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INTRCDUCTION

The concept of improving the load carrying ability of unbound
aggregates, particularly sand, by lateral confinement has been
investigated for some time (1,2,3,4). Extensive full-scale testing of
the trafficability of confined beach sand pavement layers has been
carried out by the U.S. Army Corps of Engineers at the Waterways
Experiment Station (WES) in Vicksburg, Mississippi. Confinement is
achieved using a honeycomb type of grid cell structure developed by the
Corps and constructed of various materials (1, 2). Initial material
types included paper and aluminum, with the current, and apparently most
successful, confinement grids made of high density polyethylene (HDPE)
produced and marketed by Presto Products (PIY) Ltd. The grid
configuration in the expanded form is shown in Figure 1. Actual grid
panel dimensions and material properties are listed in Table 1, based on
infornation provided by the manufacturer. The experimental work by the
Corps had as its primary objective the determination of structural
adequacy of pavements for temporary facilities. However, there are
apparent advantages in using the sand confinement approach in permanent
installations, as base or subbase layers, where suitable aggregate
material is not available, or is costly to obtain. This situation
exists particularly in western Alaska where often the only construction
material that is readily available is sand, so aggregate, if used, is
imported at a high cost. The alternative to imported material is the
use of sand stabilized with asphalt. This usually provides the
surfacing layer. Use of the Presto plastic sand confinement grid may
provide an economically attractive alternative as the base or subbase
layers for a pavement structure in this area.

A product evaluation was performed for Alaska Department of
Transportation and Public Facilities (DOT&PF) in 1983 and published as
Report No. AK-RD-84-8 (1). Results froam the evaluation indicated that
finite element and elastic layer analyses of a pavement structure
containing grid reinforced layers could provide useful design

information, but that the analyses performed for the evaluation required






TABLE 1, Presto GEWEB Grid Information (4).

MATERIAL: HDPE
YOUNG's MODULUS (E) ¢ Approximately 100,000 psi
ULTIMATE STRENGTH AND

ASSCCIATED SIRAIN: ou(psi) e (%)

Machine direction (i.e.,
in direction of extrusion) 3,650 455
Transverse direction (i.e.,

normal to extrusion

direction) 3,606 238
EXPANDED PANEL SIZE: 8 ft x 20.5 ft x 8 in
FOLDED PANEL SIZE: 13 ft x 11 inx 8 in
SHEETS OF HDPE/PANEL: 60
NO. OF CELLS/PANEL: 561
APPROX, CELL ARFA (EXPANDED) 0.274 ft2
HDPE THICKNESS: 0.055 in
SHIPPING WEIGHT/PANEL 122 1b




a certain amount of refinement. This report covers the results obtained
from such refined analyses of pavement response to high wheel loads in
terms of the effects on grid confined layers. Finite element and
elastic layer analysis results are presented and compared with the

earlier results.

PAVEMENT SYSTEM

The same pavement structure was analyzed as in the earlier

evaluation, for comparison purposes, and is shown in Figure 2.

P (Contact Pressure)

by

Grid confinement (HDPE) included
in this layer when indicated.

8" Base layer

18" Subbase layer

Semirigid frozen ground

Figure 2, Idealized pavement structure used in analyses.



Figure 2 adequately describes the system analyzed by elastic layer
methods. Applied wheel loads were based on the Lockheed L-382 Hercules
aircraft at maximum gross takeoff weight, with a modification made to
the contact pressure used in the finite element analysis, based on the
geometry of the pavement simulation, so that the total load carried by
the pavement remained constant at 36,800 lbs. This aircraft was chosen
since it represents the most probable maximum wheel loads at Shishmaref.
Figure 3 shows schematically the pavement system that was used in the
three dimensional finite element analyses. Boundary conditions shown in
Figure 3 were based on considerations of symmetry, since the analysis

considered one wheel only.

