,
Figure 22, Part III and Figure 8, Part XI of [ 12]. As a
consequence of the above, the assumption was mace that in
the simulation model there exists corplete transfer of
shear across the end joint.
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FIGURE 30. SUPERPOSITION OF LOAD CONDITIONS




Since the subgrade in the prototype tests was con=-
structed under tight control, it was further assumed that
the strength of the suhgrade, as expressed by the k param-—
eter, was uniform throughout the traffic lane. 1In line
with this assauption, any variation in the "average dellec-
tion" patterns (becwcen that at the end joint and that at
the center of panel) might then be taken as a measure of
the dr.wrec to which the end joint proviueu moment transfer.

The mat-soil model developed earlier was employed to
sirmmlate the "averaqs deflection" patterns at the end joints.
The k paramcter was assigned the values, Table 13, Column 5,
which resul.2d in 2 minimum of the error functional for the
previous simulation of the "average deflection" patterns at
the center of the panel. These k values were used to exclude
any inherent errors in Eqns. (13) and (14). The parameter y
was permitted to vary with coverages in accordance with
Eqn. (15).

Postulating the validity of superposition, Figure 30,
two distinct steps were followed to simulate the "average
deflection" pattern reported in the vicinity of an end joint.
Initially, the mat was considered to be of infinite extent
and devoid of any joints. Actual wheel loads were applied
symmetrically about what would be the location of an end
joint. The moment developed in the mat at the location of
tho fictitisre end joint was then computed in addition to
the deflections of the nine or more discrete points used to
characterize the "average deflection" pattern. Next, the
mat was consadered to be hinged and a concentrated moment
was applied at the end joint, Figure 30(c). The mathematical
development for this condition is given in Appendix E. The
deflections of the mat under the action of the concentrated
moment losding were determined and algebraically added to
the deflectiors of the mat wherein complete continuity was
assurcd., Simulation of the "average deflection" pattern
was achizved by increasing incrementally the magnituce of
the concentrated moment until the error functional, Eqn.
(D2), was a wminimum. The increment size was tzken as one
percent of the moment which existed at the fictivious joint
in the infinite beam. The deficiency of moment transfer
acruss the end joint was taken as the ratio of the magnitude
of the concentrated moment to the moment in the assumed
infinite beam. These deficiency percentages are listed in
the last column of Table 13,
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Sect.

1

Table 13

Enc Joint lloment Transfer Deficiency Based

Lane

1

11A

Upon Uniform Subgrade Conditions

Item

3

Cov.

0
20
200
300

0
20
40

0
200
600

0
120
200

0
20

0
20

0
30

0
30

0
20

76
156

20

20
130

91

k=pci

54.1
41.4
41.4
46.0

52.5
43.5
39.8

38.4
28.8
28.7

42.6
57.4
30.3

19.9
16.5

33.0
32.2

17.7
13.2

23.5
19.2

12.3
10.5
15.0
3.9

21.8
15.9
18.4

32.1
27.0
28.4

Deficiency %

73.
64.
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Sect.

10

10

Lane

11a

12

12

21

21

22

22

23Aa

23B

Table 13 (cont'd.)

Item

2

Cov.

0
20
130

0
20
90

0
20
44

0
20
200
300

20
200
300

20
400

20
100

32

92

kepci

46.8
38.0
32.6

21.6
18.5
21.6

60.0
34.1
34.3

18.9
15.6
12.6
11.2

29.1
26.7
25.9
21.8

13 9
o3
9 6

16.8
16.8
16.8

42.9
32'9

32.1

Deficiency %

1.
6tE.
47.

48,
28,
l.

134,
53.
79.

85.
16.

8.
16.

6l.
106.

175.
186.

1376.
1.
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. For many coverage levels the percentage of moment
deficiency was found to be greater than 100; obviously, the
select2d assvmptions werz in errcr. It was apparent for
these cises that even a perfect hinge coulé not account
mathematically for variations in the "average ceflecticn”
patterns.

To ev2nine the assumption of uniform support (as
ciprescec Ly a anicue k parametar), the "average deflection”
patterns for the end joints were again simulated by the
mat=-soil mocel assuring an infinite beam and that no joints
existed. & new value of the %k parameter was obtained from
this simulation. A comparison of these k values, denoted
by k_ , with those obtained from the simulation of the
"ave%age deflection" patterns at the center of the mat ele-
ment can be had from Table 14, Columns 5 and 7. It may be
observed that, in general, the difference in the k values
is not large; however, they are large enough to influence
the magnitude of deflections because of the great sensi-
tivity of the mocel to this parameter, particularly at
relatively low values of k. The respective simulation
errors for the continuous mat analysis are also given in
Table 1l4. A comparison of these errors indicates that
considerably better simulation of the end joint "average
deflection" patterns were achieved by using ke'

Values of k , like those of k, were found to decrease
with the number &f coverages. More importantly, the value
of k_ at any coverage level was found, with only very few
exceptions, to be less than that of the corresponding k.
This tends to indicate, as was noted previously in Eqn.
(13), that the mat and subgrace in the vicinity of the end
joints effectively experienced more coverages (in the sense
that more energy was applied).

One might speculate on the nature of the behavior at a
joint, The difference in the values of k and k_ at zero
coverages could be attributed, in part, to the $nherent
slack generally found in end joint connections necessary to
permit such connections to be made under fieid conditions.
Also, high stress concentrations are undoubtealy developed
in the connectors which could produce local yielding of the
material. A strong case can be made for the latter point
by examining the distress exhibited by the end joints in
Fhe photogﬁaphs accompanying the Corps of Engineer's reports

9, 10, 121
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Lane Item

Comparison of k Values

Cov.

0
20
200
300
0
20
40
0

200
600

120
200

20
20
30
30

20
156

20
76

Table 14

X=pci

54.1
41.4
41.4
46,0

52.5
43.5
39.8

38.4
28.8
28.7

42.6
57.4
30.3

19.9
1€.5

33.0
32.2

17.7
13.2

23.5
19.2

12.3
10.5
15.0
13.9

21.8

15.9
18.4

924

Brror
in./pt.

.103
.150
«340
.231

157
« 266
+440

.158
«338
.539

.214
«342
«507

.200
«591

.244
«552

.640
1.030

. 206
«252

«225
.116
. 758
+690

.225
.324
.873

k_=pci

48.1
37.4
32.4
40.0

47.5
37.5
3l.8

33.4
20.8
15.7

41.6
37.4
24.3

19.9
14.5

29.0
30.2

13.7
9.2

22.5
17.2

1:.3
10.5
11.0
10.9

20.8
15.9
14.4

Error
in./pt.

.072
.085
«133
.151

.114
.184
« 287

<137
.204
.196

214
« 245
.466

.200
«525

.164
« 543

227
.482

.180
«157

.168
116
.400
«254

.211
. 324
.709
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Table 14 (Cont'd.)

Error Error i
N Sect. Lan< Item Cov. k=pci X _=pci %
: 6 113 1 0o 32.1 .211  27.1 .152 ﬁ
20 27.0  .210  24.0 .181 5
, 130 26.4 .261 23.4 .175 a?
‘ 1 6 112 2 0 4¢€.8 .167 42.8 .167 é
t E 130  32.6 .210 32.6 .210 L
F @ ¢ 12 1 0o 21.6  .427  21.6 .427 ;
5 90 21.6 . 362 17.6 .137 !
x 6 12 2 0 60.0 .216  53.0 .202 $
S 44  34.3 .232 34.3 .232
E 9 21 1 o 18.9  .259  13.9 .089 ;
{3 20 15.6 .085 14.6 .059
% 200 12.6 .152 12.6 .152
300 11.3 .201 11.2 .201
ky 9 21 2 0 29.1  .l19  25.1 .096
20 26,7 223 23.7 211
200 25.9 411 18.9 .348
300 21.8 .422 18.8 .409
9 22 1 0 13.9 .439 10.9 .199
20 15.3 1.034 8.3 .290
400 9.6 2.160 4.6 .734
9 22 2 0 16.8 .213 15.8 .200
20 16.8 .190 15.8 .172
100 16.8 .395 12.8 .173
10 233 1 0 42.9 .252 36.9 .206
32 32.9 .£50 24.9 .761
10 23B 1 4 32.1 .668 32.1 .6686
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In general, k  decreased more rapidly with-covercges
then %k (Pable 15, €olwuns 5 and 6). Thie behavior is not
surprising siunce in &1l test sections the mots in the
vicinity of the end joint experiencec¢ progressive Ceteriora-
tion uue co @ conuratration ol mat breaks (rivet failure,
cracking, anu curling) [12]. The weakened mat evidently
losses iis effectiveness and the underlying subgrace is
subjecce. to highor snezyy levels. Thus in the vicinity
of the end joint, the subgrade experiences larger shear
deformations anc consicerably nore remolaing than in other

lovations,

Regardless of the exact nature of the behavior of the
end joints, a measure of their effectiveness might follow
from an examination of the ratios of k_ to k. Table 15,
Column 7, provides a listing of these Fatios. Discounting
the differences in the error functionals, average values
for these ratios are 0.84 and 0.90 for the T1l and M8 mats
respectively. If credence can be placed upon the above
supposition, it appears that the effectiveness of the end
joint coanections is approximately 10 to 16 percent less
than that of the mat elements. The foregoing results are
not in cunflict with the observations of the Corps of
Engineers noted earlier [9). 1Indications suggest that some
increase in serviceability can be achieved by further
strengthening of the end joint connector.
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Item

Table 15

Ratio of k Values

Cov.

0
20
200
300

20
40

200
600

120
200

20

20

30

30

20
156

20
76

ky/F 1

1.00
77
.77
.85

1.00
.82
.76

1.00
.15
.75

1.00
1.35
.71

1.00
.83

1.00
.95

1.00
.75

1.C0
.82

1.00

.65
1.22
1.13

1.00
.73
.84

(ke)N/(ke)INT (ke)N/kN

1.00
.78
.67
.83

1.00
.79
.67

1.00
.62
.47

1.00
.90
.59

1.00
.73

1.00
1.07

1.00
.67

1.00
.76

1.00
.93
.97
.96

1.00
.76
.69

.89
.91
.79
.87

.91
.86
.80

.87
.73
.55

.98
.65
.80

1.00
.E8

.88
.94

.18
.70

.96
.90

.92
1.00
.74
.79

.96
1.00
«79
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Table 15 (Cont'd.)

