
i AD-A174 851 ADVANCED CONSTRUCTION PROCEDURES- CONFINED BASES FOR /
AIRPORT PAVEMENTS (U) ARMY ENGINEER WATERWAYS
EXPERIMENT STATION VICKSBURG MS GEOTE

UNCLASSIFIED J C POTTER ET AL SEP 86 DOT/FAA/PM-86/9 F/G 13/3IIIIIIIIIIIII

IhllEEEllEEEEE
IIIIEEIIIIIIIE
EEEIIEIIIIEEI
EllEEElllhEEEE
EllllllllElIh.



".5 4 IB!~

I a

A1.

CROCQPY RESOLUTKON TEST CHART*



DOTIFAA/PM-86/9

Program Engineering Advanced Construction Procedures:
and Maintenance Service
Washington, D.C. 20591 Confined Bases for Airport Pavements

V

John C. Potter
Philip C. Lambe

143
00 Geotechnical Laboratory

qDEPARTMENT OF THE ARMY
Waterways Experiment Station

'- Corps of Engineers
Vicksburg, Mississippi 39180

IDTIC

September 1986 ELECTE 86

Final Report B

Bg

This Document is available to the public
through the National Technical Information

D Service, Springfield, Virginia 22161.

LJ

U.S. Department of Transportation
Fderal Aviatlon Administration

8 12 04 O04



NOTICE

This document is disseminated under the sponsorship of the
Department of Transportation in the interest of information
exchange. The United States Government assumes no liability
for its contents or use thereof.

The United States Government does not endorse products of
manufacturers. Trade or manufacturers' names appear herein
solely because they are considered essential to the object
of this report.

9J



Technical Report Documentation Page

1. Report No. 2 Govenr-' Accession No. 3. Recipient's Catalog No.

DOT/FAA/PM-86/9 ,/

4. Title and Subtitle S. Report Date

ADVANCED CONSTRUCTION PROCEDURES: CONFINED BASES September 1986
FOR AIRPORT PAVEMENTS 6. Performing Organization Code

8. Performing Organization Report No.

7. Authorl s)

John C. Potter, Philip C. Lamboi

9. Performing Organization Name tid Address 10. Work Unit No. (TRAIS)

US Arm- Engineer Waterways Experiment Station
Geotechnical Laboratory Il. Contract o, Grant No.

PO Box 631, Vicksburg, MS 39180-0631 IA DTFAOI-83-Y-30606 -
13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

US Department of Transport.tion Final Report
Federal Aviation Administration September 1983 to March 1986
800 Independence Avenue, SW 14. Sponsoring Agency Code

Washington, DC 20591 APM- 740

15. Supplementary Notes

The US Army Engineer Waterways Experiment Station conducted this stud" sponsored by
the Federal Aviation Administration under Inter-Agency Agreement No. DTFAO1-83-
Y-30606.

16. Abstract

'-Airports for light aircraft must often be built in areas where base course
material is inadequate or economically unavailable. Sand grids may provide an
economical solution in these cases. Previous work with sand grids has identified
optimum grid-cell geometry based on ultimate bearing capacity. Past observations
also suggest the nature of sand-grid behavior for small stresses and strains. From
these a model was formulated for analyzing the performance of sand grids in
pavement systems and spot-checked using field data from a full-scale, accelerated-
traffic sand-grid test section. .i,.,;

17. Key Words 18. Distribution Statement

Airfield pavement, This document Is available to the public
Confined base. through the National Technical Information

aElastic layer analysis, Service, Springfield, Virginia 22161.
Pavement design, .. Soil confinement

Sand grids, system, a p1 g
19. Security Classif. (of this report) 20. Securiy Clel* , (o this page) 21. No. of Pages 22. Price

Unclassified Unclassified 94

Form DOT F 1700.7 (8-72) Reproduction of completed page authorized

[ WLA 
f 

ie'd 

.

S - .L



iI~ ~. !tall il ! ii" '

C..
ini

S I ,,l 1,1 . i I''
I

ii

E -

o" Ii  I

to E c . - - " ~- * ~ .

~E E

2I 0

I~ci

3 l II T l -i I 1l i li-~~~

:!O

111 1iii ! "

- CD V)
c r,

a c

Ut



LIST OF FIGURES

Figure
No. Page

1 Typical HDPE sand grid .... .... ................ 2

2 Effect of grid thickness and elastic modulus on
permanent deformation ... .... ............... 7

3 Elastic layered pavement idealization . ........ .. 11

4 Westergaard pavement idealization . .......... .I. 11

5 Pavement idealization using a finite element . . . . . 13
program

6 Permanent deformation as a function of traffic
repetitions . . .................... 15

7 Comparison of subgrade strain criteria .... ........ 16

8 Schematic of the sand-grid system ... .......... . 18

9 Flow chart for the analysis ............. . 20

10 Grain-size distribution . .............. . 23

11 K data ....... ....................... .... 25
0

12 Variation of shear modulus with shear strain for
sands ... ..... ....................... .... 26

13 Direct shear test results ... .............. ... 28

14 Subgrade pressure as a function of K .. ......... 30

15 Applied pressure distribution .... ............. 31

16 Deflection profile ..... ................ .. . .. 32

17 Sand-grid schematic ................. 33

18 SGRID flow chart ..... ................... .... 35

19 SGRID data, case 4-3 ..... ................. .... 36

20 Input and output pressures, case 4-1 .......... ... 41

21 Input and output pressures, case 4-2 ........... ... 42

22 Input and output pressures, case 4-3 .. ........ . 43

v



Figure

No. Page

23 Conceptual design chart ................... 46

24 General layout, sand-grid test section .. ......... 48

25 Average rut depth as a function of vehicle passes .. 49

26 Equivalent single wheel load in percent of axle load
versus depth. ....................... 51

27 Test section data and predicted performance ..... 52

LIST OF TABLES

Table Page

1 Summary of Input Data .................... 27

2 Results for Case 2. ..................... 38

3 Results for Case 3. ..................... 39

4 Results for Case 4. .. .................. 40

5 Summary of Results. .. .................. 44

vi



INTRODUCTION

BACKGROUND

In many cases, airports are located on river banks or in flood-
plains which do not possess good subgrade characteristics. In some in-
stances, the subgrade can only be improved at great expense by replacing
weak material with imported soil, or by stabilization. Further, base
course materials may also be inadequate or economically unavailable. For
remote areas where suitable substitute soils cannot be obtained and where
an airport pavement is required, a technique by which native material can
be used to support light commercial or general aviation aircraft needs to
be developed. The resulting criteria and methodology may provide greater
economies in the construction of remote airports by utilization of cer-
tain on-site materials.

Soil confinement systems have evolved from the use of geotextiles
in soil construction. The tensile strength of geotextiles make them a
logical complement to soils, which exhibit little or no tensile strength.
Mass strength can be Increased by using geotextile cells to supply addi-
tional confining stress. Most effective with granular materials, this
concept has been employed for many years in the form of sandbags. Re-
cently, the US Army Corps of Engineers has experimented with mechanical

- confinemw it of loose or weak cohesionless materials to strengthen them
for use in temporary roads. Developmental work has been conducted using
grids forming interconnected confining cells, open top and bottom (see
Figure 1). Various materials have been tried, including paper, aluminum,
and plastic. High-density polyethelene (HDPE) has been found to provide
the best combination of strength, service life, and economy. The cell
system contributes to the composite, vertical compressive strength by in-
creasing the horizontal confining stress acting on the cell filler mate-
rial. When the filler material is sand, these grid systems are sometimes
known as sand-grid confinement systems, or simply sand grids.

SCOPE

This report presents a discussion of previous work on confined soil
systems for pavements and the development of a performance model. Previ-
ous and concurrent work on soil confinement systems, existing pavement
system performance models, and basic soil mechanics theories and prac-
tices form the basis of this analysis. Laboratory testing and field
verification of the design methodology and construction procedure are be-
ing considered in a continuation of this research effort.

OBJECTIVE

The objective of this report is to develop an analysis of the be-
havior of soil confinement systems, identify a mode of behavior appropri-
ate to sand grids in pavement systems, and describe the formulation of a
mathematically based model to predict sand-grid pavement performance
(serviceability). Performance is to be determined as a function of air-
craft landing gear configuration, wheel loads and tire pressures, traffic
intensity, and increased strength of the confined material.
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CONSTRAINTS

Pavements are traditionally analyzed in layers according to mate-
rial strength. Soil confinement systems, because of their moderate
strength, may find application in the base course or subbase elements of
traditional pavement systems, or even as surface layers.

As noted earlier, soil confinement systems are most effective with
granular materials. This is because an increase in strength with in-
creased confining pressure is characteristic of granular materials. Both
coarse and fine granular materials are suitable for use in soil confine-
ment systems. Fine aggregate is often readily available even when coarse
aggregate is scarce or unavailable. Hence, this study concentrates on
fine aggregate or sand as the cell filler material.

These material constraints are typical of remote areas with rela-
tively undeveloped transportation networks and many light utility air-
ports. Air traffic at these airports is characterized by gross weights
of less than 30,000 lb,* and usually less than 12,500 lb. Various air-
craft can be related to existing pavement performance models and data
using an equivalent single-wheel load (ESWL) concept, such as the one de-

veloped and used by the US Army Corps of Engineers. 23The ESWL is ap-
plied to the pavement, including the sand-grid system, through the
pavement surfacing or wearing coarse, if any. Light utility airport
pavements frequently include a 2-in. asphaltic concrete wearing course.
This surfacing serves to distribute both the vertical contact stress from
aircraft tires and the horizontal shear stresses generated by aircraft
braking and turning. The base course is thus protected from localized
material displacements or failures caused by high tire contact pressures
or aircraft braking and turning forces.

Pavement performance is most usefully evaluated in terms of ser-
viceability. The end of a pavement's service life is usually marked by
excessive permanent deformation (rutting) or cracking. Brabston, Barker,

3and Harvey found that a strain-based criteria provided the most accurate
and consistent prediction of flexible pavement service life. Their de-
sign method is based on limiting vertical compressive strain at the top
of the subgrade and horizontal tensile strain at the bottom of the bitu-
minous concrete layer. A review of various strain criteria is given by

Barker and Brabston.2

*A table of factors for converting non-SI units of measurement to SI
(metric) units is presented on page ii.
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PREVIOUS WORK

DESCRIPTION

Early attempts 21to model the behavior of sand grids have been ham-
pered by a lack of quantitative data describing actual behavior.

Mitchell, Kao, adKvzni,21however, proposed several possible
failure modes. These included (a) cell penetration into the subgrade,
(b) cell rupture, (c) cell wall buckling, (d) simple bearing capacity,
(e) beam or raft bending, (f) deterioration with time, and (g) rutting
under traffic. They then conducted a series of model tests to gather ad-
ditional quantitative data. This series formed an extension of earlier

work by Rea and Mitchell. 26Like the tests conducted by Rea and

Mitchell, 26these experiments were primarily concerned with the plate-
bearing capacity of sand grids for various grid geometries.

Rea and Mitchell 26and Mitchell, Kao, and Kavazanjian 21suggested
optimum geometrical relationships based on their experiments. They con-
cluded that the width of the grid cells should be about two-thirds the
width of the loaded area, and the height of the grid cells should be
about four-thirds the width of the loaded area. These relationships are
consistent with classical soil mechanics theory. According to Prandtl's

theory, 18the zone of shearing failure under a loaded area extends to a
depth of less than four-thirds the width of the loaded area in soils

M whose angles of internal friction are less than about 30 deg. An angle
of internal friction of 30 deg is a typical design value for sands.

From the standpoint of repetitive loading due to traffic, the
plate-bearing capacity of a sand grid can be thought of as the maximum
load for one repetition. Thus, these optimum geometrical relationships
can be used to estimate the cell dimensions required for a particular
type of traffic. Cell dimensions can then be adjusted based on the per-
formance of sand grids under traffic. After numerous tests using truck

traffic 333Webster* has adopted a cell height of 8 in. and a mean cell
diameter of 7 in. The typical truck tire has a width of about 8 in.
Thus, Webster has adjusted his cell width to approximately seven-eighths
the width of the loaded area, and his cell height to approximately equal
the width of the loaded area. These dimensions have proven satisfactory
under extended traffic tests, and have become the de facto industry stan-
dard. They are therefore used as a basis for analysis and point of de-
parture for this study.

