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Foreword

Pull-out interaction properties are the fundamental design parameters for reinforced soil
systems. Because of the importance of understanding these properties, many studies of
nonextensible reinforcements have been conducted. Similar studies on extensible rein-
forcements are needed because of the rapid development of a large number of geosyn-
thetic reinforcements. The first five papers in this Record are on the effects of geosyn-
thetics on soil properties.

Bonczkiewicz et al. describe a laboratory evaluation of the interaction between soil
and various types of reinforcements such as geotextiles, geogrids, and metal and fiber
strips. They discuss the observed stress-strain behavior. The laboratory study by Haas
et al. is on geogrid reinforcement of granular base layers of flexible pavements. Bathurst
and Jarrett present data from a large-scale test program conducted to evaluate prefab-
ricated flexible polymeric soil confinement systems that are used to improve the traf-
ficability and load-bearing capacity of thin granular bases placed over highly compressible
subgrades. Juran and Chen present a soil-reinforcement load transfer model and an
interpretation procedure for pull-out tests on extensible reinforcements. Lentz and Pyatt
describe a mechanism of soil-geogrid interaction that they used to explain the results of
their laboratory pull-out tests.

Cedergren describes damage to pavements caused by water and the benefits of pro-
viding internal drainage to rapidly remove all water that enters. Fan and Lovell describe
field soil erosion tests that were conducted to extend the applicability of the Universal
Soil Loss Equation to highway slopes that are steeper than 18 percent.
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Evaluation of Soil-Reinforcement Interaction
by Large-Scale Pull-Out Tests

C. Bonczkiewicz, B. R. CHRISTOPHER, AND D. K. ATMATZIDIS

Pull-out tests were conducted to evaluate soil-reinforcement
interaction for various types of geotextiles and geogrids under
varying normal load and soil conditions. All tests were per-
formed using a 4.4 ft x 2.3 ft X 1.5 ft pull-out box and
consistent test procedures. Iterative strain measurements were
made using wire extensometers mounted along the length of
the material to evaluate in-soil strain response and stress trans-
fer. In all, 10 different reinforcement materials were evaluated,
including slit-film and coarse woven geotextiles, needle-punched
and heat-bonded nonwoven geotextiles, and two types of geo-
grid. In addition, comparative results were obtained for metal
and fiber strip reinforcements. Pull-out resistance was reported
as a function of applied normal load. Seil-reinforcement resis-
tance coefficients were found by several methods and are pre-
sented as shear stress versus normal stress plots. Load transfer
behavior is discussed in terms of observed stress-strain behav-
ior.

Soil reinforcement with geosynthetics has been practiced
for about two decades, and substantial resecarch has been
conducted to evaluate the interaction between soils and
geosynthetic reinforcement in order to determine resis-
tance of the material to sliding. Until now it has been
difficult to compare various methods of evaluating sliding
resistance because of inconsistencies among test methods,
equipment, and interpretive methods. To alleviate this sit-
uation, large-scale pull-out tests were performed as part
of an extensive laboratory and field investigation of rein-
forced soil behavior.

The study, sponsored by the FHWA, included reinforce-
ment materials representing all types currently available.
The portion of the results concerning geosynthetics and
strip reinforcements is presented here.

Using a uniform pull-out test procedure, pull-out resis-
tance and coefficient of resistance were found for 10 types
of reinforcement. The materials included geotextiles, geo-
grids, and strip-type reinforcements. A series of tests was
performed at varying normal stresses using gravel, sand,
silt, and clay as the test medium.

Results are presented as plots of maximum pull-out
resistance versus test normal stress. A soil-reinforcement
resistance angle in sand was also determined for each type
of reinforcement. Iterative strain information obtained

C. Bonczkiewicz, Northwestern University, Evanston, Ill. and
STS Consultants Ltd., 111 Phingsten Road, Northbrook, Iil.
B. R. Christopher, STS Consultants Ltd., 111 Phingsten Road,
Northbrook, Ill. D. K. Atmatzidis, Department of Civil Engi-
neering, University of Patras, Patras, Greece.

during testing was used to examine different methods of
evaluating this parameter. Examples of plots of maximum
pull-out force versus embedment length and maximum shear
stress versus normal stress are presented. Finally, an attempt
to define the in-soil stress-strain response, along with the
stress distribution in reinforcements during the pull-out
test, is discussed.

BACKGROUND

Pull-out testing generally consists of measuring the force
necessary to pull a specimen out of a soil mass. This force
expressed per unit width of reinforcing material is com-
monly referred to as pull-out resistance. Pull-out stress is
the force expressed per area of material.

Some researchers have concentrated on developing a
method of obtaining a soil-reinforcement resistance coef-
ficient (8), which could be used in the shear strength rela-
tion

T=ntand (1)

where 7 is shear (or pull-out) stress and # is normal stress.

If the load distribution on the test material is unknown,
the pull-out force is often assumed to be evenly distributed
over the total area of reinforcement. The total area coef-
ficient (3) then is the slope of a maximum pull-out stress
versus normal stress plot. Often this coefficient is approx-
imated to be equal to %5 ¢ (1).

Solomone et al. (2) presented another methodology for
obtaining a pull-out coefficient by finding an interaction
parameter designated K, where K, was the slope of the
relationship between a pull-out force and the mobilized
embedded length of reinforcement. K, was related to a
soil/reinforcement resistance angle 8 by

K,/2b = N tan 8 )
where
b = reinforcement width,

N = normal pressure, and
K, = interaction parameter.

The stress distribution in extensible reinforcements dur-
ing a pull-out test has been studied by several investigators
who obtained deformation measurements along the length
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TABLE 1 PULL-OUT TEST PROGRAM
Reinforcement
Type Gravel  Sand Silt Clay

Geotextiles

Coarse woven 5,10,15
Smooth woven 1,2,5 1,2,5 2.5 5
Needled nonwoven 1,5 518 5
Heat-bonded nonwoven 4,2,5

Geogrids
Extruded 1 x 1 3,4,6
Extruded 1 x 4 2,4,8 2,48 15 5,15
Welded 3 X 3 3,4,6
Welded 1.5 x 4 2,4.8 2,48

Strips
Fiber 51537 5;15
Metal 5,15,37

NOTE: Values are normal stress used for test (psi).

of pull-out specimens. Most [3-5 and R. D. Holtz, Lab-
oratory Studies of Reinforced Earth Using a Woven Plastic
Material (unpublished technical report), October 1973]
concluded that stress is maximum near the application point
and decreases with some function to zero at or before the
end of the pull-out sample.