AJ

Sect. Lane Item Cov. kN/kINT (ke)N/(ke'INT (ke)m/}:N

6 11a 1 0 1.00 1.00 &5

20 -84 .69 .69

130 .€9 .86 €3

6 11a 2 0 1.00 1.C0 1.00

20 .78 .78 1.00

130 .67 .67 1.00

6 12 1 0 1.00 1.00 1.00

20 .86 .86 1.00

90 1.00 .82 .82

6 12 2 0 1.00 1.00 .89

20 .57 .57 .89

h a4 .57 .65 1.00
|4 9 21 1 0 1.00 1.00 .74
| § 20 .83 1.05 .94
s 200 .67 .91 1.00
300 .60 .81 1.00

9 21 2 0 1.00 1.00 .86

20 .92 .95 .89

200 .€9 .75 .73

300 .75 .75 €6

9 22 1 0 1.00 1.Co .79

20 1.10 .76 .54

400 169 -42 .48

9 22 2 0 1.00 1.00 .94

20 1.00 1.00 .94

100 1.00 .51 .76

10 23a 1 0 1.00 1.00 €6

32 .77 .68 .76

10 23B 1 4 1.00 1.00 1.00
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SUGGESTIONS FOR FUTHER RESEARCH

Based upon the results of this study, the following
suggestions for ruture study are presented:

A stucy should be undertaken to establish a basic
unit for cdefining a single coverage: one which
is not test dependent.

It is urged that a comprehensive study be conducted
to investigate the full capabilities of the asym-
metric load model described herein. Although
laboratory testing of icolated subgrade samples
subjected to repetitive loads would be of value for
suck a study, a test series, smaller in size than
the conventional prototype tests, could provide
meaningful data for the determination of the model
parameters. Necessary information to establish the
time duration for the applied load, could be ob-
tained by installing a continuously monitored load
cell at the subgrade surface of a conventional
prototype test.
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SUMMARY AND CONCLUSIONS

Two mechanistic models have been developed to simulate
the behavior of landing mat systems. The first model, which
is based upon elastic theory, was shown to be capahle of dup-
licating the action of such systems under static loads with
a reasonably low degree of error. Numerical values for
parameters entering the model were obtained from the simu-
lation of prototype deflection patterns. values of the k
parameter, the subgrade modulus, were found to be less than
51 pci. at the start of the prototype tests. The magnitude
of this parameter was then found to decrease as trafficking
progressed. It is particularly noteworthy that contrary to
prevailing opinion, model behavior is extremely sensitive
to the magnitude of the subgrade modulus.

Empirical relationships were developed which related
_test properties to all model parameters. Use of these re-
lationships along with the failure criterion established
herein indicated that the performance of dual-wheel tests

can be predicted with a reasonable degree of confidence.
Apparently, the developed procedure is less satisfactory
when employed for the prediction of single-wheel tests.
There is a strong indication that the variability of the
number of passes necessary to complete one coverage in the
latter case may be a prime factor influencing performance.
This is particularly truvue as input energy level per cover-
age can be quite different for seemingly similar situations.

It appears that the effectiveness of the end joint
connections is approximately 10 to 16 percent less than that
of the mat elements. Indications suggest that some increase
in the serviceability of a landing mat system can be achieved
by strengthening the end joint connectors.

The second mechanistic model developed is capable cf
simulating actual loading sequences and can also provide a
means of estimating residual deformations of the mat surface.
The potentialities of this model were demonstrated for both
single~wheel and dual-wheel prototype tests. Lacking ade-
guate experimental information the full capabilities of
this model could not be examined in this study.
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APPENDIX A

VLZRIATION L [ITHCD OF AMALYSIS FOR ELASTIC FOUNDATWICLS

1he variational method of analysis for elastic founda=~
tions presented here was developed originally by Vlasov and
Leont'ev [62]). Dve to the limited circulation of this
important publication, a dectailed formulation is given for
a single=-layer foundation under plane strain conditions.

Consider a homogeneous, elastic compressible layer oZ
soil of thickness H resting on a rigid base subjected to
imposed loadings which produce conditions of plane strain,
Figure Al(a). Under such conditions if the horizontal and
vertical displacements, respectively, u(x,y) and v(x,y), at
all points are known, the stresses and strains ir. the soil
layer may be obtained from established strezss=ctcain rela-
tionships. Following Vlasov and Leont'ev, the unknown dis-
placements will be taken as the finite series

m
u(x,y) = ig lUi(x)¢i(y) (i=1, 2, 3,...m) (Ala)

n
vix,y) = 1 1Vk(x)"k(y) (k

-
=

lo 2‘ 3,...1’1) \.Alb)

Here it is assumed that the functions ¢.(y) and ¥_(v), which
represent, rcspectively, the distributidn of the éisplaccments
u(x,y) and v(x,y) over any section x = constant, are either
known or may be assigned. With ¢ (y) and w](y) established

as dimensionless functions, the fUnctions Uf(x) and Vp(x)

will have dimensions of length. The latterlare seen %o
represent the magnitude of the displacements u(x,y) and

v(x,y) at the section x = constant.

Once the form of the functions ¢ (y) and V¥, (y) are
established for a given physical probiem the fufictions
U. (x) and Vk(x) can be determined from eguilibrium condi=
tIons relative to a differential strip of length d&x, Figure
Al(k), and the stress=strain relationships developed from
the conventional theory of elasticity.
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From the Hoockean stress-strain relationship, the

ctresces nay he expressed as

Eq [ m n ' :
0 = Ulg: + I Vo 22z)
-3 I 9 ] .
X 1 e j=1 171 0 yx=1 K PJ
E n m ]
0
g = I Vo) + ¥ I U4 (A2b)
Y 1‘“0{3=1]\k 0 ;=1 F d
n
1= > r:? U.éf + LV (23Db)
Xy ZZT+u°) j=t 171 xkd K k

The equilibrium conditions are obtained by ecquating the work
of all internal forces to the work of all external forces
acting on the strip under any virtual displacement.

Consider the differential strip when given a virtual
displacement in the x direction, u, =¢ (y) for U, = 1 where
i can have m different values, and a virtual displacement
in the y direction, v, = y, (y) for Vk = 1 where k can be
any of n virtual dispEacem nts. The“differential strip
thus possesses (m + n) degrces of freedom in the xv plane.
The external forces acting on this strip result from the

90

normal stresses, G O, + ;;5 dx, the shearing stresses,
] 4
v . . . s
Tox' Tyx + Y™ dx, and from the distributed applied load

whose x and y conponents (per unit of length) are E(x,y)
and o(x,y), respectively. The internal forces are caused
by the normal stresses o and the shearing stresses v _ .
An examination oi Figureg A2(a) and . .(b) provides tLEY fol1-
lowing relationships:

in the x direction, Figure A2(a),

Yy Y o Y
T AL e = | e ey ¢
0 0

(i = l' 2, 3'.uom)

P(x,y) g 0y (23)
0
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A
. | i
in the y direction, Figure A2(b), *\?
Y 31’ y IW;". i
{ o, 48y = | pwsay + | Teaygay  (84) i
0 0 0 e |
(k = 10 20 3,...11) ,; .

_ Substitution of Egns. (A2) into Egns. (A3) and (A4) = i
leads to a system of ordinary differential equations in 1, :
U. (x) and V, (x). This system consists of (m + n) equa- N !
tlons and cail be expressed as |

m (1~ "0) m n 1= u, l-y
[ 01 [ — , , - o (1} =
Littie 7 = PigYit kL l("otjk ) cjx)"k F,n 0
(ASa)
(3 =1, 2, 3,...m)
2
n (v . (1-¥p) . (1-¥,) n n (1-)
© - g Moty - —5—¢ Vb e r,, V" . =18 . U + Y, =
(A5Db)

(h = 1' 20 3,...0)

where the coefficients are obtained from the following

agy =| 4548y 7 Ty N R (a62)
bij = {ﬂ!}é&iy P Spk =’ r %W]'(Gdy (A6Db)
TR =[ ¥, ¢18dy (A6¢)
toe = [ $ %5 7 th - J’*r'fksdy (r6d)
Py = B (x.y) °jdy: oy, =I alx,y)¥dy (r6e)

where the loads p(x,y) and g(x,y) are taken as positive when

acting in the positive direction of the coordinate axis.
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The applied loads p(x,y) and q(x,y) are assumed to be
distributed over the plate height as arbitrary functions of
v. Lowever, 1f only external normal and shearing foices,
c1(%,0) aanv p(x,0), act on the upper surface of the layer,
the coorllicicuts pj and 9 hecone

p. = p(xuj(o) Poay = alx) th(o) (A7)

5
The system of ordinary differential equations in U, (x) and
Vv, (%) obtainecd from Eqns. (AS5) can be solved to obtain the
uitknown displaccments for the plane strain problem,

If it is assumed that the horizontal displacements in
the compressible layer are either zero or are negligible

¢. (vy) = 0, the displacements u(x,y) ard v(v,y) can be
e&pressed as

u(x,y) =0 (A8a)
n
vi{x,y) = kil Vk(x) vt'k(y) (A8D)

The system of Eans. (A5) reduces to

2

l-u n n l-u

o m!
— L r  VUM(x) - I 8.V (x)+ g, =0 (A9)

2 k=1 hk' k k=l hk'k E 0 h
where
== . = ] ]

Lix o%#ksdy TSk :h*kcdy (Al10)

Also assuming that tHe base of the elastic layer §s fixed to
the rigid base; that is, there is no slip at the interface,

the displacement function v(x%,y) becomes

v(x,y) = V1 (x) v, (y) (a11)
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and the function V1 (%) represents the deflection of the
foundation leyer surface as illustrated in Iigure A2, This
lest assumplion docs not produce a moiel with a uniquc solu-
tion ar o (lweacivaloss Eun:tionwl (v) may be selected in
ary acpitsary .awanner provid:d that#1 (H) = 0.

Anplyuing the preotione assumption of a fiwed bacsc, Egn.
(7)) ruduces to the sincle Ciffercntial ecquation

yH - + = O -.l
T T, tl(x) T4 (x) Eo q (£12)
where
26 H 'é% .
r” = . "l dy : sll= !0 wl v (AlZ

Eqn. (Alz)E?ay be further simplified by multiplying each
term by ——3 to yield,

(l=ug )
2tVf (x) - kvl(x) +q(x) =0 (rl4)
wherxe
E0 E 8
t = .,.“ Pk om — l: (r15)
) - ¥
and rxxand 5, are defined by Eans. (Al3).

Differential equation (Al4) defines a model whereby the
vertical Jicplacements of the surface of the soil are relatad
to the load applied on the surface. This model not only con-
siders the coxpressive strains in the elastic founcdetion Lut
also the shearing strains within the foundations.