ANALYSIS

26
Rea and Mitchell noted that sand grid layers produce a greater

lateral distribution of vertical stress than unconfined layers of granu-
lar materials. This Indicates that they behave like beams or plates
which, unlike layers of unconfined granular materials, can carry tensile

*S. L. Webster. 1983. Private Communication, US Army Engineer
Waterways Experiment Station, Vicksburg, Miss.
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stresses. This observation suggests that the sand in the unloaded sand
grid is held in compression by the grid cells much like concrete is held
in compression by the prestressing tendons of a prestressed concrete
beam. Then, under moderate loads, the composite, sand-grid layer is able
to perform as a flexural element without developing tensile strains in
the sand.

Mitchell, Kao, and Kavazanjian 2 1 reported that the load-settlement
behavior of plates on sand grids is approximately linear up to moderate
(50 psi) stress levels, and that grid cells can increase the effective
modulus of the sand filler material by a factor of 2 to 3. They also
suggested a qualitative model for predicting the modulus of elasticity of
a sand-grid layer. Their test results indicated that the significant pa-
rameters are layer geometry, loaded area-grid geometry, sand modulus,
grid-material modulus, subgrade modulus, and the number of grid joints
per unit area.

15

Hicks concluded that the apparent Youngs modulus of granular ma-
terials, E as observed in triaxial tests can be represented by
equations s

k2

E =kO 
(1)

s 13

and
k4

E = k30 4  (2)

where

k i, k2, k3, k4 = regression constants

G3 = minor principal stress

i = bulk stress (sum of the three principal stresses)

Further, Poisson's ratio, v , as observed in triaxial compression stress
states can be described as

v = a1 + a2  a3 () + a4 (0) (3)

where

al, a2, a3, a4 = regression constants

0, - major principal stress

03 = 2 = minor principal stress

5
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Parameters affecting the values of the regression constants in these
equations include aggregate density, gradation, soil type, degree of sat-
uration, and particle angularity. Thus the apparent E sand v can be

estimated from the results of laboratory tests on a particular material
prepared to simulate the anticipated field conditions.

The problem is complicated by the fact that stresses in pavement
layers, during the passage of traffic wheel-loads, vary widely in both
magnitude and orientation. Stress conditions under passing wheel-loads
are an area currently not well understood. The reasonably well developed
earth-pressure theory applies to static conditions at failure.

The presence of grid cells in the sand layer modifies the apparent
E sand v by altering the stress state of the soil. The combination of

the grid cells and compaction (by rollers during construction and by
traffic) apparently increases the horizontal stress in the sand, and
changes the shape of the shear zone. The magnitude of this stress in-
creases and the modified shape of the shear zone is uncertain. However,
the significant parameters influencing the process include the elastic
modulus of the grid material, the geometry and dimensions of the grid
cells and the loaded area, the degree of densification of the grid
filler aggregate, and the intensity of the load. Preliminary data from
Webster* (Figure 2I) indicate that the product of the thickness and the
modulus of elasticity of the grid material is a dominant parameter influ-
encing the rutting of a sand-grid pavement. Additional data are required
to completely define this relationship, even for a limited combination of
sand, traffic, and grid type.

Finally, the apparent, composite modulus of sand-grid layers has

been observed by Mitchell, Kao, and Kavazanjian 21to depend upon the mod-
ulus of the material supporting the sand grid layer. This behavior can-
not be modeled by a methodology which considers only the physical charac-
teristics of the materials in the sand-grid layer. Sand-grid layers must
be analyzed as part of a system.

A predictive model for sand-grid moduli must consider three catego-
ries of parameters: (a) sand-grid materials, (b) support conditions, and
(c) loading conditions. As previously noted, each of these categories
consists of many parameters having a significant impact on the perfor-
mance of a sand-grid pavement system.

EVALUATION

The composite modulus of elasticity of sand-grid pavements can be

obtained from test sections using nondestructive testing (NDT) methods. 6

This has been done using a sand-grid test section at US Army Engineer
Waterways Experiment Station (WES). The test section is part of a con-
current WES research project. It consists of an 8-in.-thick sand-grid
layer over a compacted sand subgrade.

*Webster, ibid.
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Figure 2. Effect of grid thickness and elastic modulus on
permanent deformation*

C
1  A Falling Weight Deflectometer (FWD)5 was used to generate deflec-

tion data for the BISDEF layered elastic computer program. This propri-
6

etary program is similar to the CHEVDEF programs, except that BISDEF

uses the BISAR subroutine 19 as the response model to compute predicted
deflections. Values for the layer moduli are varied to match the deflec-
tions predicted by the BISAR program to those measured by the FWD. Best

agreement between actual and predicted deflections was obtained using
modulus values of 26,000 psi for the sand-grid layer and 16,000 psi for

the subgrade.

* Webster, ibid.
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APPLICATION

Webster* concluded that sand grids can provide soft subgrades as
much protection against the effects of large vertical stresses applied at
the surface as unconfined gravel layers up to 1.6 times as thick. A sim-
plified design procedure thus consists of substituting an 8-in. sand-grid
layer for 12 in. of gravel in any conventional design procedure.

Coatzee8 has suggested that the 8-in. sand-grid layer is equivalent
to at least 6 in. of crushed aggregate, based on a layered elastic analy-
sis comparing sand-grid pavement systems to conventional pavement sys-
tems. He checked the layered elastic stress predictions using a simpli-
fied three-dimensional finite element computer program.

22
Nixon and Partners have adapted a design procedure based on lim-

iting the maximum allowable vertical compressive strain in the granular
layers beneath the sand grids. Stresses, and hence strains, are computed
by modeling a transformed pavement section as a semi-infinite, homoge-
neous, elastic half-space. They assumed an elastic modulus of 58,000 psi
for the sand-grid layer.

Webster 3 2 has demonstrated a construction procedure for temporary

access roads subject to heavy truck traffic. Nixon and Partners 2 2 have
outlined construction procedures incorporating sand grids as base courses
or subbases under a variety of pavement surfacings and for various types
of car and truck traffic. These were used as a basis for airport pave-
ment construction procedures developed during this study.

* Webster, ibid.
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DESIGN MODEL FORMULATION

PAVEMENT RESPONSE MODELS

Crawford and Katona 9have prepared a state-of-the-art report on the
prediction of pavement response. In their discussions, they refer to
three types of idealizations of pavement structures. These are the
Westergaard, layered elastic, and finite element idealizations. To these
primary idealizations should be added several significant mutations and
combinations of the three primary idealizations.

Hudson and Matlock 17developed a model that essentially follows the
Westergaard idealization but uses a numerical technique for solving the
equations of bending for the thin elastic slab representing the surface
layer which overlies a Winkler foundation. The numerical technique is
based on finite difference approximations of continuous functions, and
the corresponding physical idealization of the elastic pavement element
is similar to the finite element idealization. This idealization will be
referred to as the discrete element idealization. A model developed by

Saxena 27combines the discrete element idealization of the elastic pave-
ment element with an elastic solid idealization of the underlying mate-
rial rather than a dense liquid idealization (Winkler foundation). The
elastic solid idealization (Boussinesq) is a simplified version of the

layered elastic idealization 4in that only one semi-infinite layer is
considered.

Huang and Wang 16developed a model that combines the finite element
idealization for thin elastic pavement elements with the dense liquid
idealization for the underlying material. This model has been modified

7
and extended for Corps of Engineer use by Chou . A model developed by

Eberhardt and Willmer 12is similar to that developed by Huang and Wang,
but with an additional feature that considers an intermediate layer. A
procedure was developed in which the top two layers are modeled as an
equivalent thin elastic plate. The finite element idealization is then
used for the equivalent plate and the dense liquid idealization for the
remainder of the structure.

As stated previously, these four models are simply mutations or
combinations of the three primary idealizations and are subject to simi-
lar limitations. Therefore, the following discussions are limited to the
three primary idealizations.

Crawford and Katona 9provide detailed discussions of the three pri-
mary idealizations and include discussions of various material character-
ization procedures that are necessary for quantification of properties of
the pavement structures. For the reader interested in an in-depth com-

parison, the report by Crawford and Katona 9is recommended. However, a
brief comparison follows which includes the primary reasons for selecting
a response model based on the layered elastic idealization.

9



In 1942, Burmister4 described a pavement system as being composed
of an elastic layer overlying a semi-infinite elastic subgrade. This
concept has been adopted and refined by many researchers. For the lay-
ered elastic idealization (Figure 3), the pavement structure is repre-
sented as a series of horizontal, uniform, elastic layers with properties

defined by (a) Ei ,the modulus of elasticity of the ith layer;

(b) vi * the Poisson's ratio of the ith layer, and (c) hi , the thick-

ness of the it h layer. These layers extend horizontally to infinity, and
th

the n layer also extends vertically to infinite depth. Computer solu-
tions can be obtained for practically any multilayer system. The Wester-
gaard idealization (Figure 4) represents the pavement element as a thin
elastic plate with properties defined by Ep , vp , and h , over a

dense liquid (Winkler) foundation. The liquid foundation is character-
ized as a bed of springs having a certain stiffness. Each individual
spring represents the effect of the support provided over a unit area.
This support is quantified by a constant k , which is the ratio of pres-
sure on the unit area divided by the deflection. In the basic Wester-
gaard idealiLqtion, loads were represented as uniform circular pressure

distributions, but procedures developed by Pickett et al. 2 4 and Pickett
25

and Ray permit pressure distribution with any shape to be handled.

The elastic layered idealization would appear to be a more realis-
tic representation of a real pavement structure since pavements are truly
layered systems, although the materials may not be truly elastic. For
practical loadings, however, the materials can be represented by quasi-
elastic properties. The representation of the top layer as a thin elas-
tic plate (Westergaard idealization) or as an elastic layer is equally
valid when the top layer is a portland cement concrete (PCC) slab, as in
rigid pavements. The major difference lies in the representation of the
remainder of the structure. The use of fundamental constants E and v
to represent the properties of underlying layers is theoretically more
sound than a single constant k . The Westergaard idealization also sug-
gests that there is no lateral shear transfer in the underlying layers,
an unrealistic assumption. From a practical standpoint, the elastic lay-
ered idealization is also more valid. The determination of k is made
with a plate test and represents the response of the material to a par-
ticular loading condition (i.e., 30-in.-diam plate and 10-psi vertical
pressure), which may be different from that actually experienced in the
pavement.

Experience has shown that, for gears with closely spaced wheels on
relatively thin slabs (less than about 15 in.), modeling of the under-
lying layer with a modulus of soil reaction, k , produces reasonable es-
timates of the response of the pavement. However, for larger loads
transmitted to the pavement through a number of widely spaced wheels, for
relatively thin, high-strength (large stiffness) base courses, and for
thick PCC slabs, the validity of the idealization decreases. For the
thicker slabs and widely spaced wheels, the zone of influence (stresses
in the underlying material) becomes much larger than that under the
30-in.-diam plate normally used in measurement of k , although the

10
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Figure 4. Westergaard pavement idealization 
9

10-psi contact pressure used may in fact be valid for both conditions.
The effect of a thin, high-strength (stiffness) base course will be more
pronounced on the load deformation response of a 30-in.-diam plate than
on the load deformation response of a thick PCC slab. The response of
the 30-in.-diam plate will be significantly reduced by the thin base,

11



whereas the reduction in the response of the pavement will not be as
significant.

Another situation in which the use of an elastic layered idealiza-
tion may be more representative occurs when different types of materials
at relatively shallow depths exist within the subgrade (less than 20 ft).
For instance, a stiff or a soft layer in the subgrade may not signifi-
cantly affect the load deformation response of a 30-in.-diam plate, but
the effect may be significant on the load deformation response of a thick
slab under a large load on widely spaced wheels.