FINITE ELEMENT ANALYSES

The computer program SAP IV (8) running on a VAX 11/730 was used
for all the finite element analyses. As in the previous work (1), the
confined material was modeled by three dimensional solid elements
whereas the confining material (i.e., grid) is represented by truss
elements. The arrangement is shown schematically in Figure 4, of an
8-node solid (brick) element, with the element corner node displacements
restirained by the solid element material as well as the truss framework.
Analyses were performed using both the 8-node brick and the 17-node
thick shell elements shown in idealized form in Figure 5 (8). All
refinements over previous analyses concentrated on the grid confined
layer only (i.e., the upper layer) shown in Figures 2 and 3, and
involved reduced element thickness for the 8-node brick, use of the
17-node thick shell element instead of the brick element, and a single
case of higher integration order for the thick shell element. Plan
dimensions of the solid elements were maintained at a 6" x 6" square
configuration throughout, as in the earlier analyses (1). The
dimensions were based on the surface area of a grid cell in the expanded

GHOWEB section. The specific analyses performed included:
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Figure 3. Schematic of the pavement system used in the three-

dimensional finite element analyses.
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Figure 4. Element combinations used to represent confined material.



(a) 8-node brick

5
(b) 17-node thick shaell

Figure 5. Solid elements used in analysis.



Use of 8-node brick element in a finer mesh to simulate confined
material., Thickness is reduced to 1" so that there are eight
layers of these elements in the grid confined layers. Truss

elements are sized accordingly. |
Use of two layers of 4" thick 17-node elements to simulate the grid
confined layers. This does provide output at depth increments of

2" due to the presence of the 17th node at the centroid of the

element,
As for 2 but with four layers of 2" thick elements.

A single conputer run using an integration order of four rather

than the default value of two for the 17-node elements.

Material characteristics for the analyses were based on assumed

values from the literature (2,5,9,10,11) as well as measured values for

the Shishmaref sand (13), and duplicated the values used in the previous

analyses., These values are listed in Table 2.



TABLE 2. Material characteristics used for analyses.

HDPE Confined Unconfined sand Frozen
Material grid sand subbage subgrade
Young's
Modulus E
(psi) 100,000 20,000 varies rigid
Poisson's
ratio 0.3 0.4 0.4 0.4

Subbase modulus values of 5,000, 10,000, 15,000 and 20,000 psi were
used to simulate the possible variations that may occur in the field as
a result of varying moisture content and drainage characteristics. The
low modulus would be expected during spring thaw when frozen lower
strata prevent drainage of the thawed and saturated upper layers.

Analyses of unconfined systems were not performed, since, as was
found in the original angilyses, the low volume ratio (<2%) of high
modulus material in the confined layer results in fairly small
differences in idealized elastic behavior between the two systems.

Results of the analyses using the 2" thick 17-node element were
used to plot the stress distributions in the confined layers shown in
Figures 6 through 9. The stress distribution for the solid element is
based on values provided by the SAP program at the centroid of the most
highly stressed elements, which occur directly beneath the load. The
distribution appears reasonable, with, for instance, vertical
compressive stresses at the surface of the layer approximating the
applied load pressure of 130 psi, and decreasing with depth.

Also shown in these figures are the maximm grid tensile stress
values as calculated by SAP, with a maximum value of approximately 350
psi tension for a subbase modulus of 5,000 psi (Figure 6) to a minimum
of approximately 140 psi for a subbase modulus of 10,000 psi. The
difference in stress between the x and y directions results from the
choice of dimensions for analysis resulting in a nonaxisymmetric .

analysis. Inspection of Figure 6 shows that some tension is being
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carried by the solid element. Since this element is simulating the sand
in the confined layer, it can, in fact, carry only compressive loads, so
tensile stresses need to be transferred to the grid reinforcement which
is the only system component in the confined layer capable of carrying
tension. Details of the approach used for the stress transfer
calculations are provided in the Appendix.