With the displacements of all points expressed by Ean.
(All) and employing the stress=-strain relationships of the
classical thcory of elasticity the normal and shearing
stresses may be obtained from Eens. (A5) as

Eouo
O = A (x)v§ (y) (r16a)
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Ep
g =
o —z V (%) ' (V) (Al6b
* 1% 1 Y )
v L H .
v zzl+u°5 Vl(XH’l (Y) (A].GC)

Selecting any section x = constant, the total force T in the
x direction is given by T, = ?"x Qicdy (i =1, 2, 3,...m)

0
and the total force in the y direction is given by

s =
h
tion of negligible horizontal displacements and applying
Eqn. (Aléc) there results

T°'YX*h6dY (h=1, 2, 3,...n). Pleading the assump~

H

T, = I° 0 ¢, &y =0 (Al7a2)

H an \ H 2 .
8, = I ‘tyx vlcdy = -271?;:) v, (x) [ ‘,1 (y)dy = 21:Vl (x) (Al7D)
1]

The foundation model is now completely defined once the
dimensionless fuuction "1 (y) has been established.
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Superimpose on the suriace oi the soil mocel, as
defined in Sopenuix A, an infinitely long beam which ckeys
Eulerian couditions. Let p(x) represent the applie¢ norual
load on the beam, g(¥) represent tne reaction due to the
elastic Ioundation and V() represent the beam diflection.
The bending of the beam will be described by (63

Y

EI 'd—-v-iﬁ = p(x) - q(x) (B1)

dx

!

i

i

X
' ’ AFPENDIX B

|

|

In aAppendix A the relationship

e s .

%8 b

- 26 LX) 4wy (x) = g(x) (B2)
& dx

3f was Ceveloped to relate surface deflections of the soil to
%1 superficial loads. Assuming that the beam and the soil are

:;; always in contact, Egns. (Bl) and (BZ2) can be combined by
R elimination of the interfascial normal force o(x), to yield

y .
pr LV o o 9—3’4})- + KV (x) = p(x) (B3)
dax dx

Inplicitly, this last assumption reguires the development

of normal tensile stresses across the beam=-co0il interface.
Fortunately, any developaent of these stresses generally will
occur in a region somewhat removed from the load and will

be of small magnituce.

For computational expediency, Vlasov gnd Leont'ev
defined a non=dimensional coorcdinate, N =-% , as

, 3/2151(1« uJ’
L = Eqd (B4)
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Superimpose on the suriace ol the soil model, as
definea iu Joopendis A, an infinitely long beam which ckeys
Eulerian couuitions. Let p(x) represent the appliec noriaul
load on the heam, q(x) represent the reaction due to the
elastic loundation and V() represent the beam G?Flectlon.
The bending of the beam will he described by 63

4
pr ¥ 2 px) - qlx) (B1)

dx

In Appendix A the relationship
4
-2t £ 4 )y (x) = g(x) (52)
éx

was Geveloped to relate surface deflections of the soil to
superficial loads. Asswaing that the beam and the soil are
always in contact, Egns. (Bl) and (B2) can be combined by

elimination of the interfacial normal force o(x), to yield

b :
pr L0 o oo 9__7:_92_). + kV(x) = p(x) (83)
ax b

Implicitly, this last assumption requires the development

of noimal tensile stresces across the beam-soil interface.
Fortunately, any develop.aent of these stresses generally rill
occur in a region somewhat removed from the load and will

be of small ragnituce. ’

For computational expedicncy, Vlasov gnd Leont'ev
cdefined a non~dimensional coordinate, W= % , as

Gaeza- v
L = oY (B4)
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where E @s Young's modulus of the beam
I is the noment of inertia of the beam
Ep 1s Younsg's modulus of the soil
u, is Foisson's ratio of the soil
§ 1= tle width of the beanm '

Employiny the roncimensional coordinate and dividing Ecn, '

(C3) By the “zom rigidity, the coverning differential ecua=-
tion is established as

4 2
d v 2 g Y
——gi%l - 2r -—%lgl +s%W(g = Ei%%&. (BS)
n n

where
2 1~ 2
2 tL u
b H
2 _ XL _ :
s” = &7 2L [o Wldy (B6Db)

If a corcentrated force ‘P, Figure Bl, acts at the origin
of coordinates, the following homogeneous differential equa-
tion is applicable for all points except tlte origin

2 2
AT A¥0) 4 s'y(y =0 (B7)
The corresponding characteristic eguation is

rn“ - 2r21m2 + s“ =0 (EE)

As r and s are positive, the ratio L must be positive and
the solution of the characteristic Squation may take one of
three forms depending on the relative magnitudes of r and s.
The sz *“ion of prime importance for the present study is
obtain~ for the condition wihen & » r., Physically, this
condition implies that the majority of the supporting capac-
ity of the soil is developed by normal strosses rather than
by the shearing stresses within the foundation. Close inves=
tigation of Eqn. (37) reveals that for the condition r = O,
the model becomes identical to the one which employs the
Winkler hypothesis. At the other extreme 2s s approaches
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zero, the model becomes one for a beam supported by a mem-
bgane. All further formulaticn is restricted to the condi-
tica -§:n € >r. Tor this conditioa the roots of the charac=
teriscic equation are

m=+a + if (89)

where @ anu B are real and positive

- sz+r g2
e = : B o= X (B10)

The solution of Eqn. (B7) then has the general form

-an = - an a =
v(n=C e sinBn+c e” cos B'H-Cae Mg 1 r8n +C, e %MNeos Bn (B11)

Due to symmetry only that portion of the beam for n>0
need be considered. Since the deflection of the beam must
approach zero as the nondimensional coordinate becomes
large (me ), the following must occur

Cy=C,- 0 (B12)

The deflection equation, Eqn. (Bll), then becomes

= + 1
v ﬂ) CXFI C2 F2 (B13)
where
F,o= e Msindn (Bl4a)
Eé = ¢~ *Mcosfin (B14b)

The remaining constants C and C can be determined from the
conditions at the origin telatec® to the slope and the shear,

Thus for n = 0

0(0) = ‘iL? avin - g (B15)

“n
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3 .
F(O) 22 .- E.}[.‘.j_lm - 2r2 gld.ﬂ?-]: —g (316)

3 dn
L dn

I+ rhonld be notcd that the shear at any section is
cornoced of two distinct components. The first tern Ecn,
(Blé), rezults fron the shear [orce developed in the Leam
varrters the sooonr torm arises fvom the shear force developec
in the snil, fThe latter term is expressed in integral form
in Eaa. (L!.Tb) .

Substituting the appropriate derivatives of Ecn. (B13)
into eus. (B1l5) and (B1G) and solving for the constants
produces

3
¢, = —£= (B17a)
43s2E1
3
¢ =—fL (B17b)
2 43s%F1

Thus the general equation for the deflection of the beam
subject to a concentrated load becomes

PL3

48 s2E1

V(p) (3 F (n) +BF, (0] (18)

Modification of Eqn. (B18) is necessary when uniforinly
distributed loads arz encountered. Referring to Figure B2,
three expressions are developed for the beam deflection
which cepend upon the location of the uniform load relative
to the point at which the deflection is sought., 1In the
developnent of each expression a differential element ig
used in conjunction with Ean, (B18) which is theq integrated
over the length of the load. Thus for 0 £ ons =

L
3
_ L a(x 203 N_a¢b aBlvf2 - VYor (b _
v(n) ~ZE;SL.%I{-‘ [ (T "1) fl(L "1)]+ 2“3[1“2(2 nP Fz(L “1)]
(Bl9a)

b

for = -
L‘ﬂ2<L
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4 gF'EI

- 238 [Fz(nz- -i—) *F, (—E - nb }} (B19b)

an.. Zov 2
L3 (x .
Vin = -‘-&ﬁl{ﬁ i '—) Fy (g - ]+ 2"‘5[ (g2} o, "E)]}

(Bloc)

With the use of Eqns. (B19), the daflection of the beam at
eny point can ke Cetermined for a given uniform load. After
employlnq guperposition, any number of uyiform loads may be
handled. The parameters 3, B, s, and r* are all functions
of the displacement distribution function yl(y).
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APPENDIX C

STHTFE VLRIADLE FILTER FORMULATICH

The procedure for identification of the model parameters
presented below follows Kohr [30].

From the data available from prototype tests{ 12 ] a
system (relationship) can be established between the known
input and the resulting output. The form of this system has
been postulated as Ean. (B3). For this system to reflect
adequately the behavior of landing mats, the model parameteres
must be representative of the test conditions.

By writing Eqn. (B3) as

A\ 2
-cl..c.v - gk —d-¥ + bty = %él‘). (Cl)
ax dx
whacre
2t k
* =2 omnam * = ——
a 5T ' °Y T BT

scparation of the unknown cuantities can be achieved. The
term on the right is exclusively input data; that is, load
configuration, expressed by step functions, and mat rigidity.

Let the "model residve", €, at a point be defined as

4
1 2 .

e = &—¥- -k d—.‘zl. + hH*Y - MEE-L (CZ)
dx dx: 1

and the error functional, £(¢), for all points be defineu
as

flg) = {Lezdx (C3)




T

a¥ a‘v

1f Vv, 5 and-—jr can be obtained, then the "model residue"
asx éx

and the rox. functinnal can be made a minimum through the

er "
cleoction ol 2% 2rd h*, Thon this occurs, a* zné Lb¥
@ tha "boet" ertimaters of the mocdel paraneters,

dey . alw : .