Characterization of each layer with elastic constants obtained from
laboratory tests, rather than one elastic constant obtained from field
tests, provides the designer greater flexibility. Note that the materi-
als in pavements may behave neither elastically nor linearly, but the
assumption of linear elasticity is made for practical application. The
state of stress under which the material is tested in the laboratory may
be changed to conform to the most critical state of stress under which it
may exist in the pavement. This is contrasted with the constant state of
stress at which the modulus of soil reaction is selected. There is also
the flexibility of being able to readily change the physical condition of
the specimen (moisture, pore pressures, density, etc.), whereas this can-
not be so easily accomplished on in situ material. Thus, the use of an
indirect correction for the effect of saturation (as is done for the

modulus of soil reaction 10) is not necessary.

The use of laboratory procedures makes it possible to test a more
representative sample of the existing subgrade and a larger variety of
available base course materials. With the present design procedure,
extensive plate-bearing testing is uncommon. Another factor to be con-
sidered is the repetitive nature of the loads applied to a pavement.
Certainly, the use of laboratory tests will more readily permit consider-
ation of the effects of repeated load applications than will use of field
plate-bearing tests.

The assumption of completely bonded or completely frictionless
layer interfaces is not considered to be a significant weakness. A simi-
lar assumption is made by the Westergaard idealization: the interface
between the pavement element and the underlying material is assumed to be
frictionless. The interface between a pavement element and the second
layer is most likely intermediate between a completely bonded and com-
pletely frictionless condition. Between all other layers, the assumption
of full bonding is probably more valid, being dependent on the type mate-
rial and construction procedure. However, no data exist to adequately
quantify the interface conditions, although there is a response model
that can analytically consider inter-mediate conditions. The computation
of the various response parameters will certainly be affected by the se-
lection of the interface condition.

The comparison of the finite element idealization with the Wester-
gaard and elastic layered idealizations may not be valid since the finite
element idealization Is basically a computation procedure rather than a
mathematical representation of the physical structure. As noted

12



previously, the finite element idealization may be employed f or the upper
layer, with a dense liquid or elastic solid representation for the re-
mainder of the structure. Nevertheless, consideration as a separate ide-
alization has merit for comparisons between available techniques for com-
puting the response of a pavement to loads. As discussed here, the fi-
nite element representation considers the entire structure to be broken
into a number of finite elements (Figure 5).

NOTE ELE ME NT NUMBERS ARE CIRCLED

NODE NUMBERS ARE NOT CIRCLED

HEXAHEDRON EL EMEN T
16 \./"NODAL POINT 20 WAIGCUS

/ 1.0 C1 (1) 1 BASE COURSE
/ 13,

6#- -49 10 / 100

1 02 0 4 0, 1 /

a. FINITE ELEMENT MESH b. ELEMENT 28

9 x

Z

Figure 5. Pavement Idealization using a finite element
9

program

In the finite element idealization, the continuous pavement struc-
ture is broken into a number of elements connected at nodal points. The
material in each element is assigned properties that may vary from ele-
ment to element. The number of elements and nodal points that may be
considered are limited by computer capacity, and thus boundary conditions
must be specified. The loads are applied as concentrated forces at the
nodal points. With the aid of special types of elements, discontinui-
ties, special interface conditions, reinforcing steel, and d~owel bars may
be modeled. Special computational techniques permit consideration of
voids and temperature and moisture gradients within the pavement struc-
ture. In addition, variable layer properties (thickness and load defor-
mation properties) and nonlinear material response may also be treated.

However, there are limitations. For a three-dimensional idealiza-
tion with only a minimum number of elements and refinements (Figure 5),
the required time and cost involved in applying the procedure to pavement
problems become prohibitive.

There are plane strain, axisymmetric, and prismatic solid finite
element idealizations, but with all of these idealizations certain

13



0 constraints are introduced. If the time, effort, and cost to apply the
models are reduced to manageable levels, the applicability to a general
design procedure and improvements over simpler models are likewise
reduced.

ELASTIC LAYERED MODEL

The previous observations suggest that an elastic axisymmetric lay-
ered model subjected to a uniform circular loaded surface area is appro-
priate. This model appears to describe the behavior of both conventional
pavement systems and subgrade layers. Using a limiting strain criteria
for pavement design constrains stresses and strains, determined by the
elastic layered analysis, to moderate levels. Linear load-settlement be-
havior can thus be maintained. This model, which is available in closed
form solutions, can also be incorporated Into a workable design
procedure.

Larger loads or pass levels can be accommodated by adding a struc-
tural surfacing (e.g., more than 4 in. of asphaltic concrete) over the
sand-grid layer. A three-layer analysis is then requIred to compute
strains and determine the maximum allowable aircraft load. Such an anal-
ysis is used in the structural design procedure developed by Barker and

Brabston.2

Sand-grid pavements can accommodate much larger strains than com-
paratively brittle bituminous concrete pavements and still retain their
structural integrity. They are also characterized by large (1- to 2-in.)
initial deflections due to densification of the gird filler material.
The degree to which permanent deflection occurs can be controlled by
proper attention to compaction. Since most sand grid applications to
date have been for military expedient low-speed roads over beaches, lit-
tle attention has been given to achieving high degrees of compaction in
either the underlying layer or in the sand within the grid itself. De-
flections resulting from sand densification occur under Lhe first several
hundred traffic coverages. Thereafter, permanent deflections accumulate
much more slowly* (Figure 6). Thus, sand-grid pavements will be struc-
turally sound at levels of total, permanent surface deflections consid-
ered unsatisfactory for bituminous concrete pavements. The horizontal
tensile strain criteria, then, do not control the performance of sand-
grid pavements.

Limiting the vertical compressive strain at the top of the subgrade
provides a sufficient failure criteria for sand-grid pavements. An anal-

ysis of the data summarized by Barker and Brabston, 2and shown in Fig-

ure 7, suggests that limiting the resilient strain to 0.6 x 10- will en-
sure satisfactory performance for up to 1,000,000 strain repetitions.
Alternately, the number of coverages to failure can be included as an ad-
ditional design parameter by using one of the relationships shown in Fig-
ure 7, to relate the calculated subgrade strain to the number of allow-
able coverages.

*Webster. ibid.
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Figure 6. Permanent deformation as a function of traffic
repetitions*

The construction procedure must be designed to prevent development
of unacceptable surface roughness under traffic. One alternative is to
apply a large compactive effort during construction. Initial tests indi-
cate that the sand filler material should be compacted to about 80 per-
cent of its laboratory maximum dry density. Another alternative is to
consider the first several hundred traffic coverages as the last step in
the construction and reducing surface roughness, as necessary, by
applying a thin wearing surface process.

* Webster, ibid.
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SAND GRID BEHAVIOR

INTRODUCTION

As stated earlier, a model for sand grid behavior must consider
three general features of the problem:

(a) Sand-grid materials

(b) Support conditions or subgrade

(c) Loading conditions

The model described in this section treats the sand grid and subgrade

separately and then compares the interface conditions for consistency.

The sand grid forms a composite structure, and the load gets di-

vided between the sand and the plastic (Figure 8). In the analysis of
the upper layer, both the sand and plastic follow the deflection bowl of

the subgrade surface computed from an assumed pressure distribution. A
computer program calculates the subgrade pressures that act on the sand
grid layer to deflect it in the shape of the subgrade deflection bowl.
These deflections are modeled by a piecewise linear relationship. The
distributed forces are compared to the assumed pressure distribution ap-
plied to the top of the subgrade. The calculation is then repeated until
the two pressure distributions are equal. The final solution has both
equal vertical stresses and equal vertical displacements acting at both

the base of the sand grid and the top of the subgrade (Figure 8). This
interface condition corresponds to a frictionless or smooth interface in

a two-layer elastic system.

The sand grid layer has several characteristics of behavior that
must be addressed to successfully analyze its response.

(a) The plan view of the individual grid cells are not simple plane
figures as shown in Figure 8.

(b) The assumed wheel load has axisymmetry while the sand grid ge-

ometry has symmetry about two axes.

(c) The sand-plastic interface on the vertical sides of the grid
cells provide a reduced friction surface in the layer making the sand
grid noncontinuous above some maximum stress level.

(d) The repeated loading and unloading of the confined sand in the
grid cells by compaction and traffic lock in lateral stresses.

(e) Since the stress state in the sand grid at some depth below the
wheel load varies with the radial distance from the application point,
the modulus of the medium also varies in the horizontal plane.
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Figure 8. Schematic of the sand-grid system
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By analyzing the sand grid separately from the subgrade all five of
these characteristics are treated, although with differing levels of
refinement.

Figure 8 shows the simplified plan view of the sand grid that was
analyzed with the complex cell geometry treated as a series of square
cells each measuring 6.4 by 6.4 in., standing 8 in. tall, and having a
wall thickness of 0.055 in. By aligning the sides of the squares along
the x and y axes the behavior could be analyzed separately in the x and
y directions and then combined to describe the layer. Treating the 8-in.
deep sand grid layer as a series of four independent one dimensional
(1-D) beams Indicated as soil beam 1, soil beam 2, grid 1, and grid 2
greatly simplified calculations for this analysis. The assumption of
superposition of the solutions for orothogonal beams is made for ease of
solution. In reality the actual behavior is probably more like that of a
four-way slab. Fully utilizing symmetry about the x and y axes, only the
x direction beams in the positive x-y quadrant were actually analyzed.
The complete solution involved adding the x direction beams to the re-
sults of the y direction beams which were also obtained from the x direc-
tion calculations.

This analysis did not explicitly include the influence of the sand-
plastic interface in the calculations. Applying a theoretical analysis

proposed by Hadala 13to calculate the side friction along the vertical
sides of a cylindrical pressure chamber provided guidelines for the mini-
mum possible subgrade pressure distribution directly below the most heav-
ily loaded grid cell. This minimum pressure was less than the value cal-
culated from the model, using values of interface friction measured in a
direct shear test.

The stress-strain behavior of sand is the key feature in the sand-
grid response. The shear modulus of sand depends upon the initial den-
sity, the initial stress level, the strain level, and the stress path.
This analysis employs a procedure developed for dynamic analysis that de-
termines a secant shear modulus during simple shear for a particular
shear strain level and initial octahedral stress state. For the sand-
grid problem, response is treated as a two step process; first the wheel
load increases the initial stress level and then the layer deforms under
the load. This provides an approximation to the actual stress path ex-
perienced by the sand, which is different from the stress path felt by
sand during a simple shear loading. The octahedral stress is calculated
using vertical stresses computed for the applied load and the lateral
stress coefficients computed from a relation proposed by Mayne and

Kulhawy, 20which is described later. The sand grid is initially analyzed
using a low strain shear modulus. Following the first calculation step
new moduli are computed from the computed shear strains and compared to
original shear modulus values. The procedure iterates until the moduli
values used in the program are consistent with the computed shear
strains.

Figure 9 shows a flow chart describing the whole calculation pro-
cess involved In the sand-grid model. To start the process, a pressure
distribution acting on the surface of the subgrade is assumed.
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Figure 9. Flow chart for the analysis

Describing this distribution as a series of six concentric constant pres-

sure circles, a layered elastic program computes the subgrade deflection

bowl in step 2. (The results reported in this report used the computer
program BISAR, since it is considered a "benchmark" for layered elastic
programs. However, any of several available layered elastic programs
could be used.) In step 3 the computed deflection profile, the surface

load from the applied wheel load, the resulting vertical stresses, and
the K values are input into the program SGRID (Appendix A). The

4. 0
weighting factors for load input to the program SGRID are given in Appen-

dix B. During step 4 the computer program SGRID uses an iterative proce-
dure to calculate the pressure distribution acting along the bottom of

the sand-grid layer when deformed to follow the subgrade deflection ba-
**. sin. The program is used to analyze the response for soil beams I and 2

in addition to calculating the response of the grid beams I and 2 using a

simplified version of the SGRID program. The output pressures acting on
the base of the sand-grid layer are compared in step 5 to the subgrade
pressure a-sumed in step 1. In step 5 a simple computer program CAL (Ap-
pendix A) p.-rforms the process of combining the x direction and y direc-
tion beams so that the output pressure distribution can be compared to
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the input pressure on a common basis. In step 6 the two pressure distri-
butions are compared; when inpuz (step 1) and output (step 5) stresses
were within ±5 psi, the iteration process stops. The sand-grid response
is then characterized by the maximum vertical subgrade strain computed
during step 2.