One complication in determining the distribution of
stresses is the apparent increase in stress-strain modulus
of geosynthetics with confinement. Loads up to twice the
unconfined strength values for nonwoven geotextiles were
reported (3, 6, 7). Increased modulus values for woven
geotextiles have also been found (8).

Because the analysis methods presented have been used
on data from a variety of pull-out test procedures, com-
parisons of the findings are limited. This study attempted
to employ the latest equipment studies (9, 10) in the design
of the pull-out box and the modification of basic test pro-
cedures. The procedures used are described, and, because
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they were consistent throughout the test program, results
can be compared.

EXPERIMENTAL INVESTIGATION

Throughout this test program, test conditions varied only
with normal stress, soil type, and reinforcement type. A
description of procedures and reinforcement conditions
tested follows.

Test Program

The test program was developed to test a wide range of
reinforcement materials under a wide range of test con-
ditions. Most of the research was conducted with sand-
type soil as the standard; some tests were performed in
soils with larger and smaller grain sizes for comparison.
Tests using a number of normal loads were performed with
the same sample-soil combination to develop a relationship
between maximum pull-out force and normal stress. The
test program is given in Table 1.

Materials
Reinforcements

The reinforcing materials in this program included geo-
textiles, polymer grids, and two types of strips. Select phys-
ical characteristics are summarized in Table 2. All are con-
sidered extensible materials with the exception of the metal
strips. The samples were oriented in their machine or warp
direction for pull-out.

TABLE 2 PROPERTIES OF REINFORCEMENT MATERIALS

Tensile Strength”

Elongation at

Peak Strength Max. Load
(Ib/in.) (%) ;
Opening
Reinforcement Machine Cross Machine Cross Thickness® Size
Type Dir. Dir. Dir. Dir. (in.) (in.)
Geotextiles
Coarse woven 569 459 20 13 0.06 0.023¢
Smooth woven 211 212 26 16 0.03 0.012¢
Needled nonwoven 108 104 94 49 0.11 0.005-0.007¢
Heat-bonded nonwoven 61 76 60 69 0.024 0.003¢
Geogrids
Extruded 1 x 1 106 175 12 - 0.04-0.1 1.X 1.5
Extruded 1 x 4 424 57 16 - 0.06-0.2 0.9 X 4.4
Welded 3 X 3 271 170 8 11 0.01-0.08 3 x3
Welded 1.5 X 4 553 225 7 - 0.01-0.08 1.5 X 4
Strips
Fiber 3,300¢ - 36 - 0.14 -
Metal 7,200¢ - - - 0.2-0.3 -

NoTE: Dash indicates not available or not applicable.
“Tested according to ASTM D-4595.
*Tested according to ASTM D-1777.

From Geotechnical Fabrics Report (1986) or other manufacturers’ literature
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TABLE 3 PROPERTIES OF SOILS USED IN PULL-OUT TESTS

Angle of
Test Reference Water Internal

Soil Density Density Content Liquid Plasticity Friction®
Type (pcf) (%) (%) Limit Index (degrees)
Fine sand 104 96° Air dry - - 35
Gravel 112 - Air dry - - 43¢
Silt 107 954 4 24 6 21
Clay 106 954 18.5 45 31 15

“From triaxial tests.
*Relative density.
<Estimated.

“Percentage of maximum standard Proctor value.

Both coarse and smooth woven geotextiles were tested.
The coarse woven geotextile chosen for the test program
was a polypropylene multifilament (14 oz/yd®) geotextile
of relatively high strength (569 1b/in.). The smooth woven
geotextile was a polypropylene slit film woven (7 oz/yd?)
with less than half the tensile strength of the coarse fabric.

A medium-weight (8 oz/yd?) continuous filament pol-
yester needle-punched fabric was used as the needled non-
woven geotextile representative. It had a high elongation
capacity in the testing direction and necked considerably
during the tests. The weakest material tested was the heat-
bonded nonwoven geotextile with a wide width strength
of 61 Ib/in. The material was a polypropylene heat-bonded
geotextile (6 oz/yd?) with relatively smooth sides.

The polymer grids tested were of two different types
distinguished by polymer, shape, and manufacturing pro-
cess. Two different products of each type were tested. The
welded-strip geogrids were made of orthogonally placed
0.5-in.-wide strips of highly oriented polyester welded
together at the crossover points. This material had a thin
metal screen attached at the nodes along each cross direc-
tion strip. The 3 x 3 welded strip grid consisted of strips
placed 3 in. apart in both directions. A 1.5 X 4 welded

100

strip grid with strips placed every 1.5 in. in the machine
direction and at 4-in. intervals in the cross direction was
also tested.

The extruded geogrids were made by stretching a punched
polymer sheet in the preferred direction. The 1 X 4 extruded
grid (27 oz/yd®) was made from a high-density polyethylene
sheet and had oval openings about | in. wide by 4 in. long
oriented in the machine direction. The 1 x 1 extruded
grid was a biaxially oriented polypropylene 9 oz/yd? geo-
grid with openings 1 in. by 1.5 in. and 0.1-in.-wide ribs.

The strip reinforcements were made of metal and fibers.
The fiber strips were made of polyester fibers arranged in
bundles covered with a black polyethylene thermoplastic.
The strips were 3.4 in. wide and 0.14 in. thick. The other
strips were 2 in. wide, 0.2 in. thick galvanized steel with
ridges 0.1 in. high in the cross direction at intervals.

Soils

Four different types of soil were used to conduct the pull-
out tests: sand, gravel, silt, and clay. The characteristics
of these soils are given in Table 3 and shown in Figure 1.
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FIGURE 1 Grain size distribution of soils used in test program.
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FIGURE 2 Cross section of pull-out box.

Most of the tests were conducted with the soil identified
as sand—a poorly graded Fontainebleu sand.

The gravel consisted of subrounded particles ranging in
size from 0.75 in. to 0.2 in. with almost no sand or smaller-
sized particles. The silt was slightly cohesive with a rela-
tively high angle of internal friction (35 degrees). A low-
plasticity silty clay was used as the fourth type of soil.

Equipment

The methodology for determining pull-out resistance was
based on measurement of horizontal forces used in pull-
out of reinforcement materials embedded in aggregate in
a large pull-out box.