= Ind — requireé¢ in Egn. (C2) may

bl WK

be ontainzd fron the zctual deiflections by use of a state
variakrle filtcr [20 ). For this operation, it was convenient
to rapresent the "averace deflection" patterns by a continu-~
ous functicn rather than by a series of discrete points. To
obtain deflection zs a function of position, the selected
points from the "average deflection" patterns were approxi-
mated by a polynomial using a least sguares technicue. The
criterion established for the polynomial was that it approxi=
mate the diecrete points witnin a selected standard devia-
tion of 0.05. For the three deflection patterns investigated
by this procedure, a sixth degree polynomial was found to
satisfy the standard deviation criterion. The polynomial
thus obtained, denoted by V, was established as the expres-
sion for the test output and served as the forcing function
for the state variable filter. Following Kohr, the state
variable filter employed was a differentizl eocuation of one

Trte darivatives,

0,

" order higher than the highest derivative of the model. Thus

the filter selected was taken as

3
5 a av fv dv
av c c c c -
~—= +q —F *tq tq =——stqg =—+V, =V (C4)
ax® 4 gx 3 gxd 2 gy p O ¢

where the coefficients, ¢ ., g , g, #nd g , for this filter
were 1 "2 73 4

g = 3.29710
o = 4.89532
q: = 4.53948 (c3)
g = 2.15678

“ '\ L] 1]
These coefficients, called the Paynter filter coefficients,
were also given by Kohr [30]. Solution of Eqn. (C4) yielded

d "'VC d2vc
the values of , ——, and Vc‘
dxh dx?
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Once these values were known, they were substituted into
Eon. (C2) and the error functional, Eon. (C3), was minimized
by using the “"descent ecuations" [30, 66]. These caquations
for a two paramcter system are

de* _ 2£(g) - ¢
dx Ka Fa* 2Kye a*
(ce)
dh* _ _ af(e) . _ e
ax -~ K% o KpE ToF
where K_ and are arbitrary positive constants. These

constanfs, called the "identification gains", stipulate the
speed at which the minimum is approached.

Noting from Egn. (C2) that

T3 - - dzvc

ax ax?

e  _
;—S;: = Vc (C7)

and making the appropriate substitutions, the values of a*
and b* are obtained by

a®v_
a* = 2K dx
. ,]Le —
br = - 2K frev ax (c8)

Solution of Egns, (C8) was obtained by evaluating the inte=-
gral between the points of zero deflection and by conven=-
iently setting Ka and Kb equal to 0.5,
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APPENDIX D

STEEP DESCINT METHCD

__ hs ¢emonstrated in 2ppendix B, the behavior of the mat=
soil model is governed by an expression of the form

Viheoretical ~ G(By .+ v) (D1)

where Eg¢ and y are unknown parameters and G is the differen-
tial equation, Egn. (B5). The behavior of the prototype
tests can be simulated by the model only if the parameters

E 0 and y arc representative of the test subgrade conditions,
To determine E_ and y, a criterion is established as to
minimize the sfm of the squares of the deviations of the
theoretical deflections from the experimental deflections.
As the "average deflection" patterns [12] have been defined
by discrete points, let the error functional to be minimized
be defined as

no,
fe) = £ g (=12 3...n) (p2)

where g represents the deflection deviation at a discrete
point afid n is the number of discrete points. Equation (D2)
can be minimized by a “trial and error" procedure; however,
a more direct procecure, "steep descent method" [ 40, 66},
which is based upon the hehavior of the error functional can

be employed.

Five combinations of E, and y are selected in a manner
as to form a five point gri&, Figure D1, and the error
functional is computed for each corbination. From this
grid a spatial surface is developed which reflects the
iocal behavior of the error functional. Assuming that the
orror functional possesses a howl-like surface in the
vicinity of the minimum a second order surface of the form
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2
Z = ay + 2nyE, + bh% t 29y + 2fE + ¢c (p3)

%s Zitted to thg gri¢. The influence of the quadratic terns,
in In. (D3), 7ill become neqglizible in a region removed
frow th2 minirum and a plane containing the central grid can

acermatoely cescrilhe the local behavior of the error functional.

The ecuction of this plane is taken as

Z = 2gy + ZEEO + c (p4)

where ¢ and £ are obtained from Egn. (D3) and ¢ is the value
of the error functional at the central grid point. The coef~
ficients, g and f are determined in this manner so as to
obtain the most representative plane. The direction of the
line of maximum slope, steepest descent, in this plane is

given by

th

tand = -2-9- (D5)

A minimum of the error functional will be rapidly attained
by proceeding in the 8 direction from the central grid

point.

Reasonably small increments should be used when pro-
ceeding along the steep descent line to avoid bypassing the
minimun. Also, it is advisable to initiate the procedure
from various locations on the error functional surface to
determine whether the minimum obtained is global rather

than local.
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AYPENDIX E

TOTMULATION FCR MOIINT TRANCFIR INVESTIGLTION

To facilitate the computation of the deflections of a
hinged beam, two ccni~infinite beams, one on each sice of
the hinge, are loaded with a concentrated moment as shown
in Figure El. 1Two Gistinct expressions are developed, one
for the deflection of the semi-infinite beam and the other
for the exposed ground surface. The latter is necessitated
to insure the continuity of the soil media.

With reference to Figure El, it is apparent that Eaqn.
(B7) is applicable for n> 0 and that the deflection for
this rcgion can be expressed by Eqn. (Bl3). The governing
differential equation for the exposed foundatlon surface
from Eqn. (Al4) for x < 0 is

2
2t -‘3——"—‘2-’-‘-)- - kV(x) = 0 (E1)
éx

of which the general integral is

~-&X

V(x) =D e + Dze‘”‘ (E2)

where

a =\/2§<‘t‘ (E3)

Applying the boundary condition that the deflection V(x)
approaches zero as x approaches minus infinity yields
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The deflection of the foundation surface for x < 0 is

V(x) =D eq{
2

To determine the conctants G, G, of Egns. (B13), and Dz,
the folleo.sing boundrry concitions are used at the crigin

(E4)

V(~0) = v(0)
M == EIy(0) (ES)
L2

N(=-0) = N(O)

where N(=0) = 2tV' = 2 tD_is the generalized shear at minus
<ero., Applying the first?of Ecgns. (E5) produces

Dz = Cz (E6)

. From the second of Egns. (E5) after substituting the second
deviatives of the F functions, Eqns. (Bl4), at the origin
there results

2
ML L. 2
- g =~ 7Bg +rC, (E7)

where g, B, and ? are as defined in Eqns. (B6a) and (BlO).
The third beoundary condition gives

3
d v (0 2 av (o
2ctD2=-%[—J-;)-V - 2r éf‘]
L

n
3 d

Multiplying by =L /EI and making the appropriate Substitu-
tions for the derivatives ¢i the F functions, Egns. (Rl4),
one obtains

3
-2 &L D,
EI

= (B (& -82)-20'8) ¢ +(a (35 -3%) +2r23) C, (Ee)




From the simgltaneous solution of Eqns. (E6), (£7), and (i§),
the 1atejxriica constants are found to ke
2
_ 'L 2
D = == P iy
2 Cz ID [857]
ny 2 3
v oL 8 -2 2 &L .
“) E1D [“” tOTET ] (£9)
where
4 3
2 - ag ]
D =~ (352~ g2) + _g%_;_t_'_]

2 .
and s 1is as defined by Eqns. (B6b). Thus the deflection
for the semi-infinite beam is given by

= +
Vin) CIFI Cze (E10)
and the deflection of the ground surface by
Nﬂ? 2 ax
vix) = 55 Bs e (E11)

If the scni~infinite beam extends to the left of the
origin, the cooruinate system is reversed and Eqns. (E1l0) .
and (Ell) are then applicable.
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__ 11 = SECTION NUMBER

APPENDLIX F

COMPUTER PRIGRAM FOR PARAMETER [DENTIFICATION

"OO.it'Ottttt‘lt‘ttttt"ttt‘tt“.““tl‘.“ttt.‘ttt..“..tto‘tt‘l
PARAMETER IDENTIFICATION PROGRAM
TASHSIESERBIRERFTNRRRERSBEBRCRBE RS EEE XSS CEE S SR E S S ESEES USSR IS SEEX
INFINITE BEAM IV A VLASIV AND LEONTEV MODEL
UUANWARD DEFLECLTION IS TAKEY AS PUSITIVE
VPIEVPE 04PN CEAE U SRR N SRS RERRERECUEEBERLSERESSESESNOESIS Y
CEFINITION OF VARIABLES USED
KNK = NUMBER OF TEST SECTIONS 1O BE INVESTIGATLD
KNN = INTEGER CIUNTER
E = YOUNCS MODULUS OF THE MAT MATERIAL (KIPS/SQeIN.)
I = MOMENT OF INERTIA OF THE MAT PER FOOT OF WIDTH ([N, ¢%4)
CELTA = WIDTH OF THE MAT = TAKEV AS THE LENGTH OF A RECTANSGLC
WHUSE AREA 1S EQUAL TO THAT OF THE TIRE PRINT AND WHCSE wIDTH
IS5 THE MAXIMUM WIDTH OF THE TIRE PRUNT  (IN.)
KKK = NJMBER OF SETS OF DATA PER SECTICY - A SET IS A
CEFLECTINN PATTFRY FOR A PARTICULAR COVERAGE WITHIN THE TEST
NNS = NUMBER JF STATIC UNIFDRM LOADS - WHEEL LOADS
POIS = POISSONS RATIO OF THE $OIL
H s THICKNESS JF SOIL LAYER = 1CCO USED FOR Ha INFINITY
SAl = DISTANCE TO VTHE BEGINNING OF STATIC UNIFORM LCAU FROM
THE CRIGIN (1IN,
SQ0 = MACNITUDE OF STATIC UNIFORM LOAN (KIPS/INCH)
S8l = CISTANCE TO THE END JF STATIC UNIFORM LOAD FROV THE
ORIGIN (IN.)
NN = INTEGER COUNTER
IH = INTEGER VARIABLE ASSOCIATED WITH THE TYPE OF STRESS
CISTRIBUTION
1 = { INEAR
2 = HYPERBOLIC - FINITE DEPTH
3 = HYPERBOLIC = INFINITE DEPTH
NOP = NUMBFR OF DEFLECTION POINTS PSR SET
12 = LANE NUMRER o o o T T
13 = |TEM NUMBER
14 = LOCATION NUMBER

1 = CENTER OF PANEL ~~~~ — 777 T T
2 = QUARTER POINT OF PANEL
3 = JOINT

ﬁﬂﬁ-ﬂﬁﬁﬂnﬁ]ﬁﬂﬂnﬂﬂﬂnﬂﬂﬂﬂﬂﬁﬁﬁﬂﬂﬂﬁnﬂnnﬂﬁﬂﬁﬂﬁﬁn

i

TCOVER = NUWEER OF COVERAGES FOR TH: ST~ -
:iM-)OISTAvce FROM JRIGIN TO POINT AT W4ICH DEFLECTION IS GIVEN

e e 0o e e e o
W WV S W N DU ~NO NP W =

"~
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PP PRI DD PR DR D DD D
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[aNaNsEaNel