It should be noted that the procedure provides at best a reasonable
estimate of actual grid stresses, and introduces incompatible nodal
displacements between grid and sand. Ideally, the procedure should be
incorporated intc the finite element analysis by use of nonlinear
material behavior, which would produce more realistic results. Programs
capable of doing this are available but usually require substantial
computer time due to the iterative process involved, especially in three
dimensions. In performing the stress transfer calculations, tensile
stresses at the edges of the solid element were transferred to the grid
since this is the physical location of the grid relative to the solid
element. This is a conservative approach since the edge stresses are
extrapolated, by the computer program, and are in all cases higher than
the centroid stresses.

For example, Figure 7 shows both horizontal stresses at the
centroid of the solid element to be compressive, while, as can be seen
in the Appendix, tensile stresses on the edge of the same solid element
are as high as 17,8 psi. The transferred stresses are plotted in Figure
10, as well as the originally calculated grid stresses. As can be seen
from Figure 10, the transfer of all tension to the grid can result in a
very large increase in grid stress: e.g., from about 240 psi, as
calculated by SAP, to an estimate of 2,992 psi in the worst case. This
is to be expected, since the volume ratio of grid to sand is 0.0193, so
that transfer of 1 psi of tension from the sand results in 1/.0193 or
51.8 psi added to the grid.

Note that this approach is significantly different from that used
in the original analyses for stress transfer, which attempted to
calculate the total tensile force carried by the solid element and then
transfer this force to the grid. The complexity of stress distributions
within an element make this, at best, a difficult procedure. The

current approach is much simpler since stress estimates are made at a
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peoint in the structure where component stresses have been calculated by
the finite element program. As a result, it is also probably more
accurate from a theoretical point of view, although ~- due to the nature
of the grid material, which tends to creep under stress so that raximum
values tend to be attenuated -- the estimates should be considered
conservative and indicative of relatively fast loading rates.

From Figure 10, it can be seen that the fine mesh 8-node element
analysis results in the highest transferred stresses for the finite
element analyses. The most significant variation occurs at a subbase
modulus of 15,000 psi where this analysis indicates significant tension
whereas the others do not. The 17-node 4" thick element system appears
to substantially underestimate tension in the solid elements. The
17-node 2" thick element system is probably the most reliable system
that was used for the analyses. This system shows a range of grid
tension (at a subbase modulus of 5,000 psi) from 2,500 to 3,000 psi. By
increasing the integration order, this range was reduced to 2,250-2,600
psi which would be a more accurate estimate than at the lower
integration order, at a slight additional cost in computing time.

Compared to earlier analyses, at the low subbase modulus values the
estimated grid stresses are about twice as high as previously estimated.
This is a result of a conbination of refined element and mesh use, and
the altered method of stress transfer which does not average any
stresses but determines maximum value at a point. Although the maximum
estimated grid stresses are still below the ultimate strength of the
grid material (3,500 psi), the high strains required for stresses of
this level (3,000 psi) would constitute failure of the grid system
except, possibly, under very rapid loading conditions. However, creep
of the HDPE would redistribute these stresses to acceptable levels with

some rutting occurring in the wheel paths.

FLASTIC LAYER ANALYSIS

In an attempt to simplify estimation of grid stresses under wheel
loads, elastic layer programs were used to a.rialyze the structure shown

in Figure 2. These programs require very little data preparation as
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compared to finite element analyses, but assume that each layer is
infinite in the horizontal plane and that the material is homogeneous
and isotropic, so that the grid confined system cannot be modeled
directly. In the original analyses, the grid was transformed into two
equivalent horizontal layers of HDPE. The question arises as to how
many layers should be used, and where they should be placed. It seems
that the most reasonable approach is to consider the grid material as
being "smeared" throughout the confined layer. In effect, the confined
layer is considered homogeneous with properties based on a simple
mixture rule, as is often done in the macroscopic study of composite
materials. The confined layer is given a composite modulus Ec defined

by

EV =EV +EV
cc gg s s

where
E = elastic modulus
V = volume
with subscripts ¢ = composite
g = grid
s = sand