The pull-out box (Figure 2), which was designed and
built by STS Consultants Ltd., consisted of two 18-in. chan-
nel sections for sides, a bottom plate, a removable back
wall, and a horizontally split door. Inside dimensions were

53 x 27 x 18 in. (length x width x depth). A horizontal
metal sleeve 6 in. long was located over the full width of
the box in an attempt to decrease the horizontal stress near
the door face during pull-out.

Pull-out was performed by a hydraulic cylinder mounted
horizontally 40 in. in front of the door of the pull-out box.
The cylinder was 0.5 in. above the bottom half of the door
to allow a level pull of reinforcement placed on a 6.5-in.
layer of aggregate. The ram was attached to the reinforce-
ment sample and was retracted to provide the force for
the test. Pull-out force was measured by a load cell attached
between the reinforcement and the hydraulic ram.

The normal loads for the pull-out tests were supplied by
inflating an air bag fitted in the pull-out box to act as a
diaphragm. The bag was placed between a 0.2-in.-thick
flexible metal plate, which rested on the aggregate, and
the 0.55-in.-thick metal pull-out box cover plate. Two 3-
in. H-sections were bolted across the width of the top of
the box to provide a reaction for the cover plate. Constant

3" II|I J_; II" J_ II" L 6" J_ 6" _Lz|l 3“] 4" :
) . N T T
7
~SECTION-|-SECTION—|-SECTION—| — SECTION\-
o 3\'A m o ﬁ/
o— /
/ ) Jo—e 27"
o /
| (2
SOIL . "/ /
h - 4

FIGURE 3 Plan view and typical gauge placements.
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FIGURE 4 Pull-out resistance versus normal stress for geotextiles.

pressure was maintained throughout the test by a regulator
connected to the air bag.

Horizontal displacement of the reinforcements was
measured by several extensometers. One dial extensom-
eter was mounted on the reinforcement outside the box
near the door, and four wire extensometers measured dis-
placements of the specimen inside the pull-out box. The
wire gauges consisted of inextensible wire that was con-
nected to a spring-loaded dial extensometer mounted out-
side the pull-out box and attached to a metal ring on the
reinforcement sample. The wires were attached to the
specimen at four different distances from the pull-out box
door. They were encased in stiff tubing to enable free
movement under normal loading. Figure 3 is a diagram of
extensometer locations.

Reinforcements were gripped in a simple clamp made
of a series of bolts holding the material between metal
angle pieces. The clamp was 24 in. wide and 4 in. long
with two rows of bolts. It was attached to the hydraulic
load piston by a swivel connection. When slippage was a
problem, the material was epoxy coated or held in the
clamp by looping it over a metal rod behind the clamp, or
both.

Procedures

Pull-out testing was previously described as measuring the
force necessary to pull a specimen out of a soil mass. More
specifically, at the beginning of the tests, half the soil mass
was placed in the box and compacted with a vibratory
compactor (hand placement of silt and clay). The rein-
forcement sample was then placed on the soil, slipped into
the 6-in.-long metal sleeve, and connected to the pulling
ram. Next the gauges were attached, the front door of the

box replaced, and the remaining 6 in. of soil placed. A
normal load was applied by positioning the air bag with
its cover and then pressurizing the bag. A pulling force
was applied so that the test rate was 0.04 in./min as mon-
itored by the extensometer mounted just outside the box
door. Loading continued until the geosynthetic ruptured
or until pull-out occurred.

RESULTS AND OBSERVATIONS

The results of this test program were evaluated in terms
of pull-out resistance (P) and soil reinforcement resistance
angle (8). Pull-out resistance, as previously noted, is an
expression of the horizontal force per unit width opposing
mobilization of a reinforcing material in soil. Comparison
of pull-out resistance under different test conditions is pre-
sented to illustrate the effect of normal stress, reinforce-
ment tensile strength, and soil type. Four methods were
used to calculate soil reinforcement resistance coefficients
from the test data in sand. The use of extensometer data
to obtain a confined stress-strain relationship is also dem-
onstrated.

Reinforcement Pull-Out Resistance

Figures 4-6 show the maximum pull-out resistance values
obtained for the different reinforcements in sand under a
series of normal load conditions. An increase in maximum
pull-out resistance with increasing normal load is evident
in the figures. The cases in which rupture of the reinforce-
ment occurred before pull-out are exceptions and are indi-
cated by an asterisk in the graphs.
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FIGURE 5 Pull-out resistance versus normal stress for geogrids.

Most materials that failed before pull-out showed pull-
out resistance values close to their wide width tensile
strength. This was anticipated because the materials were
unconfined outside the pull-out box where failure actually
occurred. The case of coarse woven geotextiles is an excep-
tion with observed pull-out values of less than 60 percent
of tensile strength. This result was most probably due to
weakening of the fabric at the clamp during the clamping
procedure.

llout resistance (Ib/in)

Influence of Soil Type

The effect of soil type on pull-out resistance was also stud-
ied, and comparative graphs are shown in Figures 7-11.
Pull-out resistance in gravel was found to be greater than
in sand; however, in some cases this difference was min-
imal. The pull-out resistance results in noncohesive silt
were slightly lower than in sand for the geotextiles, geo-
grids, and strip reinforcements tested.

metal
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- 200+ e fiber
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E
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FIGURE 6 Pull-out resistance versus normal stress for strip reinforcements.
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FIGURE 7 Pull-out resistance with various soil types— smooth woven geotextile.

A limited number of tests in a low-plasticity clay resulted
in pull-out resistance values that were slightly less than the
values in sand for the smooth woven geotextile and slightly
greater than the values in sand for nonwoven geotextiles
and geogrids. It should be noted that these data were from
short-term testing and one moisture/density relation. They
provide only an initial indication of pull-out resistance in
cohesive soil. The influences of moisture, density, pore
pressure, soil creep, and other characteristics of clay were
not evaluated in this study.

Soil-Reinforcement Interaction

As previously indicated, pull-out resistance is often eval-
uated by comparing the ¢ angle of the soil with a soil-
reinforcement resistance angle (3), which can be obtained
by a variety of methods. Values of 8 obtained by four
methods for a sampling of the test materials are given in
Table 4. The table includes only tests performed using sand
in the pull-out box in order to eliminate the soil as a var-
iable.
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FIGURE 8 Pull-out resistance with various soil types— needled nonwoven geotextile.
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FIGURE 9 Pull-out resistance with various soil types—1 X 4 extruded geogrid.