[a N al ol

OO0 [a N Xl

[a M aXal (g KaNal ~

oo
1

TTREAD DAVA PGINTS

DS = MEALJURFD DEFLECTION AT THE POINT XS
CAMMA = RATE OF DECREASE JF STRESS Wil DEPTH_

EC = YOUNGS MDDULUS OF THE SOIL o

PIVBENERLEELRISBAAEASRESEEREEFEEBEUE SRR EETREEIESEREE 4SS0 ISR S

REAL ToeLynSoMOME,MSMAL +MOMES

CIMENS ION SAE(S)y SQOU(S5)s SBI(S)y XS(20)y DSi20) 4 XDEFL(20)

COMMON LAy By239529S4yRHEITINS o XI60)4AT(5)+Q0US) BT (S5) 9DEFLISD),S

LLOPE(60 )y MOME{ 6C )y SHEAR(SC)
RFAL (5,415) XN«

XNN=Q "

KNANEKNN ¢1

1F (KNN.EC.IKNK41)) STOP

READ INFORMATIOM ABOUT BEAM PROPERTIES

READ (Sy16) E,1yDELTA
I=1%DELTA/ LR,

READ INFORMATION ABOUT FOUNDATION PROPSRTIES
RFAC (5+20) KKKyNN5,POIS,H

REAN LOADING INFORMATION

READ (54160 (SATIK)ySQOIC )y SBIIK)K=1,NN5)
NN=O

NN= AN+l

1F (NNLEQ.{KKK+1)) GO TO 1

REAC INFORMATION ABOUT DISTRIBUTION OF STRESS

READ (5417) IH,NOP
READ TEST SECTION IDENTIFICATION

REAC (5¢18) 11,12413, 14, ICOVER

READ (5419) (XS(J),0S(J ) J=1,NOP)

WRITE (6y21)
WRITE (6422) 11,12, 13,14, ICOVER

WRITE (6423)

TWXITE (6, 24)

WRITE (6,25)
GAMMA= ],

[a X alel

w

ERRS = STORED VALUE DF ERRDR ~ SET INITIALLY TO 10000.

EARS=10000,
€0=.1
L= ( (2, 4E418(1,-POIS*#92,)) /L EO¥DELTA ) 1## 0. 33333333

1 '
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-

(o f

»
'l
W




c SELECT EQUATION FOR PROPER STRESS DISIRISUTION :' 33
c

IF [IH.EQ,1) 3D T2 S A 98

IF (1H.EL.2) CJ T2 6 A 33

IF (IH,EQ.3) GN T3 7 A 123

5 R11=CELTA®H/3, A 101

SUI=CELTA/H A 132

- Tx(EOSR111/(4.%(1,+PCIS)) At

' KS= (EQ*SL1)/( 1.~POISe82,) A 134

R2s(TaL*42,)/(E*]) A 19%

Sbe (KSeLe®s, )/ (Ee]) A 108

GO T0 8 A 107

c A 108

6 GHL=(GAMMA®H} /L, A 109

FSIK=0 ¢ SeGHL*{ { SINHIGHL )*COSHIGHL ) +GHL) /(SINH(GHL) #92,)) At

PSITa1,5/GHL*( (SINH(GHL )¢COSH{GHL )=GHL) /{SINH{GHL)$%2,}) A 11t

Ta{ EQ*DELTASHOPSIT)/{12,6( 1. +PI1S)) A 112

KS= (EOSCELTA*PSIK)/(F#( 1,=POlS6*2,)) A 113

R2s (H8( 1,=POIS)I*PSIT)/{ 6,8L) . — A lle

S4n(2,°L*PSIK }/H A {15

GO Y0 8 A lls

c L . o e ALY

T T RS s TEQRDELT A$GAMNMAY /T 2. ¥L ¢ ( 1,-PO T See 2, 1) A tls

Ta(ED*DELTASL }/(B.*GAMMAS{ L. +POLS)) A3

o R23(1.,-POIS )/ (4, %GAMMA ) A 17

S4z GAMM A A 121

8 $2:549%0,5 A 122

c H123

¢ TEST TO OETERMTNE [F FOLLOWING EQUAYIONS ARE APPLICABLE A 124

¢ A 125

v e MF_(R2,6T.S52) GO T) Y6 e A 126

A= (S24R2)/2.)%%0.5 A 127

Be((S2-R2}/2,)%8_,5 A 128

ABz2,%A8p _ a4 129

N5= NNS A 13)

00 9 K= 1,N5 A 131

e AUKDaSALKY) i A 132

QO(K )=SQO0(K ) A 133

9 RI(K)sSBIIK) A 134

00 10 J=1,NDP A 135

X(JVsxs(J] T A 13

CALL ULOAD (J) A 137

XDEFL(J)=DEFL(J) A 138

10 CCNTINUE A3

ERROR=0 0 A 142

00_1_1 J'l!_NDP A 141

11 ERROR=ERROR4ABSIXDEFL(JI~DS(J)1e% 2, TTh 142

IF (ERROR.GT.ERRS) GO TO 13 A 143

ERRS= ERROR . A 146

IF (ERRS.LT.Y.1) GO TO 12 A 145

€ECS=ED A 146

SKS=KS Al

TS=7 A l4B

€0:E0+0.05 A 149




GC TO 4

A 1%)
c A 151 3
12 EQS=EN A 152 1 |
SKS =Ky A 153 i
TSa27 A 154 :
EC=£0+0.01 A 158 ¢
GC 10 ¢« A 156 b
C A 157 ‘
13 SUBRsSKS/CELTA _ o S A 158 }
T{sTS/LELTA : T A 1539 j
WRITE (6926) EOSyGAMMA, SUBR, TT,L ,ERRS A 160 :
) IF (GAMMA,GE.8,) GO_T0 2 L A l6l !
" GAMMA2 G AMMA 1, - T A 162 ’
GO 1o 3 A te3
C .. e o A 164
14 WRITe (6, 27) A 16%
¢ A 166
J15 _ FORMAT (1t0) o A 161
16 FCRMAT (3F20,85) i A 168
17 FORMAT (2115) A 163
18 FORMAT {5(10) _ ) e A7)
15 FORNAT (2F20.5) An
20 FORMAT (2115, 2F15.51) AL72
21 FORMAT (//10%, THSECTION 10X+ 4HLANE 410X, 4H] TEM,10X48HLOCATION,1IX,? A 173
THCOVERAGES ) Alte
22 FORMAT {1l44116)1144116,119) A 175
_23 _ FORMAT (/SX,9HE OF SOIL,9X, SHGANMA,SX,RHSUBSRADE 12X JHT 13X, 1ML,1 A 176
12X, SHERROR ) ALr?
24 FORMAT (37X, THYODULYS) A 118
25 FORMAT (3K LIHK IPS/5Q4INey 20Xy ISHKIPS/SQe INe ZENe 95X BHKIPS/ING/) A 179
"26  FORMAT (6F15,%) A 140
27 FORMAT (/10X¢34HR2 IS GREATER THAN $2 NO SOLUTION) T}
.. ENO . . - .l A 182~

E~0-J




: APPENDIX G

COMPUTER PRIGRAM FIR PERFORMANCE PREDICTION

Cc LARRAAL R 2R A R PR R R SRR YT PRSP 12T YRS 2227 YL
i c PERFORMANCE_PREDICTION PRIGRAM

RO T O O T T LI T
INFINITE BEAM ON A VLASOV AND LEONTZV MODEL
—HYPERBOL IC STRESS DISTRIBUTION
COMNWARD DEFLECTION IS TAKEN AS POSITIVE
T4I00EESSEEENERTREREREIEENIRERINIEERBABETIENEEEstsIsEE

___CEFINITION OF VARIABLES USED )
KNK = NUMBER OF TEST SEZTIOVS TO BE INVESTISATED
KNN = INTEGER COUNTER
Il = SECTION NUMBER
12 = LANE NUMRER
13 = [TEM NUMBER
INCA » ACTUAL NUMBER JF COVERAGES AT WHIZH THE SECTION FAILED,
E = YOUNGS MODULUS OF THE MAT MATERTAL (KIPS/5GeIN.)
1 a2 MOMENT OF INERTIA OF THE MAT PFR FOOT OF WIDTH (IN.®#)
DELTA = WIDTH JF THE AT - TAKEN AS THE LENSTH OF A RECTANGLE )
WHOSE AREA 1S EQUAL TO THAT OF THE TIRE PRINT AND WHOSE WIDTH
IS THE MAXIMUM WIDTH JF THE TIRE PRIUINT  (IN.)
B __..___NN5 = NUMBER OF STATIC UNIFIRM LOADS - WMEEL LOADS
WGANMA s THE PRODUCT OF THE AVERAGE WATER CONTENT (PERCENT)
AND THE AVERAGE DRY UNIT WEIGHT OF THE TOP 18 TNCHES COF SCIL.
LUR = AVERAGE C.BeRs VALUE FOR THE TOP 18 INCHES CF SCIL
AL = MAGNITUDE OF THE (OAD = FOR DUAL WHEELS USE TCTAL LCAD ON
THE ASSEMBLY - FOR SINGLE WHEEL USE WHEEL LOAD. (IN KIPS)
CA = CONTACT AREA (IN SQ.IN.) - FOR BOTH SINGLE AND DUAL
ASSEMBLY USE CONTACT AREA OF ONE WHEEL.
TP = TIRE INFLATION PRESSURE. (IN LB S./SQ.IN.)
SAL = DISTANCE TO THE BEGINNING OF STATIC UNIFORM LOAD FRCM_
THE ORIGIN "(IN.)
SQ0 = MAGNITUDE OF STATIC UNIFORM LOAD (KIPS/INCH)
S81 = CISTANCE TO THE ENO OF STATIC UNIFORM LOAD FROM THE
ORIGIN (1IN4) -
POIS = POISSONS RATIO OF THE SOIL
__GAMMA = RATE OF DECREASE OF STRESS WITH DEPTH
EO = YOUNGS MDOULUS OF THE SOIL
‘t‘tttttltttttt‘ttt#ttttt‘t““..tt.ttl.t..tttt“‘t‘.t“.lt“

__FPCAL T14KSoLyINTKS, [1,MOME

}
!

nnnnodnnnnanaqaan

1

!

! annnnnnnn%nonﬁna
i

TTCYMENS 10N SAI(5),5Q0(5),SBI(%)
COMMCN X(60)0A1(5)300(5)08!(S)anlthABQSZvSQvRZQEoloNSoDEFl(GO)o
1 SLOPE(60)|VDWE(60)tSHEAR(6C)
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410

13

69
10

501

111

—— B sy - — - = - — e e am— e

REAL (5,620) KNK

FCRAMAT (110}

KNK=NUMRER OF SECTIONS INVESTIGATED
KNN=0 :
KNN=KNN+1

IF (KNNJEQ.{KNK41)) STOP
REAC SECTION IDENTVIFICATION
REAC (54101) Tl,12,13y INCA
REAC PROPERTIES OF MAY

REAC (5,100) E,I,DELTA

REAL NUMBER OF WMEELS AND SOIL PROPERTIES.
READ (5,102) NNS5,WGAMMA,CBR

REAC WHEEL LOAD, CONTACT AREA,TIRE PRESSURE,.