The data listed in Tables 1 and 2, when used in this relationship,
provide a composite modulus of 21,515 psi. ELSYM5, one of the elastic
layer programs, was used to analyze the structure shown in Figure 2
using this value of modulus for the confined layer and varying the
subbase modulus between 5,000 and 20,000 psi as for the finite element
analyses. The frozen subgrade modulus was assumed to be 400,000 psi
(12). The variation in horizontal stress within this composite layer is
shown in Figure 11. Based on the ELSYM5 analyses, some tension occurs
in the bottom of the confined layer, at a higher subbase modulus (15,000
psi) than for the finite element analysis. In the finite element
analyses, no tension occurred and hence no transfer was required for a
subbase modulus greater than 10,000 psi, except in the 8-node element
approach. This results from the truss elements carrying all tension at -

the higher subbase moduli.
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For the elastic layer results, using the same argument as before,
all tension needs to be transferred to the grid. The same transfer
approach is used, except that now the ratio of grid volume to total
volune is used to calculate grid stress (i.e., 0.0189 instead of 0.0193)
since the grid has not been included explicitly in the system, as it was
in the finite element analyses. |

The transfer calculations are shown in the Appendix, and the
results plotted on Figure 10, This approach results in substantially
higher grid stress estimates than the finite element analyses, with a

maximm of 4,029 psi at a subbase modulus of 5,000 psi.

COCNCLUSIONS AND RECCMMENDATTONS

1. Conclusions based on the earlier analyses that still stand are as

follows.

A. Bearing capacity analysis indicates that the confining grid
system substantially increases the ultimate capacity of
cohesionless material if one considers the effect of the grid
to be that of introducing an apparent cohesion. This covers
the situation where failure involves the lateral and upward
displacement of the loaded material. Bearing capacity
considering the grid layer as a surcharge should also be

considered,

B. Neither the finite element nor the elastic layer solutions
model the behavior of cohesionless material in an exact manner
since it is assumed that the elastic modulus in tension is the
same as in conpression. Analyses involving grid confinement
material were modified by assuming that all tensile stress in
a confined layer is transferred to the grid, resulting in zero
tensile stress on the cohesionless material. The approach
leads to strain incompatibility in the confined layer and
should be further investigated to ensure that the resulting

stress and strain distribution is reasonable.

-19-
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C. Analyses of a system with and without the grid confinement
show little difference in stress distributions between the
confined and unconfined system due to the low volume percent
of confining material involved and the assumption of linear
elastic behavior. However, if tensile stresses are
transferred from cohesion'less materials to the grid, the
confined system exhibits a significantly improved response to
load, due to its ability to carry tension in the confined

layer.

D. No thermal considerations were included in this evaluation.
The behavior of the grid confining system at low temperatures

needs to be investigated.

E. Laboratory tests on the engineering properties of the HDPE
should be conducted at various temperatures to provide
suitable design information, particularly since the joint weld
strengths are likely to govern performance. This evaluation
is based on the assumption that weld strengths of the grid are
similar to the HDPE strengths.

The current analyses used a sinplified approach to stress transfer.
The results are probably conservative, but are based on point
values provided by the computer analysis, with no additional

averaging.

Finite element analyses can be used to adequately model the system.

A three dimensional nonlinear analysis with tension cutoff for the
solid elements (i.e., solid elements unable to carry tensile

stress) is likely to give the best simulation.
Use of a thick shell element for modeling the solid elements is

recommended. Higher integration orders will improve results.

Choice of element size is important.
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Use of elastic layered analysis may provide overconservative
results., It is recommended that the composite approach be used,

if this method is applied, since choosing nurber and position of
equivalent reinforcement layers introduces the possibility of large

variations in estimated stress with the elastic layered approach.