The first two methods used were the %5 ¢, approach
and the area method. For the area method, 8§ was found
from a plot of maximum pull-out stress versus normal stress.
Because resistance is developed by both sides of the rein-
forcement, pull-out stress was defined as the ultimate pull-
out load divided by two times the embedded area of the
reinforcement.

Knowledge of specimen movements in the pull-out box

provided another way to find a soil-reinforcement resis-
tance angle. It appears that the wire extensometers can be
used to determine the length of geosynthetic sliding as the
pull-out test progresses. By using only the portion of the
sample that is actually moving and the specimen width, a
corrected area can be calculated for the portion of the
sample that is being stressed. This method is referred to
as the “corrected area method” in Table 4, where pull-
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FIGURE 10 Pull-out resistance with various soil types— 1.5 x 4 welded geogrid.
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FIGURE 11 Pull-out resistance with various soil types— fiber strip reinforcement.

out stress is obtained from

Load to mobilize reinforcement section
Corrected area of section x 2

Pull-out stress =

)

The pull-out stress versus normal stress relation was then
used to determine a 3 angle. The values presented in Table
4 were found by using the wire gauge readings from Section
IT of Figure 3. For most extensible materials, 8 values
determined by using this method were found to be greater
than those determined previously with the area method,
as shown in plots of shear stress versus normal stress (Fig-
ures 12-16). A best fit line using the corrected area results
implied a pseudo-cohesion intercept for the geogrid mate-

TABLE 4 COMPARISON OF 8§ VALUES

rials. This may be due to the bearing resistance provided
by the cross members of these materials.

Another value of 8 was calculated using the K, method
proposed by Holtz and Solomone et al. (2). The slope of
the force versus mobilized length relation was called K,
and is shown for a sample of cases in Figures 17-19. The
mobilized length of the reinforcements was found by
assuming that movement at a wire gauge location indicated
pull-out at that point. This assumption proved valid when
pull-out results from geogrids of different lengths were
compared with results obtained by using wire gauge move-
ment to determine embedded length. A soil-reinforcement
resistance angle (8) was found using Equation 2, as sug-
gested by Solomone et al., for each test; the range of values

Soil Reinforcement Resistance Angle &

Area K, Corrected

Reinforcement Ydgon Method” Method® Area Method
Coarse woven 22 28 23-27 29
Smooth woven 22 31 21-29 34
Needled nonwoven 22 14 28 27
Heat-bonded nonwoven 22 37 25-31 37
Extruded grid 1 x 1 22 33 11-23 33
Extruded grid 1.5 x 4 22 23 N/A N/A
Welded grid 3 x 3 22 22 29-32 23
Welded grid 1.5 x 4 22 23 N/A N/A
Fiber strip 22 34 33-46 47

Metal strip 22 63 N/A N/A

NoOTE: N/A = not applicabe because iterative strain data not available.
79 calculated from pull-out tests in sand and expressed in degrees.

*From plots of ultimate pull-out load/2 X area.

“Range of & calculated-using K, (Equation 2).
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FIGURE 12 Resistance angle determination for smooth woven geotextile.

is reported for each reinforcement in Table 4. These cal-
culations assume no cohesion-type intercept.

The data in Table 4 indicate that it is possible to obtain
a wide range of values for & depending on the method
used. Comparisons of the corrected area and the K, deter-
mination methods were limited because of the small num-
ber of extensometers on the specimens, which resulted in
rough approximations for the corrected area and sliding
areas. Inaccuracies in these coarse measurements may have
affected the K, relation, which was not in all cases found
to be linear as expected by Holtz. One limitation of the
total area method was lack of valid data as the result of

test specimen failure. Also, many research results indicate
that, in extensible materials, the total area is not uniformly
stressed in the pull-out test as is assumed in the calcula-
tions.

Stress-Strain Behavior

Wire extensometers attached to the specimen allowed
determination of stress on separate sections of reinforce-
ment during the pull-out test. Strain was found by sub-
tracting the movement measured at one location from the
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FIGURE 13 Resistance angle determination for coarse woven geotextile.
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FIGURE 14 Resistance angle determination for 1 X 1 extruded geogrid.

movement measured by an adjacent gauge and dividing
by the distance between gauges. Elongation values are
plotted versus pull-out resistance in Figures 20 and 21 for
geotextiles and in Figure 22 for one of the geogrids. If
change in pull-out resistance versus elongation is plotted
as in Figures 23 and 24, it can be seen that the confined
sections of a needled nonwoven geotextile and geogrid
behave quite similarly and have moduli that are higher
than those determined from their respective unconfined
behavior. Figure 25, however, shows that the elongation
of a coarse woven geotextile was variable along its length

and not substantially greater than that of an unconfined
sample. This behavior was anticipated from the work of
Christopher et al. (7).

A confined load/elongation curve was assumed as an
average of the curves from gauged Sections 11, 111, and IV
in Figures 23-25. Figures 26-28 are approximations of
stress distribution on the reinforcements during pull-out.
The stress values were obtained by choosing pull-out resis-
tance values from the average confined load/elongation
curve corresponding to the displacements measured in the
reinforcement sections. The different load levels presented
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FIGURE 15 Resistance angle determination for 3 x 3 welded geogrid.
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FIGURE 16 Resistance angle determination for fiber strip reinforcement.

indicate that stress distribution changes as loading pro-
gresses. This approximation yields stresses that are not
uniformly distributed but decrease away from the applied
load with some parabolic function as anticipated for exten-
sible materials.

SUMMARY AND CONCLUSIONS

The considerable variation in pull-out resistance observed
can be attributed to material and soil type without the
influence of testing differences. This test program thus
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FIGURE 17 K, plots—coarse woven geotextile.
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FIGURE 18 K, plots—3 X 3 geogrid.

allowed pull-out resistance values for many types of rein-
forcement, soil media, and methods of analysis to be com-
pared.

A formal discussion of some of the findings awaits fur-
ther study and perhaps more testing. Nevertheless, several
observations are apparent from the results presented.

e Uniform test procedures for all types of reinforcement
facilitate comparisons, and standard procedures should be
developed.

e Maximum pull-out resistance values varied from 26 to
352 Ib/in. It is understood that much of this variability is
due to the wide range of strengths of the materials tested.