RFAL (5,100) WL ,CA,TP
READ LOAD PLACEMENY AND MAGNITUDE.,

READ (541003 (SAT(K)ySQU(K)1SBL{K)yK=1oNNS)

Jik=1

11=1

I=(#0ELTA/12.

POLIS=0,4
INTKS2164.+3,%CBR=5,45%)GA" A
ICOVER= 1

IF (JIK.EQ,1) GO TD 69
ICOVER=)

(F (JIK.EQe2) GO TO 70
1COVER= INCA

CIM=E*11

NNNK=1
SURR=INTKS/ (FLOAT{ ICOVFR )*%0,C48455)
GAMMA= FLOAT ( ICOVER 1#%0.25
GAMMAS GAMMA +{ 13680.,~-EIM)/EIM
KS = SUBR*DELTA/1000.

EO=((2.*(1.-P0l$“2.))/DELTA)*((E*(*KS'*B-)/(GAHNA#*3.))**O.ZS

Le( (2. %E#[%(1,-POIS**2.))/( EOSDELTA) )¢ 0,33333333

T=({ EUSDELTASL )/{ 8.#GAMMAX (1,4POTS))
TT=T1/0DELTA

R2:(1.-PO1S )/ 4.&GAMMA )

S4= GAMNMA

$2:54%20,5
Ax((S2+R2)/2,)1%%0,5
Ba{($2-R2)/2.)%*0.5
ARz 2,%A*B

NS = NS

00 111 K=l4N5 -

AL(K)=sSAL(K)
CO(K)=SQO(K)
BI(K)=SBI(K)

J=1
1F (NN5.EQ.2) X{J)=Al{ 1)4(BT({2)=AL(1))/2,
IE (NNS.EQ.1) X(J)sAT(1)+(BIC1)-ALLL)I/2s

CALL ULOADTY)
IF (JIK.EQ.1) GO TO 71
If (NN5.FQ.1) GO TO 78

EIC=(E*11/13680,)%%2.5




S TR

RSN TR SR

TS

CAC=CA*#0,5
WLC={WL//D.)%%1,175
ToC=100./1P
FALLN=FLOAT(ICUVER )¥»*,325
CRITER={EIC*CRACAC*TOC )/ {wlCxFAIL'Y)
CRITER=(CRITER®%0,945924)/( 1C.0%#C.5C524)
IF (NNNr.EQ.L) ICIVER=ICIVFR-]
IF (CRITEILLELDEFL(L)) GD 1O 80
G0 TQ 719
13 1C={It 11713650, )%%0,5
WLC=(WL/35,)%%,3
CAC=CA%#0,72
CRRC=CBR%##0 .9
FAILN=FLOAT ( JICOVER)*%0.3
CRITER=(JLC*FANLNI/{ FIC*CAC*CBRC)
CRITER=(10e3% 141566726 )%(CRITER*%0,565264)
IF (NNNK.EQel) ICOVER=[COVER~]
IF (CRITERLCGELDFFLIL)) GO 1O &cC
19 IF (ICOVER.CT.5000) GO TO &1
IF (ICOVERL,CGEL200) ICOVER =ICOVER+20
If (ICOVER,LT.200) ICUVERSICOVER+S
ANNK = 2
cn 10 %01
80 WRITE (6410)
10 FCRMAT (/710X THSECTION 10X 4HLANE 9 1 OX g 4HI TEMy 10X 8BHCCVFRAGE )
wRITE (64129) 11,12413,INCA
129 FORMAT (114,116,114,119)
WRITE (6y82) TCOVER
62 FORMAT (/10X 25HTHIS SECTION wilLbL FATIL AT ,14,11H COVERAGES, )
GO TO 410
81 WRITE (6y10)
WRITE (64129) 11,12,13,INCA
WRITE (6483)
83 FORMAT (/10Xy44HPREDICTED FAILURE 1S GREATER THAN 5000 COVERAGES )
GO TO 410 .

100 FORMAT
102 FORMAT
110 FORMAT
101 FCRMAT
120 FORMAT

{3F20.5)
(1204 2F20,5)

(2F20.5)
(4110)
_(4F20.5)

71 WRITE (6,72) ICOVER,DIFLIL)
72 FCRMAT (110,5X, 21HFAILURE DEFLECTION IS  4F10.5)
JIk=2
GO 10 73

END

€-0-J




APPENCIX H

COMPUTER FROGRAM FCR ASYMMETR IC LDAD MODEL

V0240440280423 0088800004 RFANRRIRENNCRRSESEOESOCEREEEEERRBSEIESRRR
ASYMMETRIC LOAC MOODEL
AR 40V NAR AR A NAOAINIFRNNNILHIRNERER AR AR SBENBE SR RS SN RESE S RSB RER
REAL ']
CIMENSICN 2X1(20)¢AX2020),BX102C)yBX2(2C) o XDEFL(25) JADDEFL (25)
COMMON X {60 )4 DEFLIGOYsATIS)oBEL%)9Q0L%) NS
READ SECTICN ICENTIFICATION
T1sSECTION NUNMRER
125 LANE NUMEER
13s {TEM NUMEER
READ (5,101) 11,412,133
READ INFORMAT ICN ARCUT BEAM PROPERTIES
E= MODULUS CF ELASTICITY OF AEAM - KIPS/SQ.IN.
= MCMENT UF INERTUA OF BEAM PER FUIT JIF wlDTH -« IN,®*4
READ (5+100) E,t
NLOADaNUMBER CF WwHEELS »
WHEFLSsWHEEL SPACING IN INCMES.
WIOLANsW IDTH CF THE TRAFFIC LANE IN INCHES.
READ (542) NLOLOWWHEELSywICLAN .
NSHEIFT=NUMEBER OF POSITIONS OF THE ASSEMBLY BEFORE [T 1S
MOVEC LATERALLY THE WICTH OF THE ASSEMBLY. THIS VALLE 1S USFD
ONLY FOR MULTIPLE-WhEEL TESTS., FOR THE LOADING SECLENCE SHUWN
IN FIGURE 24 CF THIS REPORT — NSHIFT=3,0, THIS VALLE FOR
SINGLE=-wHEEL TESTS 1S SET EQUAL 10 UNITY,
CONT As CCAT ACT AREA OF TIRE IN SQ.lvs
QuVTCTAL LOAC ON ONE WHEEL IN KPS,
READ (5 42) NSHIFT,CONTA,Q
NFOSITsNUMBER CF POSITIONS OF WHEEL ASSEMBLAGES 10 COVER THE
TRAFFIC LANE WICTH,
READ (54421) NPOSIT
TIREWsWIDIH OF THE TIRE PRINT IN INCHES.
TIREL=LENGTH CF THE TIRE PRINT IN INChHES.
APOVE TWD VALUES BASEC UPON A RECTANGULAR TIRE PRINT,
IF (NLCAC,EQ.1) TIREW=WICLAN/CFLOATINPISIT))
IF (NLOACJ.EQs2) TIREW=WICLAN/(2.*#FLOAT(NPISIT))
YIREL=CONTA/TIREW
I=teTIREL/ 12,

[aEaNal

t

!

t
]

(2 X s ¥ x) (g X al OOOOOOO ﬂﬂ‘ﬂ CHEOY O YOO,

KLK=0
0=Q/ TiREM

c AT=LENGTH CF TIME THAT THE LOAC IS APPLIED.

C BT=LENGTH CF TIME THAT THE LOAC 1S DFF BFFORE VHE LOAD 1S




C At LIEY, AGAIN,
AT (D ,100) 814 E1

C 3 NCTHow

C AT ANC RT MUST BL SO SELECTEC TrAT

¢ (AL 4T ) arpnSIT =1

C THE M CVE PRCUTREMENT IS NECESSARY FOR | CUVERAGE TO BE TuE

C LASto riwve gwNIr,

C REAY INFCRMATICN CF VARIATIUN OF MIDULUS OF SOIL

G N THIYS pRCTEAM CANLY THE RESICUAL DEFORMATIONS ARE OF

c INTEGEST, THUS THE VALUE OF C CAN BF ABITRA1Y,

C Ih Tils FRCCRAM AD=140 ( SEE REPORT-SECTIUN ON ASYVMF IRIC

C LOAD MCOEL) . B
<TAD (5 41) CyClyENyAL

C XCanNISTANCE ¢RCM CRICIN TO ECGE OF TRAFFIC LANE,IN TS

C FrCGRAM THFE CRIGIN FAS BEEN SELECTED AS A POINT 1C FEEY LEFT

C GF THF ECGF CF TFHE TRAFFIC LANE,

xQ= 120,
IF (NLCACLEC,1) CL TC 650
£C 651 U=l NPCSIT
IF {(UuGTYJNSFIFT) GO TC 720
AXVL(J)= XC+FLCAT (J=1) 9T IREW
AX2 (J)s AXVUO)4FLCAT(NSHIFT )oT [REW -
PXL0J)= "X1{J)+T [RFW ‘
Bx2 {J)= AX2(J)+T IREW
GC TQ b5l
720 AXL (J)= XCe2 ,#FLOAT (NSHIFT )#TIREWAFLOAT{ = 1-NSHIFT1)® TIRE
AX2 ()= AXT(J)+FLOATINSHIFT )ST IREW
BXL tJ)= 8X1(J)*T [REW
BX2 (J)= AX2(J) 4T IREA
651 CONTINUE
al 10 w2
65C 0C 693 J=1,NPCSIT
AT (J)= XO+FLOAT (J=1) 9T [REW
653 EXL ()= AX1(J)+T LREw
652 M= ALCAD
LC 654 XKz] NS
6564 CC(KkK)=(
ESTAPLISK DISTANLES TO WHERE CFFLECTIONS ARE 10 BE COMPLTEUL,
LEV THIS ARRAY BF X(J).
COMPUTED DEFLECTICN AT ONE-TENTF POINTS ACROSS TRAFFIC LANE. ‘
DO 303 Jy=l,110 y
303 XUJ U= XOFLCAT(JI-1) % ICLANZIC, !
WRITE (6410)
WRITE (6,129) 11,102,113
NUMCGv= NJMDER CF COVERACES.
KFASS= NUMBER CF SPECIFIC PASS WllkiN A COVERAGE AT THE €ND OF
WHICHE THE CEFLFCTICN IS CESIREC.
NFASS MUST BE LESS THAN OR EQUAL TO NPISIT,
NCPASS= TCTAL NUMBER OF PASSES NECESSARY 10 COMPLETE HE 3] VEN
NuMBER CF CCVERAGES .,
810 RFAC (5,4420) NJMCOV , NPASS
NCPASS= NUMCCY ¢NFCSIT
c LUP=COMPLETE NJMBER OF PASSES FOR ALL FULL AND PARTIAL COVER.
LUF=NOPASS+NPASS