The second general feature of the problem is considered by analyz-
ing the sand grid response for three different subgrade modulus values.
The three solutions are called case 2, case 3, and case 4 representing
subgrade modulus values of 16,000, 8,000, and 32,000 psi, respectively.
Each reported case is also assigned a second number that gives the itera-
tion number. For example, case 3-2 refers to the second iteration for
the situation with a subgrade modulus of 8,000 psi.

The final general feature of the problem, the surface loading con-
dition, was not varied for analyses reported. Calculations assumed a
5,600-lb single-wheel load at 100 psi tire pressure acting on 2-in. layer
of asphalt overlying the sand grid. This load would be typical for a
single-wheel, light-utility aircraft having a gross weight of approxi-
mately 12,000 lb. The load on the surface of the sand grids was repre-
sented by a 10.5 in. diameter, 65 psi uniform load, and by assuming a
simple pyramidal pressure distribution (with 2:1 side slopes) in the as-
phalt layer.

All of the above calculations were performed on a mainframe com-
puter. The computer capacity required to perform these computations is
governed by the mathematical precision necessary to obtain accurate solu-
tions for the numerical methods employed by each of the programs. The
minimum acceptable capacity was not determined during this study.

PROPERTIES OF THE COMPONENT PARTS

The plastic grid performs two functions:

(a) It increases initial confining stress of sand (and hence, the

E and G used in the program SGRID).

Wb It carries some of the load.

In this analysis, function 1 influenced the initial stress conditions,
while function 2 was computed from the modified version of the program
SGRID. The plastic-beam modulus values were measured in the laboratory.

The shear modulus was measured in a torsion test according to ASTh
Standard D 1043. At a temperature of 700 F, the shear modulus, G,
equals 32,000 psi. Using a Poisson's ratio of 0.5 to describe the plas-
tic yields a stiffness, E , equal to 96,000 psi. When tested in bending
using ASTM D 747, the measured E value equals 120,000 psi for a shear
modulus of 40,000 psi. In analyses presented in this report, the plastic
is described using the values of G equal to 40,000 psi and E values
equal to 120,000 psi.
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The soil properties for the analyses presented in this report rep-
resent the concrete sand that filled sand grid cells in field tests
performed at WES. Figure 10 shows the grain size distribution.

Al-Hussaini and Perry Ireported the following properties for this sand:

Specific gravity = 2.66
Maximum dry density =117.7 pcf
Minimum dry density = 98.2 pcf

V Coefficient of uniformity =2
Mean diameter - 0.5 mm

The particles have subangular to angular shape. Nuclear density tests
performed after testing on a short section of sand-grid roadway measured
a dry density of 113 to 115 pcf at a water content of 4 to 7 percent;
these densities represented a relative density varying from 76 to 86 per-
cent. This study used a dry density of 114 pcf, for a D requal to

81 percent. To analyze the sand-grid beam, the shear modulus, Poisson's
ratio and sand-plastic friction angle must be determined. The shear mod-
ulus and Poisson's ratio were based upon test results and proposed rela-

tions reported in the literature 2,4while the sand-plastic friction was
measured in a direct shear test.

The shear modulus for a sand depends upon both the initial stress
state and upon the shear strain magnitude. These influences can be
treated separately using a stress dependent maximum shear modulus and

then decreasing it consistent with the shear strain. Hardin and Black 14

found laboratory shear moduli measured at low shear strains were fit by
the following equation:

= 1230 (2.973 - e)2 (a 1/2(4

Gmax I +e ~Oct~

where

G mx= shear modulus, psi

e = void ratio, psi

a Oc o 0ctahedral normal stress, psi

For the concrete sand used in this study, which has a void ratio equal to
0.45, this expression becomes:

)1/2= 5400 (a (5)max Oct
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Figure 10. Grain-size distribution

Seed and Idrlss 28 used equation 6 to give G and aOc t  in psI:

G = 000 K2(Oc t ) 1 (6)

The constant K 2  is a function of both shear strain and relative den-

sity. At the small shear strain value of 10- 6 in./in., K 2  equals 64

for a sand having a relative density equals to 80 percent. If both G
and Oc t  are given in psi, equation 6 becomes:

G300 0 50 - 0 0a 005 002 (7)

Preliminary computations were made using equation 8:

G ax 5500 (Oct) 1 2(8)

to model the higher relative density expected under aircraft loads.
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The initial stress required to compute G mxis:

a
a (1 + 2K0) -i (9)

Oc

where K is the ratio of horizontal to vertical stress. The vertical

stress at a point equals the initial vertical stress caused by the over-
lying soil and asphalt plus the added stress from the applied wheel load.

Mayne and Kulhawy 20empirically related the value of K 0in

'V., soils to the friction angle, 4',and the stress history by equation 10.

KOC = I-sn3 C OCR (0

(0 - sin CR max OCR- sin 0) 4 (1 OCR max1] (0

The quantities OCR and OCR mxrefer to the stress history. The OCR

value equals the ratio of the maximum vertical stress to the current ver-
tical stress. For the sand filling the sand grid cells the maximum ver-
tical stress is assumed to have occurred during construction, whena
5,600 lb wheel load compacted the soil. The OCR mxequals the ratio of

the maximum vertical stress to the minimum vertical stress. During the
first unloading cycle for a soil, OCR equals OCR mxwhile for later

load/unload cycles the OCR mxvalue remains constant at about 40 while

the OCR value varies. Figure 11 compares the results of equation 10 to
the measured horizontal stresses during a load-unload-reload test on fil-

ter sand reported by Mayne and Kulhawy. 
20

The response of soil in simple shear is nonlinear when shear

strains exceed 10- 6 in./in., with the tangent shear modulus decreasing.

Seed and Idriss 28developed the relationship shown in Figure 12 to de-
scribe the secant shear modulus as a function of shear strain. For these
analyses, the average curve, shown as a dashed line in Figure 12, was
used to find the ratio GIG mxas a function of shear strain, y . Comn-

bining GIG mxwith equation 8, the shear modulus for the sand is given

in equation 11.

Gmax oc

For calculations, the Poisson's ratio, v , equals 0.35. Table 1 summa-
rizes the material input properties used in each of the three analyzed
cases or references the appropriate equation.
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The analysis for sand grid response uses an elastic approach and
assumes no developed plastic failure mechanisms. This holds true when
the maximum vertical shear stress does not exceed the frictional strength
between the sand and the plastic grid. Therefore, the friction of the
interface was measured in direct shear tests. Figure 13 shows the
strength envelope for sliding of sand on sections of plastic grid trimmed
from a completed field test, and compares it to the strength envelope for
sand. For plastic-sand sliding, the angle of friction, 6 , equals
21 deg, while for sand, the angle of internal friction, 0 , equals
40 deg. The ratio tan 6/tan 0 equals 0.46. The plastic significantly
reduces the sand layer's capacity to transmit shear stresses along verti-
cal planes. In the next section the significance of this reduced fric-
tion surface upon subgrade pressure distributions will be examined.

SUBGRADE ANALYSIS

The deflection profile of the subgrade was computed for an assumed
pressure distribution. The initial pressure distributions used in the
analyses were based upon results computed for a two-layer system with an
8 in. layer overlying a subgrade. The area under the assumed pressure
distribution equals the total wheel load of 5,600 lb.

The pressure distribution underlying the sand grid cell loaded by
the wheel is controlled by the frictional force acting along the vertical

13
sand plastic interface. Hadala presented an analysis to compute the
vertical stress acting at the base of a sand sample confined by a cylin-
drical chamber. Modifying his analysis for the rectangular prismatic
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confining chamber formed by the simplified version of the sand grid cells
leads to equation 12.

o = 0 exp (-4K tan 6 H/B) (12)

where

o = applied surface load0

K = ratio between the horizontal and vertical stress

tan 6 = the coefficient of friction between the sand and plastic
grid

Figure 14 shows the value of a at the base of the sand grid cell
v

loaded by a 65 psi wheel load plotted as a function of K . For the min-
imum value of K used in the analysis of 0.38, the minimum subgrade
pressure equals 31.3 psi. For the three cases evaluated, the central
subgrade pressure always exceeds 34 psi. Therefore the subgrade values
exceeded the minimum allowable values. Since other grid cells carried
small surface pressures, the minimum limit only applies for the pressures
underlying the central cell.

The subgrade deflection profiles were computed using the computer
program BISAR although any layered elastic program could be used. As
noted earlier, BISAR was chosen for this study because it is considered a
"benchmark" for layered elastic programs. Figure 15 shows a profile of
the geometry analyzed. A rigid base under the subgrade was located at a

2
20 ft depth as recommended by Barker and Brabston. The subgrade pres-
sure distribution was approximated by six concentric circular pressure
rings to satisfy the input limitations of the program BISAR, and this
procedure led to the step shaped pressure pattern pictured in Figure 15.

Figure 16 shows the computed deflection profile used for one of the
analyzed cases. Output values correspond to the required input locations
for the program SGRID, described in the next section. Displacements were
computed at points along all four of the beams that were analyzed. The
results of the subgrade analysis reflect the fact that the pressure was
step shaped instead of continuous. The calculated shear strains reach
their maximum values at x values representing the edges of load steps.

SAND GRID ANALYSIS

For analysis the sand-grid layer was divided into a series of
I-D beams. Each of the beams was in turn subdivided into a series of
subcells. The displacements and forces were calculated at only the cor-
ner points of the subcells. Figure 17 shows a schematic of the analyzed
geometry. Fully utilizing the symmetry of the problem, only the positive
quadrant of the x-y plane was analyzed. The responses of the four dif-
ferent beams in the x direction were calculated and doubled to get the
full solution for the contributions from both the x and y directions.
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Figure 17. Sand-grid schematic

For both soil beams I and 2, the deflections computed along the center
line of the respective grid cell lines were used as input. In the case
of soil beam 1, only a half-width beam was treated because of symmetry,
while in the case of soil beam 2, the appropriate width was the full
width of the individual grid cells. The behavior of the plastic grid was
modeled by means of two grid beams labeled grid I and grid 2. The calcu-
lated response for the x direction beams was used to describe the y di-
rection behavior. The analysis neglected the influence of the
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cross-hatched area shown in Figure 17 because they contribute an insig-
nificant proportion of the total load.

The cross section shown in Figure 17 portrays the geometry of the
analyzed beams. Each grid cell was subdivided into four subcells with
the response computed at the subcell corner points. The soil beams were
analyzed assuming plane strain behavior while plane stress applied for
the grid beams. Distributed loads were converted to point loads acting
at the subcell corners. Each subcell corner carried the distributed load
applied over a region extending from the midpoint between that corner and
the preceding corner to the midpoint between that corner and the follow-
ing corner.

Figure 18 shows the flow chart jor the computer program S;GRID used

to model the response of each soil beam. In step 1, two sets of informa-
tion are input: first, the data needed to characterize the response of
the soil, and second, the prescribed corner forces imposed by the wheel
load and the corner deflections computed from the subgrade analysis.

* Figure 19 shows the input and output data for the SGRID computer program.
Figure 19a shows the information input for the analysis of soil beam I in
case 4. For each sand subcell, the K value, the vertical stress

0
level, and the Poisson's ratio are required. In step 2 the low-strain
shear modulus values are computed for each subcell using the input values
in equation 8. In step 3 the stiffness matrix [K] is computed from the
geometry of the problem and from the material properties. Using the

29methods described by Smith the subcell corner forces {F} can be re-
lated to the subcell corner displacements {U} in equation 13.