The finite element analysis is preferred over elastic layer
solutions since the system can be mocdeled more realistically.
However, even with finite element analysis, verifications of
predicted stresses and strains are inpossible until field
measurements are made. Work is currently underway to verify the

technique using strain gauge and deflection measuring techniques.
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APPENDIX
STRESS TRANSFER CALCULATICNS AT BOTTOM OF CONFINED LAYER

-25-



FINITE ELEMENT

Vol, HDPE/8'x20' panel 11'x8"x,055'x60 sheets

= 2.017 £t°
Vol. of expanded panel = SXZOXig— = 106.667 ft3
i.e., % HDPE = 1.891%
Vol., ratio HDPE _ 2,017 = 0.0193

sand ~ 106,667-2,017

NOTE: this is the same value if areas at any x-section is
considered and the HDPE area is corrected for the grid expansion.
In the unexpanded grid, area HDPE

= 0,055"x8"x60 sheets

= 26.4 in2
In the expanded configuration, the 60 11 ft sheets are distorted so
that they lie in an 8 ft section (i.e., the FDPE area at any
section is modified by rotation of the HDOPE section) so that a

corrected area of

1 26.4 = 36.3 in®
8

occurs in the section and
HDPE _ 36.3

sand ~ (20x12x8)36.3 — 0.0193

Thus, to calculate the transfer stress o, use

t
Cs

¢ T 7.0193
where

o = sand stress
and then total grid stress Gtg becames

= +

otg Ug o,

where o = grid stress from SAPIV. Total grid stress otg is

calculated at critical points; usually at bottom of confined laver.
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A. 17-NCDE 2" THICK ELIMENIS (i.e., four layers of elements in
confined layers)
1) Subbase modulus. Esb = 5,000 psi
Element 56 (solid) truss elements 361, 362, 387, 388
(¢ ), 373, 380, 374, 381 (o)
X Yy
Corresponding
Element o G ,0C 4} g
g Xy t tg
on solid element
361 274.5 47,7 2471.5 2746.0
362 266.9 47.7 2471.5 2738.4 o,
387 240,7 53.1 2751.3 2992.0
388 233.7 53.1 2751.3 2985.0
373 347.6 41.5 2150,3 2497.9
380 213.4 41.5 2150,3 2363.,7 GY
374 320. 39.7 2057.0 2377.0
381 196,6 39.7 2057.0 2253.,6
2) Esb = 10,000 psi
Corresponding
Element o G ,0 o] o
g X t tg
on solid element
361 162.9 11.4 590.7 753.6
362 164.,5 11.4 590.7 755.2 O
387 139.9 17.8 922.3 1062.2
388 160.8 17.8 922.3 1063.1
373 230.9 8.9 766.8 997.7
380 146.2 8.9 766.8 913.0 o
374 211.8 7.9 409.3 621.1
381 133.8 7.9 409.3 543.1
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3)

4)

E, = 15,000 psi

Solid elements in compression so no transfer.
Truss element #388 o, = 101.9
Truss element #373 GY = 171.9

ESb = 20,000 psi
No transfer

Truss element #388 o, = 80.9
Truss element #373 UY = 136.3

B. 17-NCDE 2" THICK ELEMENTS INTEGRATION CRDER = 4
1) Esb = 5,000 psi
Element 56 solid. Truss elements 361, 362, 387, 388
(ox), 373, 380, 374, 381 (Uy)
Corresponding
Element a 0_,0 o} o
g X t tg
on solid element
361 270,7 45,0 2331.6 2602,3
362 258.4 45.0 2331.6 2590.0 o
387 237.8 42,2 2186.5 2424.3
388 226.6 42.2 2186.5 2413.1
373 335.7 36.9 i911.9 2247.6
380 214,0 36.9 1914.9 2125.9 GY
374 309.0 34.0 1761.7 2070.7
381 196.7 34.0 1761.7 1958.4
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C. 17-NCDE 4" THICK ELEMENT (i.e., 2 layers of elements in

confined layer)