(232 Ne X

OOOOOO




o

FTIME = FINAL TIME TU WHERE CEFLECTION R
FTUME=F LOAT (LUP) #AT 4 FLOAT(LUP )oB ] OV 18 DESIRED
4 LET THE TCTAL CEFLECTICN AT EACK POINT BE REPRESENTED BY
¢ XCEFL(J), ZERC ALL OF THESE LOCATIONS INITIALLY
00 444 ysit,it
444 XDEFL(J)=0,
C " fonpute THE CEFLECTIONS FOR EACH LOAC APPLICATION AND RELEASE.
]
M3= NFOS 1T
NUMEC2= NUMCOV ¢2
DO 301 NN=2,MUMCO2,2
IF (NNJEC,NUNCC2) M3sNPASS
IF (M3.£Q.0) GC TQ 301
DC 302 MMey,¥3
IF (NLCAD.EC.1) GO TC 660
AL(1)=AXY (MM)
AL(2)=AX2(NM)
BL(1)23x1 (MM)
81 (2)s8X2(NM)
KMM=Q
GC 10 661
660 AL (1) AX1(NM)
8l (1)aBXL(MM)
KMMa0
661 NML=NN®AECS IT=( 24NPOS | T-290MM4 2-KMM )
TSTARTs FLOAT (NML)SAT¢FLOAT(NM 1 )BT
TIMESFTIMETST ART

Ti= AT *
COMFaDODI#(TLI#{1s/AC1 4 )4TINE)SSEN=(CoD L8 (TINE-T])s&EN)
AxSsTIREL/COMP

WLAMCAs (RKS/ (4,0F8])) 480,25
CO 309 Jsi,l}
CALL WULOAD (JyWLAMCA, BKS)
309 ADQEFLIJ)ISDEFL(J)
00 663 Jsl,!1
663 XDEFL(J)sXDEFLIJ)®ACCEFLIY)
Tl=s11e}
KMM= kMM |
IF (KMN.EQ.1) GO TO 661
302 CONTINUE
301 CONTINVE
klt=11-1
JNN=NN-2
WRITE (64130) JINN
WRITE (6,4131) MMk
WAITE (64132) CI,EN
WRITE (6,133)
WRITE (6,134)
WRITE (64135} { XDEFLLJIyX(d)yd=1y 1))
G0 YO 810
1 FORMAYT (4F10.5)
2 FORMAT {15,2F10.5)
10 FORMAY {//10X¢ THSECT IGN, 10Xy 4H ANEy 1CKy 4HITEM )

100 FORMAT (2F10.5)
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101 FOrRMAT (3110)
129 FORIMAT (T14,0160114)
130 . GRMAT (6X,41HTHE FOLLOWING RESULTS OCCUR AT THE END OF /
. 17Xy [4 41 Xy 9HCCYERAGES)
131 FORMAT (6X,33HTHE LAST POSITION OF THE LOAD WAS ,15,1X,34AND/
®2X,11HA TOT AL CF o159 1%y 38FLOACS PAVE BEEN APPLIED 10 THE SYSTEN,)
132 FORMAT(15%, 19HTHE VALUE OF C1 IS ¢FE.I/ 15Xy ISHTHE VALLE CF EN TS
*  Fb6.3)
133 FORMAT (BX,37HTHL CEFORMATICN PATTERN IS AS FOLLOWS)
134 FORMAT (4X,20HRESIDUAL CEFORMATION ,4X, ZCHDISTANCE FROM ORIGIN/
* 10X ,6FIACHES 19X, bR INCHES ) .
135 FORNAT (10X F8.5415X¢F1045)
420 FORMAT (2110)
421 FCRMAT (110}
END

€-~0-J




APPENDIX |
CCMFUTER FROGRAM FOR MOMENT TRANSFER INVESTIGATICN

“..?.."'.‘.‘.‘.“'.".‘.....‘..‘.‘.‘.“‘.“.‘..‘..“...‘."’.“‘
MOMENT TRANSFER ANALYSIS
SS00040 0000 URNALS0S20HESNNNNNNNRNNESN0INEROOIERSERERTIREEICESES
VLASOV ANC LEONTEV MOCEL
HYFERBOLIC STRESS DISTRIBUTION

REAL [ oXSoIATKS ¢ MOEFL MDEFLLyMOMES,MOME L, 1T

DIMENSICN SAL115)eSCCIS ) SEIIS)IXSIZC ) DSI2C)4XDEFLI2C) MDEFL(Z20)

1 FDEFLIZO) o MCEFLLE 20)o CCEFLL 2C)

COMMON X600 ¢AL1(5)2CO{5)y RIS oLy ArBoABS29S4eR29F o1 ¢N5,DEFL(LO) ¢

! SLOFE(EO) y MOME(BO0 JoSHEAR(BC JoCMI5)yDISTIS)IoN2eAA T

C KNKo NUMBER CF SECTIONS INVESTIGATED
PEAC (5,420) KNK
KNNs=Q

__ 410 NNN=KNNe}
IF (XNN.EQ. (KNKe1}) STOP

C READ INFCRMATION ABOUT BEAM PROPERTIES

L REAC (5,100) €, 1 CELTA

C DELTAsWIOTH OF BEMM IN INCHES,

C READ INFORMATICN AEOUT FOUNCATION PROPERTIES.

c

C

232 XaKe X 2]

REAC (54102) KKKyNNS,POIS
KkKs NJFRER CF SETS OF CATA PER SECTION,
NN5s NUPBER CF STATIC UNIFORM LOACS,

READ (5,100) (SATIK),SCOR),SEUIK )K= INNS)

1i=1

J=lopbly e/ 12,

EYM=Es] ]

NN=Q

6§02 NN= NN¢L
IF (NN.CO, (KKK¢1)) GO TO 410
READ (544) N2yNOP

c N2s NUMBEF CF MCMENT RELESSES.
T READ (5,101) 11,1213, 14 1COVER
c INTKS=SUEGRACE MOCULUS IN LBS./CL.IN.

READ (5,999} INTKS

READ (541100 (XS(J)yCS(J)yJ=14NCP)
SAf=CIST ANCE TQ BECGINMING OF STATIC UNTFORM LOAD IN INCHES,
SBIsCISTANCE TO ENC OF STATIC UNITFIRM LOAD IN INCHES.
11=SECTICN NUMEER
12s LANE NUMEER
13s [ TEP NUMEBER
145 LOCAT ICN NUMBER




ICOVERs NUMBER OF COVERAGES

LET 1=CENTER OF PANEL 2sQUARTER POINT JDF PANEL 3=JOINT
WRITE (6,43)
WRITE (641291114124 13¢ 149 JCOVER

. SUBR=TNTKS

IF (ICOVER.GT.0) GO TO %01

- GAMMA=] ,0

501

$02
403

1l

114

117

T 115

v Kermimsnns

GAMMASGAMMA+{13680,~EIM}/EINM
60 T0 502
GAMMAXFLOAT {ICCVER) #90,25
GAMMAS GG AMMA+(13680,~EIM)/EINM
KSs SUBRSCELT A/ 1000,
EOs ({2, #(1o=PCIS#2,) }/CELTA)O((ESoKSeed, ) /(GANMASS 2, ) )*s(0, 25
La { (2. 2E2[9(1,~FCIS#22,))/( EQeCELTA ) )0e(, 22322211
T (EQODELTASL)/ (B GAMMA( | ,4POIS))
TT=T/0ELTA
R2s (1.=FOIS )/ (4o ®GAMMA)
Sh=GAMMNA
$25 549¢0,5
AASSQRY (KS/ L2.,°T7))
AsALFHA
B=RETSA
As { (S2402)72,)000,8
Ba{(52=-R2)/2.,)9%90,.%
AB=2,8A0p
N5 = KNS
€O 111 kel NS
AL (K)=sSAL(K)
€T X )eSCO(K)
BI(K)aSRI(K)
00 114 Jsl,yNCP
x(Ji=xs (J)
CALL ULOAD (J)
XDEFL{J)ISCEFL(J)
CCNTINUE
CALCULATE THE MOMENY AT THE JOINT LOCATION ASSUMING THE
BEAN TC B CONT INUOUS.
Js1
XtJoisal (1)e(B1(2)-A0(1) )74,
CALL ULDAD(Y)
ACT MON= MOME (J)
ERRS=10000,
JiJs=l
N2s )
DIST(Ll)=X(J)
CMll)s= (ACTMON®0,01)
CO 115 Jsl,NCP
X(J)sxS (J)
CALL SEMIM(Y)
MOEFL(J)sCEF.LJ)
CONTINUE
CO 116 J=1,NDP
X()=DIST(L)+{CISTLL)=XS(J))
CALL SEMIM(Y)




MOEFLL(J)=CEFLLY)
COEFLGJ)s MCEFL(JY¢MCEFLLIJ)
116 FOEFLUJI=XCEFLIJI+CCEFLLY)
FERCx CM(1)/ACTMON®1Q0,
ERAQOR=20,0
00 200 Js 1 NP
200 FRAQR=EFROR+ABS(FDEFLIJ )-LS(Y ))eeg,
IF (J1J.EQ.2) GC TO 401
IF (ERACR.GT,.ERRS) GO TO 400
ERRS=ERACR
CMI1)=CM(L)~ (ACTMCN#0.CY)
GC YC 117
«CGO CMI1)=Cr(l)e {ACTMCN®0,.C1)
Jl Js2
GO0 70 117
401 WRITE (64130) ACTMON
WRLTE (64131) Crt1)
WRITE (6,132) PERC
WRITE (b6,133) ERRCR
WRITE {6,134)
URITE (64135)
WRITE (6,136)
WRITE (6,4,137)
WRLVE (64138)
WRITE (b6,4112) (XS1J)sCSUI) o XCEFLLJ) o MDEFL(J) o MOEFLL(J) ,COEFL (J) o
1 FDEFL(J) o Js14NOP)
GO 10 402