{F} = [K] {U) (13)

In step 4 the appropriate, known displacement and force values are in-
cluded in equation 13, and the remaining unknown displacement and force
values are calculated. The subcell shear strains are then computed from

. the calculated values of displacements and forces. Using these shear
strain values in step 5, new values for shear modulus values, Gi+I , are

computed from equation 11. In step 6, the new G values are compared to
the values, Gi , used to construct the [K] matrix in step 3. If the

Gi+, values are more than 10 percent different from the G i values, the

program performs steps 3 through 6 using the Gi+, values. Iteration

proceeds until the two C values are less than 10 percent different, at
which time the results are output. Figure 19b shows the final results
for beam I in case 4-3. The values for all three cases are portrayed in
Appendix C.

ITERATION AND CONVERGENCE

The SGRID output loads must be converted to a pressure distribution
before comparing them to the input pressure distribution. The load for
each subcell corner along the base of the soil beams acts over an area
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whose width equals the beam width and whose length equals the distance
from the preceding midpoint to the following midpoint. The load calcu-
lated for the plastic grid beam subcell corners was distributed only
along the length from the preceding midpoint to the following midpoint,
assuming negligible width. To compare these rectangular and linear re-
gions of constant stress to the ring shaped regions of constant stress
input to BISAR, the SGRID results were transformed to square regions se-
lected to correspond with the rings. The computer program CAL combined
the subcell corner loads using weighting factors calculated from the por-
tion of the acting subcell rectangular area lying within each square re-
gion. The square regions making up each ring were then averaged to ob-
tain the output pressure distribution for that ring. Tables 2, 3, and 4
summarize the input and output pressures for each iteration of cases 2,
3, and 4.

The iteration procedure involved selecting the average of the input
and the output pressures to be used for the input pressure to the next
iteration. Before these values could be used, the total area under the
pressure distribution was adjusted to give an area equal to the 5,600 lb
wheel load. Figure 20 graphically portrays the input and output pres-
sures used in case 4, iteration 1. The output values for the center two
rings are high by 15 and 10 psi, respectively. Horizontal arrows show
the pressure values selected for the second iteration. Figure 21 com-
pares the input pressures to the output pressures for iteration 2. Fi-
nally, Figure 22 compares the pressures for iteration 3. Note that the
output values fall above the input values by less than 4 psi.

The key decision during an iteration process involves the level of
agreement between the input and output values. For this analysis, itera-
tion continues until the input and output pressures agree to within
±5 psi. Early experience showed both that it is difficult to get better
agreement criteria than this, given the scale of discretlzation for the
model, and that additional refinement does not significantly influence
the maximum vertical subgrade strain computed from BISAR.

RESULTS

Table 5 summarizes the results of the final iteration for each of
the cases analyzed. The maximum vertical subgrade strain represents the
feature of performance recommended by Barker and Brabston for design of
flexible airport pavements. Their design plot showing the repetitions of
strain, as a function of maximum vertical strain at the top of the sub-
grade, was presented in an earlier section. The design discussion in
this section uses the lower bound to the range proposed by Brabston,

Barker, and Harvey3 and extrapolates it to low repetitions of strain.
Table 5 shows that the allowable number of passes by a 5,600 lb wheel
(repetitions of strain) varies from 70 to 400,000 as the subgrade modulus
increases from 8,000 to 32,000 psi.

The calculated values of subgrade strain versus the subgrade modu-
lus value have been plotted in Figure 23. This plot p ovides the asis
of a design plot for a single wheel lo d acting on an 8 in. thi k sand-
grid layer having an average cell width equal to 6.4 in. The vertical
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Table 5

Summary of Results

Subgrade Modulus Maximum Subgrade Strain
Case psi in./in. Number of Coverages
A -3

2 16,000 0.95 x 10 7,750

3 8,000 1.7 x 10- 3  71

4 32,000 0.58 x 10- 3  415,000

subgrade strain axis can also be shown as the number of passes by using
3

the Brabston, Barker, and Harvey relationship to relate subgrade strain
to low repetitions. This is an appropriate relationship, since it is
also based on an elastic model for subgrade behavior. Additional dashed
lines have been added to Figure 23 to represent, conceptually, the single
wheel load as a third design parameter. These lines were positioned ap-
proximately, by scaling the strains computed for a 5,600 lb wheel load,
by the ratio of the wheel loads. Many additional analyses of the type

A." described in this report are required to complete the design curves.

A
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* .~o M

FIELD VALIDATION

FIELD DATA

Two full-scale test sections were used to generate data for the an-
alytical model described in the previous section. The first was an un-
surfaced test section constructed under a previous WES project. This
test section provided material for laboratory and field testing of the
physical properties of the sand, grid, and subgrade. These properties
are those described and summarized in the previous section. The second
test section was part of a larger test section which was built as a joint
project to provide field validation of the analytical model under this
project and to study the performance of various surfacings and grid-fill
materials under a separate WES project.

The general layout of the second test section is shown in Fig-
ure 24. Item 3 was constructed to match the input parameters used in the
hypothetical case studies described in the previous section. Items 4 and
12 are similar. Item 4 has a thicker asphalt wearing course, which
changes the ESWL on the top of the sand grid. Item 12 has a different
type of sand for both grid fill and subgrade, which changes both the sub-
grade modulus and the distribution of stresses (k-values) in the sand-
grid layer. Although they were built primarily to address the objectives
of the other WES project, they could provide data for additional, future
case studies and refinement of the analytical model. Considerable expen-
ditures of additional engineering and computer time would be required to
develop the conceptual design charts for comparison with these test
items.

Item 3 consisted of 2 in. of asphalt wearing course over an 8-in.

sand-grid layer placed on a compacted sand subgrade. Asphalt thickness
was checked by taking core samples. Actual thicknesses ranged from 1.5
to 2.25 in. The dimensions and properties of the HDPE grids are as shown
in Figure I and ciscribed in the previous section, except that the thick-
ness of the plastic was 0.05 in. for the test section. As production

tolerances of about ±0.005 in. are considered reasonable, this difference
will be ignored for the purposes of the analysis to follow. The sand
used to build the subgrade and to fill the sand-grid cells is from the
same source as that described in the previous section. Its grain-size
distribution is shown in Figure 10. The sand was compacted in the grid
cells to a dry density of 105 pcf. The moisture content ranged from 4 to
7 percent. The subgrade stiffness was evaluated using a FWD after con-
struction was completed. The initial subgrade modulus was calculated to

be 14,000 psi, densIfying and stiffening to the expected 16,000 psi after
the first 500 passes of the test vehicle.

The test vehicle was a standard 5-ton, tandem-axle, M51 military

dump truck carrying the maximum highway payload of 20,000 lb. The re-

sulting gross vehicle weight was 42,000 lb. The truck was fitted with
standard, military, off-road tires inflated to the maximum cold inflation
pressure of 70 psi.
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Natural vehicle wander was allowed, and a reversal of vehicle di-
rection every 100 passes was used to ensure a more symmetrical pattern of
vehicle wander.

Cross-section data were collected at 0, 100, 500, 1,000, 2,000,
3,000, 4,000, and 5,000 passes, and supplemented by photographs and FWTD
measurements. Damage to pavement systems is generally a function of the
logarithm (base 10) of traffic intensity. A great deal of additional
trafficking would therefore be required to produce significant additional
data beyond that obtained at 5,000 passes. Hence, traffic was halted at
5,000 passes.

No destructive field testing was done, and additicnal trafficking
by other vehicles is anticipated under the other project. The average,
permanent, differential surface deflection or rut depth was obtained from
the cross-section data. It is plotted as a function of vehicle passes in
Figure 25.

0.4

3

:D

0 2

01I II
01000 2000 3000 4000 5000

PASSES

Figure 25. Average rut depth as a function of vehicle passes

ANALYSIS

The data presented in Figure 25 suggest that initial consolidation
or shakedown has occurred with the rut depth stabilizing at 0.3 in. A
pavement failure (rut depth !1.0 in.) has not occurred and does not ap-
pear imminent. This information can be used to check the conceptual de-
sign chart shown in Figure 23, if the test-section traffic can be ex-
pressed in terms of coverages of a single wheel load.

'~ ' The effect of the test vehicle on the test section can be described
in terms of ESWL as noted earlier. Based on the concepts presented by

Pereira, 23 an ESWL curve for the test vehicle's 18,000 lb axle, as shown
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in Figure 26, can be constructed. From Figure 26, the ESWL is seen to
vary from 31 percent of 5,600 lb at the top of the sand-grid layer to
42 percent or 7,600 lb at the bottom of the sand-grid layer. Thus, the
effective load induced by one 18,000 lb axle of the test vehicle is
equivalent to the 5,600 lb single-wheel load assumed for the development
of the analytical model, at the top of the sand-grid layer. The effec-
tive load is somewhat larger at greater depths. The test vehicle thus
provides a slightly more severe validation load than a single 5,600 lb
wheel. It can be used to provide a conservative validation check of the
analytical model developed for a 5,600 lb single wheel load.

Because the test vehicle has two 18,000 lb axles, and because the
test vehicle exhibits a lateral wander during trafficking, one vehicle
pass does not provide at least one coverage, or strain repetition across
the entire width of the test item. A test vehicle "pass-to-coverage" ra-
tio is required to compare the vehicle passes shown in Figure 24 to the
coverages used in Figures 7 and 23. Using vehicle wander concepts pre-

sented by Pereira 23a pass-to-coverage ratio for the 18,000 lb axle has
been calculated to be 2.64. Since the test vehicle has two 18,000 lb ax-
les, and the effect of the front axle can be ignored because of its rela-
tively small load, the test vehicle pass-to-coverage ratio can be taken
as 2.64 a2 = 1.32

Based on the above, Item 3 of the test section was subjected to
more than 5,000 passes !- 1.32 per coverage to yield 3,788 coverages of
a 5,600 lb equivalent single wheel load without experiencing failure.
Figure 27 shows this point superimposed on a portion of Figure 23. An
arrow through the data point indicates the direction the point would
translate had trafficking been carried to failure. For a subgrade modu-
lus of 16,000 psi, the analytical. model predicts satisfactory performance
to 7,750 coverages. These two values are quite close in terms of the
logarithm (base 10) of coverages commonly used in pavement design. The
analytical model predicted satisfactory performance to log (7,750) -
3.9 , and the test section demonstrated satisfactory performance to at
least log (3,788) =3.6 . It can be inferred from these results that
the model is conservative.

These promising results support spending the time and money neces-
sary to construct additional test sections, having various subgrade
strengths, and trafficking them to failure with a variety of equivalent
single wheel loads. Should additional testing indicate that the model is
too conservative, the model is easily calibrated by selecting a less
conservative relationship between vertical subgrade strain and allowable
coverages.
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CONCLUSION AND RECOMMENDATIONS

The model described in this report provides a means of considering five
important characteristics of sand grids. These are: the complex geometry, the
different symmetry for the load than for the grid, the vertical sand-plastic
interface, the importance of locked-in lateral sand stresses, and the
variation of sand modulus in the horizontal plane. The model handles these
characteristics with differing levels of sophistication. Although the results
reflect the required simplifica~tions, they provide a design result which
compares favorably with measured test section behavior.

The flow chart described Ln the text, and shown in Figure 9, was used to
generate a conceptual design chart. Physical properties and dimensions for
the sand grid were taken from the commercially available product that is being
usedI to construct sand grid test sections at WES. The material properties for
the sand match those of the concrete sand described in the text and Figure
10. Loads on the sand grid were based on a 5600 lb. single wheel load acting
through a 2 in. asphalt concrete wearing surface. This conceptual design
chart is shown in Figure 23, including estimated lines for 3000 and 9000 lb.
single wheel loads. The number of allowable coverages shown on the right-hand
vertical axis is obtained by applying the subgrade strain criteria by
Brabston, Barker, and Harvey3 to the subgrade strain calculated in the last

4. block of the flow chart.

A design chart similar to Figure 23 can be generated for any particular
combination of sand grid and material used to fill the grid cells. Sand grid
pavement systems can be designed for multiple-wheel gear configurations by
using equivalent single wheel load theory to determine an equivalent single
wheel load to use with the single wheel load design chart. The appropriate
chart is then entered with the known design parameters, to determine the value
of the unknown parameter or acceptable combinations of the design
parameters.