8000 r'
normal stress: 36 psi
- K = 91
r
@000 +—
Lon]
)
©
c
=)
=]
a. o
A
8 4000 —
)
o
-t .
=) ormal stress: 14.9 psi
(o] =
5 K = 68
25
a
2000 (— o
L]
/ //;);mal stress: 4.75 pSi
4 K_= 37
/ ) o
0 1 ! L i
0 10 20 30 40

embedded length (inches)

FIGURE 19 K, plots—fiber strip reinforcement.
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However, normalizing the results indicates that maximum
pull-out resistance values range from 15 to 106 percent of
respective unconfined strengths.

e Comparison of results in different soil types showed
the highest resistances in compacted gravel but minimal
difference in finer-grained soils.

e A resistance factor can be found by using the corrected
area and K, methods, which appear to give a realistic
adjustment to the more traditional determinations of 8.

e Finally, the results indicate that the pull-out test may

be used to evaluate the confined behavior of reinforce-
ment.
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Geogrid Reinforcement of Granular Bases in

Flexible Pavements

RarLpH Haas, Jamie WaLLs, AND R. G. CARROLL

A comprehensive laboratory research program to investigate
geogrid reinforcement of granular base layers of flexible pave-
ments was carried out at the University of Waterloo and involved
repeated load tests on varying thicknesses of reinforced and
unreinforced granular bases. Other controlled variables included
reinforcement location and subgrade strength. The purpose of
this paper is to explain geogrid reinforcement mechanisms in
granular base applications through analysis of stress, strain,
and deflection measurements. The results of that research are
first compared with fabric reinforcement and failure criteria.
For high-deformation systems both fabric and grid can be
effective in tension membrane action, but for low-deformation
systems the interlock and confining action of a grid is required
to provide effective reinforcement. The Waterloo work showed
that permanent deformation of both types of systems can be
significantly reduced by using geogrid reinforcement in the
granular base. The reinforcement mechanisms involved with
geogrid reinforcement of granular bases, and how the stress-
strain-deflection response of the structure varies, are dis-
cussed. It is concluded that, for optimum effect, geogrid rein-
forcement should be placed at the base-subgrade interface of
thin base sections and near the midpoint of thicker bases.
Moreover, the zone of such placement should not involve elastic
tensile strains in the grid that are greater than 0.2 percent.
Under these conditions, geogrid reinforcement can be highly
effective in reinforcing the granular base material and thereby
extend the life of a structure.

The function of reinforcement is to strengthen by addi-
tional assistance, material, or support. For the same reason
that steel reinforcement is embedded in concrete, rein-
forcing materials can be incorporated into the base layer
of flexible pavements so that the two materials act together
to resist forces. Interlock or positive bond between the
reinforcement and the aggregate particles is required to
truly reinforce the granular base of flexible pavements.
Because an unbound base cannot take tension, the func-
tion of the interlock or bond is to mobilize the strength of
the reinforcement and impart this resisting force to the
base. In addition to possessing the appropriate physical
properties to interlock with the base layer, a pavement

R. Haas, Department of Civil Engineering, University of Water-
loo, Waterloo, Ontario N2L 3G1, Canada; J. Walls and R. G.
Carroll, The Tensar Corporation, 1210 Citizens Parkway, Mor-
row, Ga. 30260.

reinforcing material should possess the following mechan-
ical properties:

1. High tensile modulus to resist stretching under load;

2. Dimensional stability to resist radial stresses without
deforming, warping, or stretching;

3. Elastic response under dynamic loading;

4. Resistance to plastic strain with repeated load appli-
cations; and

5. Inertness and durability.

For more than a decade geotextile fabrics have been
used for subgrade stabilization of soft foundation soils. In
subgrade stabilization, the separation function of the fabric
is the key to performance. It prevents granular base mate-
rial from punching into soft foundation soils under the
wheel or track loads of construction vehicles. Because base
punching or localized shear failure is prevented, the subgrade
can develop its full bearing capacity. This separation func-
tion provides an increase in subgrade load capacity when
the soil shear strength is quite low (< 1,000 psf) and the
subgrade is prone to deep rutting. Assubgrade shear strength
increases (> 1,000 psf), however, these benefits diminish.

Fabric applications have been limited for the most part
to high-deformation systems in which surface deflections
of 3 in. or greater are allowable—for example, haul and
access roads over soft ground. But there is little if any
evidence to support improvements via fabric separation or
reinforcement in low-deformation systems.

Recent developments in geogrid technology, however,
suggest that the interlock and tensile modulus character-
istics of certain grid products might be beneficial as rein-
forcement within the granular base of low-deformation
systems, such as flexible pavements, as well as high-defor-
mation systems. This was clearly demonstrated in the Uni-
versity of Waterloo research program (I —3), which is sub-
sequently discussed.

In addition to possessing the previously mentioned prop-
erties, grids can be manufactured with opening sizes com-
patible with typical base course maximum particle sizes
(i.e., 1to 1% in.). The grids provide a most efficient means
for carrying tensile stresses transmitted through the base
course. The result is confinement of the aggregate particles
and a reduction in strain due to wheel loads.



20

The purpose of this paper is to provide some general
background, summarize the results of the research pro-
gram carried out at the University of Waterloo, examine
the mechanisms that govern the performance of grid rein-
forcement, and define the optimum conditions for effective
reinforcement of the base layer of flexible pavements.

BACKGROUND

In recent years, several laboratory and full-scale trials have
been carried out to study the reinforcement potential of
geotextiles and geogrids in both unpaved (high-deforma-
tion) and paved (low-deformation) roads. Through these
programs, several reliable design methods have been
developed. In addition, hundreds of installations have been
observed by practicing civil and geotechnical engineers.
Despite the vast amount of information available and
increased experience with geotextiles and geogrids, many
failures still occur because of a lack of understanding of
how these materials affect the properties of the basic engi-
neering materials (e.g., subgrades, engineering fills, and
pavement materials) or how reinforcement affects the load
response of the structure.