3 FORMAT(/IloxoTFSECTlON.lOX.OrLANE.ltl.krlTEN.lcx.eHLCCAIlCN.

1 10X y9HCOVERAGES )
4 FCRFMAT (211%)

100 FCRMAT (3F20.5)

101 FORMAT (5110)

102 FORMAY (2115, F15.5)

110 FCRMAT (2F20,.5)

113 FORMAT (TF15.5)

129 FORMAT (11441164114,1164119)

130 FORMAT(//5X 465+THL MCVMENT AT THE LOCATION OF THE HINGE IN THE CONY
s{NUOUS REAM IS o FO o2y IXyBEK IP=INS, )

131 FORMAT(/5XdBHTHE MACNITUDE OF TPE CUNCENTRATED MOMENT APPLIED 10
*THE END OF THE SEMI-INFINITE PEAM [S oFG,241%y BHKIP=INS. )

132 FORMAT(/5X,78HTHE RATIO OF THE APPL TED CONCENTRAYED MOMENT 1C THE
*MOMENT AT THE HINGE IN THE /5%y 18FCONTINUIUS JEAM (S 1FSe2ol Xy
$gHPERCENT . )

133 FORMAT(5X,23HT KE S IMULATICN ERROR 1S 4+FG.5)

134 FORMAT(/3X¢13HCISTANCE FRCM s 6Xe 6FACTUAL 47Xy ICHOEFLECTICN 45X,
$10HDEFLECTICAN 25X ¢ LOHCEFLECT ICN » 5% 9 ICHDEFLECTION s I1XeSHTIOTAL )

13% FORMAT (7X 6 FCRICIN .7XulOFCEFLECTlON 25Xy 1IHOF INFINLTE 45X,
*8HOF SEMI= 47X ,8HOF SEM]~ s X9y OROF HINGED o BXy SHMODEL )

136 FORMAT (38X 4HBERN +6Xy 1IFINFINITE BEAM 22X, LIHINFINTTE BEAM 46X,
$4HBEAM 9%y 10HCEFLECT TON )

137 FORMAT (51X TH(RICHT) g Xy EHILEFT) )

138 FORMAT(7X,6HINCHES 261 9%y EHINCHES )/ /)

420 FORMAT (110}

999 FORMAT (F10.0)

END




APPENDIX J

SUBROUTINES FOR COMPUTER PROGRAMS

SUBROUT INE ULOADWJ)
~ REAL I,MOMES,MSMAL,MOME,L
"COMMCN X{60)yAT(5),Q015)yBI(S)sLoAyB 88 ¢S2+549R24E o1 oN5,DEFLIED),
1 SLOPEL 6O ) s MOME( 60 )9 SHEAR(G6C) CM(5) 4DISTIS) N2 yAA,T
DEFL(J)=0,0_
SLOPELJ }=0,0
MOME(J)=0,0
SHEAR(J )=0,0 L L -
0 600 K=l,N5
IF (X(J)«GTALIK)) GO TO 601
ALETA=(AT(K )=X(J))/L
BLETAs{BIIK)=X(J))}/L
Cls {L¥%4,)/(4.%A%BeS4%ER] SR 2
C2= (L¥%4,)/ (6, 2A%BeS4uEs])*AB
GO TO 603
601 IF (X{(J)eGT BI(K)) GO TO €02
ALETA= (X (J)=AT(K))/L _ e el
BLETAS({BI(K )=X(J))/L
Cle={L®84,)/{ 4, 2A8BRS4EER] 3R 2
Cos=(L¥%4,) /{4, 8A%BSS4EES] )%AB
cn TC 402
602 ALETA=({X(J)=Al(K))/L
BLETAs{X(J)=BI1{K)}/L
Cls (L#%4,)/(4,2ABB%S4sES] )R 2
C2s (L3%4,)/( 4., sA%BSS40ER])*AB
603 AAXSABALETA
. BAX=BSALETA
ABX=ASBLETA
BBX=B*BLETA

FAL=SIN(BAX)/LEXP(AAX))
FA2sCOS (BAX )/ EXPLAAX))
FAll=B$FA2-A%FA1]

FAZi=-(A*FA2+4BFAT)
FA12sR2%FAL=ABSFA2
FA22=R2%FA24ABSFAL

FALIxO# (3 #A%% 7 ,~B#% ), )¥FA24A®( 3., 0B%%7,-A%62, ) SFAIL
FA23sBH(Box2,=3 ,%A%#2, JSFAL+AS (3 ,4B%22,-A%42, ) SFA2
FBL=SIN(BBX )/(EXP{ABX)) -

FB2=COS(EBX )/ (EXP(ABX))
FBll=BsFB2-ASFR]
FB21=-( A*FB2+B*FB1)




AT ey

FR12=R22FB1~AB®FR?2

FR22:=R2*FB24ABSFB]
FRU3=3%(3,802%2 -R&22, |*FB2+AR( 3,808, A2, )4FB]
FBO3=BR(BA92,-3 442, )%FD +A( I, %34%2, %82, ) $FR?
IF IX(JY.GTLAT(K)) GO TO €04
VSMAL=C1*(FAL-FBLI+C2*(FAZ-FB2)
CSMAL=C1*(FBL11-FAL1)4C2#(FB21-FA21) .

FSMAL 2C1%{ FAL2-FB12)4C2%(FA22-FB22)
COMAL=CLle(FRLI3-FAL3)+C2¢(FB23-FA23)

OSMAL=~0SMAL

CSMAL==QSMAL

GC 1C 606

604  TFIX(J)GT,RI{K)) GO T2 6C5

CCx(L*%4,)/(S4*EXT)
VSMAL=CI#(FAL+FB1)4C2¢( FA24+FB2)4CC
CSMAL=CI#(FALL=FRLL)+C2%(FA21-FB21)
MSMALECL*(FAL24FBL2)4C2%(FAZ24FB22)
OSMAL=C1#(FAL3-FBL3)4C 2¢(FA23-FB23)
CSMAL=~0SMAL
_CSMAL==QSMAL _
GO TO 606

605 VSMAL=Cl*(FBI-FAL)*C2¢(FB2-FA2)

606 DEFLSsQOIK)sySMAL

T€00  SHEAR(J)aSHEARIJ)#SHEARS

_OSFALz=~(CL®(FBLI-FALl)+C28(FB21-FA21))

T PSMALECT*(FB12-FAL2)4C2¢(FRZ2-FA22)
Qs #AL=~(Cl®(FRL13-FAL3)+C2%(FB23~-FA23))

SLOPES=QO(K )/LA0OSMAL
MOMES==(QO(K)*ES] )/ (L&l J&MSMAL
_SHEARS2-{QUIX )*E®][ ) /(L ®#%3, )8Q4MAL
CEFLIJI=DEFLIJ)4DEFLS
SILOPE(J)=SLOPE(J)}+SLOPES
MOME(J ) =sMOME( J ) +MOMES

RETURN
. END_ SRS

 SUBROUT INE WULOAD (JoWLAYDABKS)

"INFINITE BEAM ON WINKLER MCDEL

UNIFORM LOADS

COMMCN X {60 )y DEFL( 601, AT(5)¢eBI(51,0(5) 4NS

T CEFL({J)I=0.0
DO 800 Ks1l,N5
_IF_(x(J).GT.AI(K)) GO YO 601

Ads AL(K)=X(J)
eW= BIIK)-X{J)

GO 10 803 . e e e

801 TF (X{J).GT.BI(K)) GO TO 802

AWz X{JI)=-ALL(K])
BWws BI{K)=X{J)

- — - = LN

GO 10 803

802 AW=x(J)-Al(K)

Ed=X(J)=-B1{K)

T803 ALAMCAS AWsWLAMDA™

N .

i




BLAMDA= BW#HLAMCA
CLA= COS(AL AMDA)/( EXP(ALAMDA))
CLB= COS(BLAMDA)/{EXP(BLAMDA))
IF (X(J).6T.AT{K)) GO TO €04
CEFLS=(QN(K )*( DLA~CLB ) 1/( 2.%BKS) o
GC T0 800

804 IF (X(J).6T.31(K)) GO TO 805
CEFLS={QO(K )#(2,-DLA-DLB))/(2,#8KS) __ . __ _ __
GO TO 800

805 CEFLS=={QN(K)*(DLA=DLB))/(2,#BKS)

B0 CEFLIJI=CEFLLJ)+NEFLS e

RET JRN
END

SUBROYT INE SEMIM(J)
REAL I, NOMES-MJME.
CCMMGN X {60 )4 AT(5),Q0(S)vBT(5)sLyAsBsAB ¢52 #54,R24E 41 yNSyDEFL(50),
1 SLOPE(60)yMOME(60)y SHEAR(60) sCM(5) 4DISTI5) ¢N2 yAAHT
DEFL(J)=0,0
SLOPE(J)=0.0
MOME(J)=0,0
__ SHEAR(J 20,0 ) L
oo 300 Kily N2
~BH(S28(3,6A%82, B2, )4( 4 *ASAAS T 68, ) /(E*TL))
o le{L{CH(K)‘L‘*Z J/UEXISD) )# (A S24(2,6188To %3, )/ (E*]))
C2= (CM{K)*S ¢ s L *22,) /{E* 14D)
IF (X{J).GE,DISTIK)) GO TO 301
XDIST=DISTI(K)=X(J)
AANEG=AASXDIST
CEFLS=C2/ ( EXP(AANEG))
__  CEFL{J)=DEFLIJ)+DEFLS _
60 TO 300
301 XDIST=X(J)=CIST(K)
o _ bxmAsxplsT/L ~
EX=B*XDIST/L
F1=SIN(BX )/ {EXP(AX))
_F2=COSUBX)/(EXPIAX) ) _
Fl1=BsF2-A%F]
F2l=={ AXF24B&F])
o F123R2%F i-AB*F2
F22uR2¥F2+AB®F]
FI32BW( 3,008 ,cB¥s2, J8F24A®( 3, $B#%2 4402, )8F ]
_F237BR( BOe2 =3 A28, J4FL4AS( I, 6082, -A%42, )2
TREFLS=C1¥FleC2#F2
SLOPESxCI1#F114C2#F21
MCMES=C 1#F124C2%F22
SHEARS=C1*F 13¢C2¢F23
DEFL(J)aDEFL(J)'DEFLS
MOME(J) = MUHE(J’OMO*ES T
SHEAR(J )aSHEAR{J ) +SHEARS
300 CCNTINUE
"RETURN
END