For example, suppose a light utility airport pavement is to be
constructed using the materials used to develop Figure 23. Further suppose
that the subgrade has a modulus of 23,000 Psi (approximately CBR 15), and that
the design aircraft has an equivalent single wheel load of 5600 lb. Entering
Figure 23 with a subgrade modulus of 23,000 Psi, the 5600 lb. line is inter-
sected at 100,000 coverages. Hence, the proposed pavement should sustain
100,000 coverages of the design aircraft before developing a 1 in. rut.

V Further full-scale testing to include instrumentation of the sand grids
to measure the lateral stress distribution inside the cells and the vertical
stress distribution at the subgrade's surface will allow appropriate
refinement of the analytical model.

Extensive exercising of the design model will allow the development of
complete design charts which can be used directly for sand-grid pavement
design.
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*8'~r~ (.~,- (8,S) ,ELD '8) ,VOL (8) ,EPS (3) ,SIGMA (3) ,BT(8,3) ,FTIN (Ci)

AL-E 1 ' NF' '"WO CARD'q '0 CHANGE PROBL~t. SIZE

* GS"TIX(23) ?.NTIO'21),3'77FSV(22) ,KO(22),G-.AT2TO 22, 10),
* AV~N 2?),LOD (1) ,L~1X (2) LOADD (100) ,,DISP (10r)),FOiCr.;'100)

IN77-2F? -F(100,2),IElrGK,FIX,NO(I00) UNLOAD (10)
DA-A :-T,ICOOnTr,,IJAC,I-JACI,TDE"RIV,!DE7-/6*8/

D %r A 'F.N'/.,0)OC 1,.00001,.OO01,.00!')15,.O)02,.00,03, .0004,.0005,
* .0006,.0007,.0009,.0009,.00 10,.00 15,
* .0020,.0030,.00140,.0050,.0060,.0070,
* ~.0080,.0090,.0100/ .6.34.2.0.7

-j T 'A I / .1 95,.7 ,.6105r2,.9 ,. 3,7L1,.06 ,.03 /, 3 , 3 ,. o .

- ALTER NEXT CAD 'O CHANGE 'POqLEM SIZE

INP " AND INITIALISATrON
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+ ' NP'EP OF E L _" E T.S TN Y - DIR5:C'V~ON /
+ *O"L NU'1I3Fp. n0: 'I~ H

+''!-A~ 3kl-D WTD-'j L /
+ 4 1rT M 3 F OF r NO 7 T qT M~ ~E S I

T1 OFr'07777 rF AIT En7) OD I ' IT ESH F ,14 ,/
+'N'! I B71' OP0 LOADFD rREtDo!- T 1,4

+ 9E: 0OF Fi'T7"M ?FESCP137'D DISL'LACENE'!T I
*' 0 T:3 F AUJSSIAN I ?mP(,;AmION ORDE? 111/

.NOD =DO F/ 0 DOF

CR=+ AX
M= N X (- + I

R FADC1,*)I2AD TTS )T=,I!
WP.---, (3, 110) (PADTTJS() 1=1,M)

110r FOP'm 4 /, AD I! C7 -HE M3SR LINFS = ,F31

=I 1, M)+

120 0F-I~k- (/, 1 rD?!H OF T_:!7 '17SH LINES = ,1176. 2
CA TL G A T5( S AM ?, -_S AM ?G)
CA LL FO ? F 'N F, 11TF,NN ,NODOF, P.N)

7LEMEN7 STIFFNESS IN-EGRATION AND ASSEMBLY

WRT-77(3, 1115)

1-7 0

CALL N'1LV-C (3KD)
Ck-L! %T11-VEFC (LOADS, N)
CALL NUJLL (BTOK,lI!K,'T, N)

CAT.L ;"L!. (DF!7TDEE,H,H)
10 3 1 , NX2
DO 3 Q1 ,NY 7

NtIM37 NYE * (P - 1) +Q
IF (!-E7 .E(2. 1) --"El

p 7D (:1 , *)STFSV (NUM BEI?) , KO 'NUMiB T ) , V
=(..*KO (NT!lBFTP) ' /3. Sf"RESV (NUM B ER)

GMAX (NUMBER) = 550. * (STRESO) ** 0.5
IT 2. * (1.+V) * GMAX(NJM.DR)
V'TTF(1,50) !TF-R,NUNIBER,KO(NCT'lER),NU'BE?,S'"rF.V(NU1IB!R),

* S-P7-SO,G',IAX (NUMBER) ,E

TTEPI ITER - 1
17-7q (1. +2. *KO (NUJMBER))3 * ST7,7qV (N1MBEP)

,G=790O. * CPAIO (NVTMBEP, IER 1) *(ST~RES0) **0.5
7 = . * (1. +V) * G

;I'(?,55)I1-ER,UMiB7?,GRAIO (NUMtBE.,ITER 1) 5'TRESV (NJ'I),
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DO 4
D' U .7=1, "1

'( I=S1Z1 ? ( T,2

C A'L 7OI? 1, , 1N7 11 NAM 1 A P ,I J)
CALT-L *4-*TTL (Dv?, lD7, COODCOOPD JAC, IJAC, , OD, T)
CAL k' W0-9Y2 JXC, !JAC, JAC 1, !JAC 1 , T)
CALT.L M A -111 (3 kC 1 , TJAC 1 ,DER, ID E? , D 7.V ,IDE PIV, T, -, NOD)
CALL TJLL (3EE4lB7.,H,D0F)
C IT

T. -0r,!!(3-t ,I 197,DDF1)V , DF' I V, VL, NOD)
CALL ! 1rL( - FE E-:,1 ,D D9 ,H ,DF
C A LL .4A N (57, I 3T, 13E, IBETi, D0F)
C XLL !A1"YIFL (3-, IB-, DB, I DBE, BDB, !Bm DB ,DOF, H , OF)
27JO"=DE'-*K1 *K2
W~(~) 5 K=1,)OF
DO 5 L=1,DOF

CXT.L "!A--ADD (,,IK, BDB ,IBTDRDOF,DOF)
CCN1'INUE

CALT, F!B-K(BIG!,IBIK,K,KM,,lOF)
CA LL FnKV (9K, K, IK M, G, N,DOF)

EOTJA-I0N SOLTJTION

t'FAD (1,*) NO (I) ,VAL (l)
1114I"' 1 3, 170) '10O (I), VAL (I)

170) 7O'IA- (/,' ?PRESC.T.-nED DFFORMIA-ION AT f OF DOF (1,12,1) =#,F12.4)

DO 12 -=1,FIx
3K(NO(')) = !K".No(:)) + 1.0E12

12 '2.IO~'O(I)NO(I)) = BIGK! (NO(l) VO(I)) + 1.OE12
CALL SANlFD(3T,l,CDM1AX)
DO 1? 1=1,FIX

13 LOADS (,.O ()) =BK (NO (1)) VAL (I)
I~~ 'I ? . 1) ME N
DO 6 T=1,NL

P BAD(1, *) NLOAD (1) ,LOhD(T)

LOADS (NLCXD(I)) = LOAD (I)

180 FOl'.A' (/,' PPESCTBED LOAD AT 4 OF bOF (1,12,') =',-FIZ.4)

DC 6' !r=l,NL
66 LC.ADS.(NTOAD(I)) =LOAD(I)
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L0, DD(' LOA-)S (I)

C NLL 3ACX I ', LA,-, ,CD AX)

C )LL 31C 2=1(RKLAS,1,CD

* D5 3?'(T) =LOADS (I)

C ILL (TK I':,LOA D:, N, N,FORCE)

CALL M V-1171.7 ('3IrOKM,3I, LO ADS, N, T, FOPCE)

DO 600 1,

7000

DO 900 T1,'l -Ix
RAT= "PAC' FORCES INO(1))

90f) COrNT I"

-~ OR.MA(/,' FTIACTrION FOPCF POP :~f.' T ,)=I,FlO.2,/)

RECOVER~ FLE'.EN"I .3TEINS ANT) Sr'73Sv.S
AT ALL GATSSIAN INTEGRATIONl POINTS

y = !.V7* IYF

Do 2'2 I=1,NXY

Ir= 0.
222 CCN:-IN'lE

00 7 0=1,XE
')O 17 Q= I, NYE

'UCALL N!LL(0!E,!0EE,H,,H)

CAllL V.70'1 1',Q,NxF,NYE,COORD,ICOORD,G,NF,INF,PADIUS,DEP:!)

XDC 8 3=1,GP
CkLL FORMLN (DER, IDER , FUN, SAM? ,ISAMP,,J)
CkLL M1A'"UL (DrR,IDEE,COORT,ICOO.D,JC,1AC,T,OT),)
CALL "WOY2 (JAC, IJACJACI,TJACI,TEr")
rALl. '1AT1%TIL (JACI, IJAC 1,DER, IDEP,DRIV, IDEP.IV,T,-L, 401))
CkLL. NtjL (BrE,---, H,T)OF)

CALL t-3-IFk(REE ,!73E, DERIV, IDERIV VOL, NOD)
Do 9 i=1,DOF

-A F (G (-) . N F.0) E LD (M) = LOA T)S (G (11))
CALL 'I!U-(ETBE ED 1TOE1S
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STJ". = S'lJ" + 'OS( 3)
"1:B ?= NY7 (? + )

A~,"4(%NTjM1E?) =SUM~ /4L.
,DIS? '"M3ER) =SUM' /~
Drl 31 K=1,23

Tr(-,---'K AI3S(.X~V7STNU~ITMFR))) 91,82,R2

132 KI 1=K- I
~1- K11 .:Q ! ) GO -0 3

SLO717= (RAiTO (K) -P.ATIO k(KI 1)) ALOG (GSTRII (K) /GSTN (Ki 1))
= SL"~ *ALOG(A3S(AVrSTN(NUT1BvR)) / GS3TP.N(KIJ))

!F (KI TO ~. 0) tPATIO (NT!INB EP ,!TEI) =RATIO (1)

TFI ABS(IIATbO kNUNBER,I'FE?) - GRATIO(&TJU4BER,ITER 1))
*AIS (G?A-10O(N1tM3ER,I'%-R 1) )

TF (AF S (DIFF) . GE. DTFMA X) DIFMAX = A? S () IFF)

WTZ - -(3 ,1150l) NU:1B27RUAVGTN (NUBEP), NT NBE., GRATIO
* (NflNI3!P,ITFR) ,DIFF,DIFMAXC

* 1150 FOPMA (' * ELEr.YN' =',I13,2X,' AVG. SH'4AR S mRAIN =',Fl6.8,2X,
* '?A I0(42,')=,F62,2,'DFF=',FlO.6,2X,DIFMAX =',716.8,/)

7 C 0 IT T 417":
!F(I-%-? .EQ. 1 OR. DIFMAX .GT1. E?SLON) GO TO 1111

-FORM A"(/,' Am 'AIO = ,3)

ENT)

ItBtT :O l NX ' ,NYE, AA, BB ,COOP.D,ICOOR..,,,NF,TIF)

NODAL COOrDINATES AND S'EERING VECTOR
FOR A RECTANGULAR MESH OF Li-NODE
QrJADpILAl -P.AL PLAN1T ELEMENTS
NTMBEPING IN THE Y-DIRECTION

T-EGEF. G ),F, 'F (NF, 1) ,YQ, NYEEOORD, AO,AL, AMAN
FFAL COO''D(TCORD,1) ,AA,D13

* A0=(?-1)*(NYE+i)+Q
?iL=AO+1
X A1=v* (lYE+ 1) +Q
%'I= AM + 1
G ( 1) = NF (A L, 1)
r, (2) =NF (AL, 2)

(3) =NF IN O, 1)
G (4I) = NF (NO, 2)

F (6) 1 =?(M, 2)

G3(9) =NF (kl, 2)
COOPD (1, 1) (1-) *AA
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11' ( , 2) = " ( -) 7. 1

COOPD (2,'))= IYE-Q+1) *F3

C r) OR (3, 1-) 1)?*7V
COCIR (3, ) = ('Y -Q+ 1) *'A

Cne")T (U 4, 2) )= (NY7-Q) *B7

S 1?O JT.:-_ NLVEC VC,. )
?-n -C ( 1)

-NEGE. !I

D 1 I= I ,'I

END
SUP ~ ~ -% 30U !- ", L" ( k I A, -1, "'

1 -1- E , P R IA , M , N, I,
P-VkL A(TA, 1)

DO 1 = IIM
DO 1 J= 1,N
1 (T ,J)).O

END'a r, " N N.,E V
S'7 R7' NT 0. ?MD (DE F, V)F FV

S"P7.SS S-RAIN MA .RIX FOP ?LANE ELAS'"IC SRAIN

:::n7,,~r r AL DT.Z ( -DFEE, 1 ,,V , V 1,V V

V =V/ (1.O-V)
V= (1.-2. 0*V),.5/(1.0-V)
DF'€ %12 2) 1I. 0

D!E (3,3) =VV
DE (1,2)=VI

DF(2, 1) =V I
DO 1 1=1,3
DO 1 J=I,3

1D .E (I, 7)1)=DE (T, J) *V /(2..O* (I.0O+V) *VV)

s T ,,,r'7 GATTS(SA%1P,ISAMP, P)

GAUSSIAN QUADPA"URE ABSCISSAE AND WEIGH i

TN"FGFR ISAMP,GP
PEEL SA'M(SAMP, 1)

0 (2, 1) 1, l, 7)
SA.P (1 , I) = I.