Even a review of the literature can be confusing because
various studies indicate everything from inferior to supe-
rior performance of reinforced paved and unpaved roads
compared with unreinforced structures. Several studies
report contlicting observations about the optimum location
for reinforcement, which ranges from the base-subgrade
interface to a location near the top of the base. For exam-
ple, studies by Halliday and Potter (4) and Ruddock et al.
(5) concluded that the presence of a woven polyester geo-
textile had no effect on the structural performance of asphalt
pavements. In both test programs the geotextile was placed
at the bottom of the base course. A field test program by
Barker (6) showed that grid reinforcement at the midpoint
of a 6-in. base course of a flexible pavement had only a
minor effect on reducing rutting beneath heavy aircraft
loads. On the other hand, large-scale laboratory tests by
Bathurst et al. (7) indicated that geogrid reinforcement
placed in the upper section of railway ballast had a sig-
nificant impact on reducing tie-ballast settlements over
flexible subgrades. Similarly, plate loading tests on Rein-
forced Earth slabs at the Cooper Union School of Engi-
neering showed decreasing settlement and higher bearing
capacities with reinforcement layers placed close to the
footing (8). In contrast, the Waterloo study showed that
maximum rutting reduction benefits of grid reinforcement
were evident when grid was placed within the lower half
of the base course of flexible pavements.

To explain these apparent discrepancies, it is necessary
to look more closely at the variables tested in each of the
test programs and to examine the effects reinforcement
has on the load response of a system. Variables that might
result in apparent discrepancies in test results include type
of structure; subgrade type and strength; failure criteria;
static versus dynamic load; shape, size, and magnitude of
load; and type and location of reinforcement.
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Perhaps the most significant of these variables are the
failure criteria used for drawing conclusions from a par-
ticular study. For example, a test program that considers
failure at deformations of 2 in. or more would not be
applicable to flexible pavement structures. Furthermore,
cyclic load tests that cause initial deflections of more than
0.1 in, would also not be applicable to flexible pavements.
In essence the structure being tested would be underde-
signed as a flexible pavement but might be appropriate for
a temporary haul road. The importance of the failure cri-
teria is that they can dictate design parameters such as type
and location of reinforcement and number of reinforce-
ment layers.

For example, it has been shown by several investigators
that deformations can be significantly reduced by the inclu-
sion of reinforcement near the surface of an unbound base
course. This is true for high-deformation systems because
the initial deformations tension the reinforcement and allow
it to carry tensile load through tension membrane action.
Before it is tensioned, however, the reinforcement is actually
in a zone of compression, and the initial deformation that
is required to mobilize the reinforcement is typically greater
than tolerable rut depths for flexible pavements.

Thus, for reinforcement to be effective in flexible pave-
ment structures, it is apparent that the optimum location
must be in a zone of tensile stress during the first load
application and remain in a tensile zone throughout the
design life. This location will be dictated by the shape,
size, and magnitude of the design wheel loads as well as
the strength characteristics of the pavement layers, includ-
ing the subgrade.

WATERLOO TEST PROGRAM

The experimental program involved full-scale cyclic load
tests on both reinforced and nonreinforced model pave-
ment sections. These sections consisted of asphalt concrete
3 to 4 in. thick and aggregate base constructed over a sand
subgrade. Variables in the test program included subgrade
bearing capacity, base layer thickness, asphalt concrete
layer thickness, and grid location within the base layer.
The principal objectives of the experimental investigation
were Lo

1. Develop equivalency factors for geogrid-reinforced
granular base sections;

2. Develop structural design procedures for geogrid-
reinforced flexible pavements using the equivalency factors
developed in Objective 1; and

3. Analyze geogrid reinforcement mechanisms in flex-
ible pavements through the use of stress, strain, and deflec-
tion measurements.

The experimental program was divided into six test series
or “loops,” each of which contained four separate tests.
Each loop was carefully designed to control the key var-
iables in order to isolate and examine the effects of geogrid
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reinforcement. A summary of the test arrangements is given
in Table 1.

Test Facility

The test facility at the University of Waterloo consisted of
a large rectangular box, 15 ft X 6 ft X 3 ft, constructed
of plywood reinforced by a steel frame and lined with
galvanized steel sheeting.

Loads were applied by a steel plate 12 in. in diameter
driven by a servohydraulic actuator rated at 13 kips. Each
test section was subjected to an identical loading sequence
that consisted of a series of dynamic loads followed by a
single static load at predetermined cycle counts. The load
applied to the pavement surface for both types of loading
was 9,000 b, which applied a pressure of 80 psi through
the load plate. The configuration and magnitude of the
applied load were selected to simulate a set of dual wheels
under an equivalent 18-kip single axle load. Dynamic loads
were applied at a frequency of 8 cycles per second.

21

Instrumentation

Each test set up was instrumented as shown in Figure 1.
Five dial gauges were placed on the asphalt surface and
load plate along with an actuator linear velocity displace-
ment transformer (LVDT) to measure surface deflections
and permanent deformations of the asphalt surface. In
addition, foil-type strain gauges were placed on the mesh
at several locations at increasing radial distances from the
load center.

In selected tests, pressure cells were placed 1.5 in. below
the top of the subgrade to compare differences in stress
distribution in reinforced and unreinforced sections.

Subgrade

The prepared subgrade consisted of a very fine-grained
beach sand (SP) (99 percent passing the No. 40 sieve, 32
percent passing the No. 100 sieve, 4 percent passing the
No. 200 sieve). Because it had an almost uniform grain

TABLE 1 TESTS LOOPS, CONTROLLED VARIABLES, AND OBJECTIVES

Asphalt Base Reinforcement Location
Thickness Thickness Within Granular
Test No. (in.) (in.) Base Subgrade CBR Objectives
Loop No. 1
1 4 8 None 8 Location effect
2 4 8 Bottom 8
3 - 8 Mid 8
4 4 8 Top 8
Loop No. 2
1 3 8 None 3.5 Granular base thickness effect
2 3 8 Bottom 35 and softer subgrade effect
3 3 6 Bottom 3.5
4 3 4 Bottom 3.5
Loop No. 3
1 3 10 Bottom —a Thicker granular effect; very
2 3 8 Mid —a weak, saturated subgrade
3 3 10 None —a effect; and grid location
4 3 12 None —a effect
Loop No. 4
1 3 6 Bottom 1 Very weak subgrade and
2 3 8 Bottom 1 thickness effect
3 3 8 None 1
4 3 12 Mid 1
Loop No. 5
1 2 6 Mid | Very weak subgrade and
2 3 6 Mid, tensioned | effect of pretensioning
3 3 12 Mid, tensioned | geogrid
4 3 12 None
Loop No. 6
1 3 12 Subgrade <1 Very weak subgrade effect,
2 3 12 Bottom <1 reinforced subgrade effect,
3 3 12 None <1 and 2 layers of
4 3 12 Mid and Base <1 reinforcement effect

“The subgrade started out at a CBR of 4 but due to loss of moisture became very strong toward the end of this loop.