1) Esb = 5,000 psi
Element 19 solid and elements 181, 182, 207, 208 (cx);
elements 193, 200, 194, 201 (Gy)

Corresponding

Element a g _,0o g o
g x t ty

on solid element
181 267.6 23.7 1228.0 1495.6
182 258.8 23.7 1228.0 1486.8 9
207 236,8 36.4 1886.01 2122.8
208 229.1 36,4 1886,01 2115.1
193 329.6 16.4 849.7 1179,3
200 191.1 16.4 849.,7 1040.8 o}
194 306.0 16.0 829.0 1135.0
207 175.1 16.0 829.0 1004.1

2) ESb = 10,000 psi

Corresponding

Element g g ,0 o} g
g X t tg

on solid element
181 159.7 3.6 186.5 346,2
182 164.0 3.6 186,5 350.5 o
207 138.6 -5.5 285.0 423 .4
208 141.5 5.5 285.0 426.5
193 273.6 -2.9 -- 223.6
200 139.5 -2.9 - 139.5 GY
194 206,7 -6,2 - 206.7
207 126.5 -6,2 - 126.5




3)

4)

E, = 15,000 psi

sb

Solid elements in conpression at points corresponding to
grid.

Max o (el 182) = 122.5 psi

UY (el 193) = 168.9 psi

Esb = 20,000 psi

Max o (el 182) = 98.4 psi
cy (el 193) = 135.5 psi
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D. 8-NDE 1" THICK (i.e., 8 layers of elements in confined layer)
1) Esb = 5,000 psi
Element 127 (solid). Truss elements 361, 367 (ox), 385,
388 (o )
Yy
Corresponding
Element a g ,0 of i
g X t tg
_on solid element o
361 266,17 31.3 1621.8 1888.5 o,
367 227.6 57.6 2984.,5 3212.1
385 238.3 40.5 2098.5 2336.8 g
388 220.8 43,0 2228.0 2448.8
2) Esb = 10,000 psi
Corresponding
Element o 0,0 4] a
g x t tg
o on solid.g}gnent o
361 165.1 -4,2 - 165,1 9.
367 136.3 23.5 1217.6 1353.9
385 158.8 -9.0 466,3 625,1 OY
388 147.5 11.0 570,0 717.5
3) Esb = 15,000 psi
Corresponding
Element o] o ,0 o o
g X t tg
on solid element
361 120.9 -21.1 - 120.9 I
367 98.1 8.0 414.5 512.6
" 385 117.8 -6.5 - 117.8 o]
388 109.7 -4.7 - 109.7

-3
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4) E, = 20,000 psi

Corresponding

Element g 0,0 o V]
g X t ty

on solid element
361 95,6 -31,1 - 95.6 o,
367 76.7 1.0 - 76.7
385 93.0 ~-15.8 - 93.0 o]
388 86.9 -14.1 -— 36.9
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II. ELASTIC LAYER ANALYSIS USING ELSYM5

Stress transfer analysis used conposite modulus of 21,515 psi for

grid layer, based on

EV =EV_+EV
cc s's g8

where
¢ = conposite
s = sand
g = grid
i.e., 8\ _ 8 8 _.055
EC(ZOXSXTz— = 10,000(20x8x12 60xlle§<x————
+ 100,000(60x] 1x—2-x=253)
12 12

106.67EC = 20,000(106,67-2.017) + 1,000,000(2.017)
EC = 21,515 psi

To transfer,

o . o
tension _ t

c = =
V [(V +V 0,018
g g/( g s) 9

Max. tensile stress

Esubbase(psi) ot(psi) og(psi)
5,000 76.15 4,029.1
10,000 25.07 1323.3
15,000 1.77 93.7
20,000 ~11.64 -

Since this is an axisymetric analysis, Iy GY (= ag)
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