Skl? (2,2) = 2.
0A TO -
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!i ':,P (1, 1) =.61.,3631(1 5 05

?z" (2, 1) 3 9 5 5
-P (3, 1) =-3Y (2,1)

1, ) 1 , )
5 L'(2, 2) =.619.
S.IP (3, 2) =s km r, ( , 2)
so "O 1

u k '1 , 1)=.P61136311591053
M P (2, 1) =. 3399916 31156

SAP(3, 1) =-SAI 1(2, 1)

S A (' 1,2) -42732(51 1)
;AMP (2,?) =. 65215156496256
,;.Aii P [3, ?) Cm .. I[ ,)

710 "o 1
5 vi? ( I , 1) = 906 179845931664

SA M (322) =. 3846931010583
1; AMP (3, 1)= ( )
S .AP u, I ) =-SA. (2, 1)
9.115 (2, 1) =-5A.M ? (616,1)
Sq1p (1, 2) =. 2362680856 19

AM1 (3, 2) =.S7(62867099366
SAM? (3,2) =.4;38888888889
S AMP (4, 2) =SA%, (2, 2)

GO MO I
7 gA IP(1, 1) =. 3246951U203 152

5AMP (2, 1) .6120933 6196365
SXIP (3, 1) =. 486191860831 7

kIP (4, 1) . (3, 1)
.;. ? (5, 1) =- SAI? (2, I)

A. (6, 1) =-SA."P (2,1)
kA!!P (7), I1) =AlP (1I, 1)

SV1 (1,2 1 132 4892379 170
c AM? (2,?) =. 361615 " 390 48 1 3 9

FMP (3,2)=.46"913937472691
F.AM? (4, -)) =.q AMP (3, ?)

SkfP (, 2) = S3M P (2,12)
S Al .'P ( 6, 2) =13 M? ( 1, 2)

GO"A 10

g-o o I

" k7 ? ( 1 , 1 =.949 1079 12342759S A'!P (2, 1 ) =7 I 3 11851)99394$

XXI? (3, 1) =.z40584 5151377397
S.A IP (4, 1)=.
*1, 71 (5, 1 ) =-SA.MP (3, I)
; .k M. 9 6, I ) =-SAMP (2, I)
q Mp (7, 1 ) = - 3An P ( I, I1)
!k? (1,2)=. 129484 966168870
c hf ?(2, ?) = .?97"0 53 914 89 27 7
S k M,? (3,1 ) =. 38 193 0 05050 S 119
Iq IP (4, 2) =.4:179591836734€69
5 AIP 'S , 2) =S V47 (3, 2)
,-411 (6, 2) =5 ,IP (2, 1)
S A 1? ('7, 2) = S A.!) 1, 2)
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F T)
S'?O9'INE '7051NF (117 'TO. 0 1) )

NOD3 F.7EEDOr APFAY F'OR .10?E
0!.7: 7ONrIDO~l ?!,? NODET

IVi"EGE? I'?N(?FJNNO,-O, FN,: ,J,K,L

D~O I J=1,NOD)Or
17 "F:, J)= I

DO '- 1 1,1

DO 3 J=1,NO)DOF
PEkD(1,*)T

T '?T.,. 3Q. 1) Nr (1, j)

K~ 1
DO 4 :'=1,NN
DO) 4 J=1,ODOF

VF(I,J)=K

LOCAL COOPINATE SHAPE ?PUNCTTONS AND "HEI?
DERIVATIVES FOR & 4-NODE QIJADPILATERAL

PrAL E-A,X--i,ETAM,ETrAP,XIM,Xl?

XISA? (J' 1)

I'IN. (1 =.*14E

F17N It2) = 4. 0* 711*:-:m A
v''T (2) =4. O*XIP*E"A
F"N (U) =4. *XIP*E'AP!

DER (2,2) XII
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*7)
J3J' 'T I -*\I'9rL A, -X,-3,73,C , C, L,m, M)

10 1 J=1 1

.'c=O. I)
-)O 2 :K=1 , .1

2 'KXY4 I(1,)3 (K, I)
C (1, J) ='

I ro 4 TT !M E
7

Sun .M-1Nr -W0Y2 (J AC, IJAC, JAC 1 !.TAC ID")
_TN-EG--P 'rTA(7,'JAC1,K,L

nJ: .C 1(1, 1) JAC (2,) -A 12JC(,1

JACI (1,?) =-JAC (1, 2)
JNC 1 (2, 1) =-J NC (42,1)
JACi (2, 2) =JAC (1 ,1)
DO I K=1, 2
DO I L=1,2

I JAC I (K,L) =JAC I (K, 1) /DE-

STIRPOrv:!-E FORMB (BEES,BEE, Dr~PIV ,IDERIV, VOL, HOD)

STFAIN-DIS2LACEM1ENT fIATIRIX FOR PLANE STRAIN (S'-RESS)

T0 r'',NOIt)2ISIO,,

L=K- 1
VOL (1) =DZ'I'V (1, M )

B~r (3, K) =DERIV I ,M)
VOL (F) =!PZ'IV (2, M)

13777(1 ,L) =T)E iIV (2, M)
1CON::!Nvi

SS.O'TI NE FM BIGK (BIGK, IBIrK, KM,!KI,G,DOF)

DO 1 TI,DOF
F(P(M). -Q. '1) -0 -0 1

2 nO 3 J=1,DOF

4?T GK(G3(J) () BO 1' G 3 ()G()+KMIJ
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3 ' N 1'"7
1 CCI- NTT7

ASSEMB!LES FILE1.11" .'AT?!CZS IN":O SYIIETRIRCAL 3AND
flIOBAL t4A PIX(SnOVUD AS ki VEC'rOl)

DO 1 1= 1, -O0-
F().Q ) c0, 73 1,

2 10 J= 1 ,DOF
7- (GJ)'QO GO TO S

3 Cl=lr (J) -G (1) + I
I VF (C )- I) -- EtI

4 VAL=N* (CD- 1) +1(1)
01K (VAL) =PK(VAL) +K.1 'I,J)

9 CONTIN tJ"-
I CONTIM!iS

PEUR
F NO

1 A (J, T) =1(T, J)

IND

RE AL A (TA,1) , 9(13,I1)

DO 1 I=1,!l

1 A (T,7)=A (I, J) +B (1,J)
R ET U ? N

SrIl3poUmlvr 3A'T?ED (RK,L,KI3)

14-E'TER L,KB,I, ILl ,IKL,IJ,J,NIIV NI,NJ
D') 1 .I=2,L
TLI-l
KSL=TLI1+K9
IF (KPL-L) 3, 3,2
K BL=L

3 DO 1 J=I,KPL
'3= (3-!) *L+l
SrIM=11K (1J)
NKB3j-y3+ 1
IF(NKB) 4,4,5

ST- (4K-IT. 1) 6,6o,8
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' 7 7 ,L I
TT +

7M T3 F IT) RK IN J) /3F (1~)

PTIL BK (1) 1, (1) Is'":

')O 1 1=",L

13 111

':K9=T-KB+ 1
: 7(QVK3) 2, 2, 1

2 !!KB=1
SDOl 4 K='IKB,I1l
J'h (T-K) *L4+K
SU'i=F'IJY -3K (JN) *3R (K)

4 CON-1I" TTE
R1 (T) =SIT /BK (1)

I cowr 1I .v:

St JBP.O1J'NS FCK2(BF,IR,L,KR)

Dr) I JJ=2,L

T- (NF73-L) ?,3,2

3 V' 0 4= 11 N K

5qlS J'+BY(J'1) *' (K)
P (T)=.R (1) -SrlJN/IKr (T)

?ETU3IN

7)O 1~,

DO 2 J=1,L
2X=X+' (J) *V (J)

Y (1) = x
I CONTINT37

74D
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I::TEGI"' L
R:: v (L)
W? T'?71 (3, 1) V

"(I!- , 10l12.U)

1 U71 O U- I N - ? RI -" (VL)

T'EG ' L
"-AL V (L)
DO 10 !=I,LW 1l1- 7 (3 , 1) 1 V (I)

I FOR7 ( II ,' 11MREP OF FPEFDOi ('T12,') = ',E12.4)
10 CON"'I NIJ

*PADITTS, DETn)

NODAL COORDTNATES AND STEERING VECTOR
FOP A VIIABLE PIC.ANWGULAP MESH OF 4-NODE
QUADRILA"ERAL PLANR ELEMENTS

IITE'EP ?,Q,NXF ,NYE,!COOD,INF,G(1),NF(INF, 1),AO, AL,A,AN
REAL Cr,0,D(ICOORD), ),R. DIU (}) ,D.nETH (1)

.Ao= (p-1) *(NYE+) +
kL=kO+I
.!= P* (NY + 1) +Q

A:=M+ 1
, (1) =NF (.L, 1)
r,(2) =;1 (AL, 2)
G () =NF (AO, 1)
, U) =NF (.0, 2)
G (5) =V? (A.1, 1)
G() =NF (A-1, 2)
G (7) =N! (AN, 1)
, (8) =NF (.A, 2)

COOFD (1, 1) =RADIUS (P)
COOPD (2, 1) =PADUS (P)
COORD (1,2) =DEP'H (Q+ 1)
COORD (4 ,2) =DEPTH (Q+ 1)
COO R!)(2, 1) = DEP"H (Q)
COOFD (3, 2) =)ETH (Q)
COORn (3, 1) = ADI US (P+ 1)
COORD (4, 1) ="ADITS (P+1)

EID
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W r %L--U (T.) V (L)

W 'IT1-
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APPENDIX B

SUMMARY TABLE OF WEIGHTING FACTORS



6

4 GRID 2
RING 5

RING4 37N-

3 -19 7SOIL 2

RING I
2 - 13 GBID2



Ring 1 = Square 1

Ring 2 = Sq. 8 + Sq. 9 + Sq. 2
3

Ring 3 Sq. 14 + Sq. 15 + Sq. 10 + Sq. 3
4

Ring 4 = Sq. 19 + Sq. 20 + Sq. 21 + Sq. 16 + Sq. 17 + Sq. 11 + Sq. 4
7

RingS -Sq. 25 + Sq. 26 + Sq. 27 + Sq. 22 + Sq. 18 + Sq. 12 + Sq. 5
Ring 5 =7

Ring 6 = Sq. 30 + Sq. 31 + Sq. 532 + Sq. 24 + Sq. 13
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Weighting = (Width)(Factor)
Square Corner Factor Area