22

LOADING PLATE
(¢ =300mm ’

D

L

ﬂnmmmmmnuummm: ll‘llllllltl (TR
ASPHALT SURFACE AR AT

TRANSPORTATION RESEARCH RECORD 1188

ACTUATOR

DIAL GAUGES

208,

o od' G”.
D097 s GRANULAR BASE

0.“ _" PRP=0 comm e D s G

LIy

TENSAR MESH

L)
RLLLN AN N TAN AN 7S LTINS NS RIS LN .

STRAIN GAUGES
(bonded to mesh)

e

C— =
NS

N,

Y,
\ &
SUBGRADE SURFACE

FIGURE 1

size, it was ideal for varying support strength by changing
the moisture content.

Aggregate Base

The base material for all tests was a well-graded crushed
stone aggregate (GW) (100 percent passing the 1-in. sieve,
49 percent passing the No. 4 sieve, 4 percent passing the
No. 100 sieve, 2.3 percent passing the No. 200 sieve). The
optimum moisture content and maximum dry density were
determined to be 6 percent and 146 Ib/ft2, respectively.

Asphalt Concrete

The asphalt surface layer for all tests was a dense-graded
material with a maximum aggregate particle size of 0.6 in.
and an 85/100 penetration grade asphalt cement.

Geogrid Reinforcement

The geogrid used for all tests was Tensar SS1 Geogrid.

The key performance properties of this grid are given in
Table 2.

TEST RESULTS

In addition to the first two objectives of evaluating the
potential of geogrids for effective reinforcement of flexible
pavements and developing design relationships, the third
objective of the test program was to analyze the reinforce-
ment mechanisms by using stress, strain, and deflection
measurements. By gaining an understanding of how geo-
grids atfect the load response of a pavement structure, it

PRESSURE CELLS

General arrangement of instrumentation.

is possible to identify conditions for optimum reinforce-
ment benefit as well as conditions for which grid reinforce-
ment may not be as effective.

The major conclusions of the test program, which have
been reported elsewhere (2, 3), follow:

1. Grid reinforcement can increase the number of load
cycles carried by a factor of 3 (for a “failure” criterion of
0.8-in. permanent deformation, which is generally consid-
ered appropriate for high-type pavement facilities);

2. Base thickness reductions of 25 to 50 percent are
made possible by inclusion of geogrids; and

3. The optimum location of grid reinforcement within
the granular layer was found to be dependent on granular
thickness and subgrade strength.

These conclusions suggest that the potential benefits of
incorporating grid into a base layer are dependent on
choosing the appropriate grid location because grid loca-
tion can dramatically affect the load response of the pave-
ment. Examination of stress, strain, and deflection data
clearly indicates how geogrid reinforcement at the opti-
mum location can effectively interlock with and confine
an aggregate base, resulting in increased resistance to lat-
eral and vertical deformation.

Stress Measurements

Pressure cells were placed 1%z in. below the top of the
subgrade in selected test sections. In Loops 2 to 5, one
pressure cell was placed directly beneath the load center
and another at 12 in. radial distance from the load center.
In Loop 6, one pressure cell was placed beneath the load
center only in three of the four tests.

Pressures were monitored at predetermined cycle counts
when dynamic loading was temporarily stopped. Readings
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TABLE 2 TENSAR §S81 GEOGRID (BX1100)
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Geogrid Property Test Method Unit Value
Aperture size I.D. calipered”

MD (roll direction)® in. 1 (nom.)*

CMD (across roll width)* in. 1.3 (nom.)
Open area COE method* % 70 (min.)
Thickness ASTM D 1777-64

Rib in. 0.03 (nom.)

Junction in. 0.11 (nom.)
Flexural Rigidity ASTM D 1388-64

MD mg-cm 250,000

CMD mg-cm 325,000
Tensile modulus ASTM D 638-82/

(modified)

MD Ib/ft 14,000 (min.)

CMD 1b/ft 20,000 (min.)
Junction strength ASTM D 638-82¢ %o 90 (min.)

“Maximum inside dimension in each principal direction measured by calipers.

PMD = machine direction, which is along roll length.

“Nominal values that shall not vary by more than + 15 percent.

4CMD = cross machine direction, which is across roll width.

“Percentage of open area measured without magnification by Corps of Engineers method as specified in
CW 02215 Civil Works Construction Guide, November 1977.

/Secant modulus at 2 percent elongation measured by tensile loading test (ASTM D 638) modified to
clamp single ribs of the grid structure at junctions and apply a constant rate of extension of the rib of
2 in./min at 68°F. No offset allowances are made in calculating secant modulus.

sASTM D 638 modified to accommodate clamping of T-shaped junction and strained at 2 in./min (see

TNN:PT2).

were taken using both 0- and 9,000-Ib loads after a period
of 3 min.

In Loop 2, it was observed that reinforcement at the
base of the granular layer reduced the stress on the subgrade
by approximately 22 to 23 percent from the first load appli-
cation up to 10,000 cycles. Permanent deformations at the
surface after 10,000 cycles were 0.8 and 0.46 in. for the
control and reinforced sections, respectively. After 150,000
cycles the reduction in stress due to grid reinforcement was
just 12 percent with deformations of 2.7 and 1.9 in., respec-
tively. Although these defcrmations considerably sur-
passed the failure point (i.e., 0.8-in. permanent defor-
mation) of both sections, the greater percentage reduction
in stress in the control section can be attributed to shear
failure of the asphalt concrete, base layer, and subgrade.
Figure 2 shows the changes in subgrade stress with increas-
ing load cycles.

In Loops 4 to 6, the subgrade strength was lowered to
values of California bearing ratio (CBR) less than or equal
to 1.0 by the addition of peat moss and moisture. However,
given the physical constraints of the test facility, it was not
possible to build pavement sections thick enough to be
considered adequately designed for loads that would typ-
ically be carried by a highway pavement. Thus the final
pavement sections tested, both with and without reinforce-
ment, were underdesigned.

In contrast to the stress reductions that were observed
in Loop 2 over a relatively weak subgrade, comparison of
pressure cell readings in Loops 4 and 6 over very weak
subgrades showed higher initial stresses (3 to 25 percent)
in the subgrade beneath reinforced pavement sections
changing tc approximately equal stress values at the end
of testing. Deformations at the end of testing were 1.9 in.