1 1,i 0.55
11,1 0.55

1,2 0.026
11,2 0.026

2 1,2 0.30
11,1 0.45
11,2 0.022
13,1 0.047
13,2 0.0022

3 1,2 0.222
1,3 0.077

13,1 0.27
13,2 0.013

4 1,3 0.30
13,1 0.27
13,2 0.013

5 1,3 0.17

1,4 0.13
* 13,1 0.27

13,2 0.013

6 1,4 0.42
1,5 0.38

13,1 0.13
13,2 0.006
14,1 1.0
14,2 0.047

7 Contribution neglected

8 Same as Square 2

9 1,2 0.25
3,2 0.0256
11,2 0.25
13,2 0.256
2,2 0.547

12,2 0.547

10 1,2 0.185
1,3 0.064
3,2 0.019
3,3 0.0066
13,2 0.149

(Continued)

(Sheet 1 of 4)
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Weighting = (Width)(Factor)
Square Corner Factor Area

10 2,2 0.406
2,3 0.141

11 1,3 0.25
3,3 0.0256

13,3 0.149
2,3 0.547

12 1,3 0.142
1,4 0.106
3,3 0.015
3,4 0.011
13,2 0.149
2,3 0.313
2,4 0.234

13 1,4 0.35
1,5 0.31.
3,4 0.25
3,5 0.22
13,2 0.13
13,3 0.02
2,4 0.77
2,5 0.11

14,2 0.15
14,3 0.02

14 Same as Square 3

15 Same as Square 9

16 3,2 0.11
3,3 0.04
13,2 0.11
13,3 0.04

17 3,3 0.15
13,2 0.11
13,3 0.04

18 3,3 0.09
3,4 0.06
13,2 0.11
13,3 0.04

19 Same as Square 4

20 Same as Square 11

(Continued)
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Weighting _ (Width)(Factor)

Square Corner Factor Area

21 Same as Square 17

22 3,3 0.15
13,3 0.15

23 3,3 0.09
3,4 0.06

13,3 0.15

24 3,4 0.42
3,5 0.38
13,3 0.12
13,4 0.03
14,3 0.86
14,4 0.23

25 Same as Square 5

26 Same as Square 12

27 Same as Square 18

28 Same as Square 23

29 3,3 0.09
3,4 0.06
13,3 0.09
13,4 0.06

30 Same as Squa.,.e 6

31 Same as Square 13

32 Same as Square 24

]st subindex of corner:
1 - Beam I

11 - Beam I from the
other direction

2 - Beam 2

12 - Beam 2 from the

other direction
3 - Grid I

13 - Grid I from the
other direction

4 - Grid 2
14 - Grid 2 from the

other direction

(Continued)
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Weighting _ (Width)(Factor)
Square Corner Factor Area

2nd subindex of corner:
The corner number on the
beam referenced by the
first subindex
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APPENDIX C

SUMMARY OF INPUT AND OUTPUT FOR SGRID ANALYSIS

7 2-Ilk



100 .6ib

52.21b

K 0.48 0.48 2 .44 3.50 3.50 3.50 3.50 3.50 3.50
o.,, 54.5 14.45 14.45 1.10 1.10 0.27 0.27 0.27 0.27 0.27 0.27
E 001 45628 45628 21805 21805 12717 12717 12717 12717 12717 12717

K 0 0.52 0.52 1.94 1.94 3.50 3.50 3.50 3.50 3.50 3.50
c,, 33.5 13.35 13.35 1.65 1.65 0.82 0.82 0.82 0.82 0.82 0.82
E O77 44743 44743 24329 24329 22026 22026 22026 22026 22026 22026

0.023" 0.016o 0.011. 0.008" 0.006" 0.005" 0.004" 0.003" 0.003" 0.0025" 0.002"

E 61152 8360 18896 16172 15787 7517 8331 9486 10549 12196 11582

E:33o2 10885 18350 17776 19522 15266 16015 17375 19236 21119 18492

l 8  .51b 1 Ib -0.9Ib -0.2Ib -0,21b -0.2
Ib -0.0Ob +1.21b

33 5 b 331b 22 b  •

601b CASE 2-1 BEAM I

C-2



19.51b 14.21b

K , 0.87 0.87 2.74 2.74 3.50 3.50 3.50 3.50 3.50 3.50
., 14.45 1.9 1.9 0.43 0.43 0.27 0.27 0.27 0.27 0.27 0.27

44 19562 19562 14312 14312 12717 12717 12717 12717 12717 12717

, o43 0.68 0.68 1.47 1.47 2.11 2.11 2.11 2.11 2.11 2.11
a, 1335 4.1 4.1 1.28 1.28 0.82 0.82 0.82 0.82 0.82 0.82
1 4213 26669 26669 19254 19254 17792 17792 17792 17792 17792 117792

001 .0" 0.007" 0.006" 0.005" 0.004' 0.003" 0.003' 0.002" 0.002'0.0 16" 0.014" 0.012- 0"

E2N627 7001 10200 9420 11821 10923 10152 10509 11889 11715 11653

f 2M 11755 13917 14459 15516 14724 14454 15127 16632 16575 14933

3.0  14.21b 5.61b 6 1b 2.b 3.;lb O",1b .0.b .o.;b -,.0 b .0.51b ,.ob

CASE 2-1 BEAM 2

C-3



0.048"0.025"0.0155" 0.0113" 0.0082" 0.0061" 0.0048- 0.0040" 0.0034" 0.0029" 0.0026" 0.0023"

-7 .3 1 b -. 5 1 b 4 .2 1 b 4 .2 1 b 2 .1 l b 1 .5 1 b 0 . 1 4 b . 6 b .~ I .0 -3 1 b 0 .4 1 b

GRID 1

0.0113" 0.0106- 0.0092" 0.0077" 0. .05"o.o2 0.0036" 0.0031- 0.0027' 0.0024- 0.0022"

-.131b -.131b 04 b 03 b 1.3 1b b 0.21b -0. 1lb . 31b -0 .31b .0.1b 0.41b
GRID 2

CASE 2-1

C-4



100.61b

52.21b

S0.48 0.48 2.44 2.44 3.50 3.50 3:50 3.50 3.50 3.50
av 54 14.4 14.45 1.10 1.10 0.27 0.27 0.27 0.27 0.27 0.27

vE WlO 45628 45628 21805 21805 12717 12717 12717 12717 12717 12717

K 0.52 0.52 1.94 1.94 3.50 3.50 3.50 3.50 3.50 3.50
a, 3. 13.35 13.35 1.10 1.10 0.27 0.27 0.27 0.27 0.27 0.27

44743 44743 24329 24329 22026 22026 22026 22026 22026 22026

0.03 0.017 0.012 0.010 0.008 0.007 0.006 0.005 0.005

0.030"

0.046- 0.042'"

& L'

25.1l
b  

3 1.1ib 22.31b 10 11b 6 5 b 0 05 b .2 .41b 24 b -2 6Ib .15
Ib 2.2Ib

rA.Oib

CASE 3-2 BEAM 1

C-5
-I.--



19.51b 14.21b

K, O 0.87 0.87 2.74 2.74 3.50 3.50 3.50 3.50 3.50 3.50

a, 14.45 1.9 1.9 0.43 0.43 0.27 0.27 0.27 0.27 0.27 0.27
F : 20469 20469 9738 9738 7716 7716 7716 7716 7716 7716

0.68 0.68 1.47 1.47 2.11 2.11 2.11 2.11 2.11 2.11
o, 13.35 4.1 4.1 1.28 1.28 0.82 0.82 0.82 0.82 0.82 0.82

30069 30069 16801 16801 13447 13447 13447 13447 13447

O 028 00241 0.019 . 0.009" 0.008" 0.007" 0.006" 0.005" 0.004"
0.029" 0.028- 0.024"

m 6089 8237 3097 3371 3005 3626 7032 6248 5979 6356

E;2 45 11293 13407 10829 3414 2563 10402 11231 11647 10926 10379

13.7Ib 4.71b 10.71b 221b 5 1 lb Li1b -b. b .0 61b 131b

CASE 3-2 BEAM 2

C-6

.J'



0.0419" 0.0359"

I i 0.0279"j ___j 0.0213" 0.0163" 00120" 00095" 0.0079" 0.0067" 0.0058- 0.0051' 0.0045"

~ 5ob 6 1 b 3 .01b 3.31b 0.91b .0.61b -1.0 lb -1.0 lb -. 51b 0.7 1b

-I 2.61b

002-0.0213" 0.0186- 0.0158" 012"0 GRID 1

0027 002"00100" 0.0084" 0.0072" HO062 0.0055" 0.0048" 0.0 043"

-2.71b -2.21b 0.51b 0.21b 3.01b 1 .8lb 0.51b -0.21b .0.51b .0.61b -031b 0 .81b

GRID 2
CASE 3-2

C-7



! ] 00.61b

52.2 1 Ib

K 0.36 ]0.48 0.48 2.44 2.44 3.50 3.50 3.50 3.50 3.50 3.50
,, z 54.5 14.45 14.45 1.10 1.10 0.27 0.27 0.27 0.27 0.27 0.27
f 3Wc 45628 45628 21805 21805 12717 12717 12717 12717 12717 12717

K, 0 .4 0.52 0.52 1.94 1.94 3.50 3.50 3.50 3.50 3.50 3.50
a, 3 5 13.35 13.35 1.10 1.10 0.27 0.27 0.27 0.27 0.27 0.27
S 6517 44743 44743 24329 24329 22026 1 22026 22026 220261 22026 22026

0.014' 0.013" 0.008" 0.006" 0.004" 0.003" 0.003" 0.002" 0.002" 0.002" 0.001- 0.001'

a. INPUT

E 75394 10336 24665 21189 15583 8287 9351 10089 11158 12496 12146

E 4NI1 12882 24434 20419 19025 16394 17177 18553 20342 21754 19646

t I 41*I -S; - 0

30 .91b 18 -01b 5 51b 12Ib 1 3
Ib -10

Ib 0 91b -0 6
Ib 0 7

Ib

39.5b
b. OUTPUT

CASE 4-3 BEAM 1

C-8



19.51b 14.21b

.03 0.87 0.87 2.74 2.74 3.50 3.50 3.50 3.50 3.50 3.50 IV

o,, 1445 1.9 1.9 0.43 0.43 0.27 0.27 0.27 0.27 0.27 0.27
E 4U82 19562 19562 14312 14312 12601 12601 12601 12601 12601 12601

K, 043 0.68 0.68 1.47 1.47 2.11 2.11 2.11 2.11 2.11 2.11
or, 1335 4.1 4.1 1.28 1.28 0.82 0.82 0.82 0.82 0.82 0.82
E 4223 26669 26669 19254 19254 17738 17738 17738 17738 17738 17738

0.008" 0.008" 0.006" 0.005" 0.004" 0.003" 0.002" 0.002" 0.002" 0.002" 0.001" 0.001"

E 21798 8701 12589 10969 13888 10804 10572 11046 12099 12058 12060

E 3o30 14161 16799 15814 18316 15205 15199 15987 17079 16999 16043

6.71b 14.1 lb 5.1b 5.71b 1 1b 1.1b ,.1b o ' -.b -o1 .o 61 -o.0 b o.0 b

CASE 4-3 BEAM 2

C-9

v- ~ ;§~~i:



0"0127" 0.0104" 0.0077" 0.0056" 0.0041" 0.0031" 0.0025" 0.0021" 0.0018" 00015" "
' $' v v v v 0.005" 00013 0.0012"

4g1b 1.51b 2.51b 2.61b 1.4 1b 0 .71b Olb .0.31b .0 * W .O31b ..1lb 0.21b

GRID 1

0.0060" 0.0056" 0.0048" 0.0040" 0.0032" 0.0026" 0.0022" 0.0019" 0.001F 0.0014" 0.0012" 0.0011", 4, t $, y y v 0. 1.6 0.0. 00.2" .01"

.0.8Ib -0.71b 0.3' b  
0.31b 0.* b 0.11b 0.;

Ib olb .0.21b .0.21b 0 .11b 0.1lb

GRID 2
CASE 4-3

C- 1 C)



400 A

0'W

2