(reinforced) and 2.4 in. (unreinforced) in Loop 4 and 1.8
in. (reinforced) and 2.3 in. (unreinforced) in Loop 6 after
10,000 cycles.

In summary, it was shown in Loop 2 that the grid con-
tributed to a significant reduction in vertical stress on the
subgrade, which suggests that the interaction of grid with
the base course aggregate affects the distribution of stresses
through the base layer of a low-deformation pavement and
reduces the maximum vertical stress transmitted to the
subgrade. On the other hand, the pavement sections of
Loops 4 and 6 were so underdesigned that the grid was
significantly stressed beyond its range of totally recover-
able elastic response, and reductions in maximum stress
were not initially apparent. In high-deformation struc-
tures, such as temporary haul roads, relatively large defor-
mation occurred rapidly in both reinforced and control
sections, and stresses on the subgrade were not reduced
until tensioned membrane forces were taken up by the
reinforcement. Thus, for grid reinforcement to be most
effective, it is reasoned that the optimum location will be
dictated by acceptable levels of stresses and strains within
the grid itself.

Strain Measurements in Grid

Strain gauges were attached to the bottom side of the
geogrid at various radial distances from the load center.
As was the case with pressure cell measurements, strain
readings were taken at predetermined cycle counts when
dynamic loading was stopped. Comparison of strain data
with performance criteria such as permanent deformations
indicated that grids provided reinforcement benefit for low-
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FIGURE 2  Pressure cell output versus load cycles, Loop 2.

deformation sections when initial elastic strain beneath the
load center was less than or equal to 0.2 percent, provided
that the grid was placed within the lower portion of the
base layer. Under these ideal conditions, it was observed
that elastic strain in the grid would decrease with increasing
radial distance from the load center (Figure 3). At dis-

tances of 10 to 15 in. from the load center (approximately
twice the radius of the load plate), small compressive val-
ues of strain were observed.

These results clearly illustrate the confinement effect of
geogrids in the vicinity of the load. The grid is immediately
mobilized to carry tensile stresses; long anchorage lengths
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FIGURE 3 Permanent strains in grid versus load cycles: Loop 1, Test 2.
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are not required, and large deformations do not have to
occur.

As was the case with permanent deformations, plastic
strain in the grid increased gradually with an increasing
number of load cycles. Although the grid behaves elasti-
cally under moderate stress, these immeasurable plastic
strains appeared to increase linearly with the number of
load cycles, as shown in Figure 3. It was found that, at the
failure level of 0.8-in. total deformation, plastic strains in
the grid ranged from 1.0 to 1.8 percent in tests in which
grid provided the most benefit (i.e., in the lower half of
the base of structurally adequate pavements).

On the other hand, when grid was placed near the top
of the base layer, no performance benefit was observed.
Observation of both elastic and plastic strains revealed that
both were initially very low. As the number of load cycles
increased beyond 500, the grid went into compression
beneath the load center until relatively large surface defor-
mations occurred. These were in the order of 0.6 in. after
100,000 cycles. Thus the pavement section was approach-
ing failure (i.e., 0.8 in.) before the grid began to take up
tensile load. It was further noted that the grid was in ten-
sion 15 in. from the load center, suggesting that it was
acting more independently to support load than when it
was placed in the lower portion of the base.

As stated previously, Loops 4 to 6 were underdesigned
for the soft subgrade conditions. This was also evidenced
by the considerably higher elastic strains that were observed
in the grid (i.e., 0.2 to 1.0 percent strain under the load
center). Furthermore, high tensile strains were also noted
at 9 and 14 in. from the load center in some cases. The
higher strains away from the load center indicate that the
grid was overstressed for its confinement function in a
flexible pavement (i.e., it was being stretched more like a
membrane). Thus the cumulative strain along the ten-
sioned member resulted in the rapid occurrence of a per-
manent deformation of 0.8 in., which is similar to the
deformation of the pavement section without reinforce-
ment. However, it was found that the rate of deformation
was less for the grid-reinforced test sections after the initial
0.8-in. deformation had occurred and that if a high value
were chosen for the failure criterion (e.g., 1.5 in., which
is used for lower-type paved roads) grid-reinforced sec-
tions again carried two to three times as many load cycles
to failure.

The important finding here is that stress or strain levels
for which grid reinforcement is most effective in flexible
pavements can be quantified by stress-strain analysis and
taken into consideration during design. Thus layered elas-
tic theory can be used to design a pavement with geogrid
reinforcement such that radial strains under the load center
at the proposed grid location will fall within some limiting
range, for example, 0.05 to 0.2 percent.

Deflection Measurements

In all tests five dial gauges were used in conjunction with
the actuator LVDT to measure elastic deflection and per-
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manent deformations at various locations along the asphalt
surface. Two of the dial gauges were placed on the loading
plate 2 in. in from the outside edge. Again, static readings
were taken on all five gauges at predetermined cycle counts.
In addition, dynamic deflections of the load plate itself
were recorded by the actuator LVDT at the beginning and
end of each series of dynamic loading.

Although it has been reported previously that geogrid
reinforcement shows no appreciable reductions in static or
dynamic deflections directly beneath the load, an exami-
nation of average static deflection readings in Loops 1 and
2 did indicate that the shape of the deflection basin was
somewhat flatter for reinforced pavements than for control
sections of equal thickness.

In Figure 4, average deflection values for the four tests
of Loop 1 have been plotted at various distances from the
load center. As can be seen, the two sections reinforced
with grid in the lower half of the base layer show consis-
tently lower values for elastic deflection, particularly at the
critical location near the edge of the load plate. This implies
that the base course of the reinforced section is stiffer (i.e.,
has a higher elastic modulus) and is indeed yielding less
than the control section at the edges of the plate. In other
words, the cantilevered portion of the 1-in.-thick plate
bends more in the reinforced tests.

The vertical scale of Figure 4 is, of course, considerably
exaggerated compared with the horizontal scale. This is
normal practice in the pavement engineering field, partic-
ularly for field measurements during which deflection bowls
measured by such devices as the Dynaflect or Falling Weight
Deflectometer are plotted to a much exaggerated vertical
scale. The purpose is to more clearly illustrate differences
that may be small in absolute magnitude but highly sig-
nificant with regard to behavior of the pavement structure.

Figure 4 also shows that elastic deflections in the section
with grid near the surface of the base were considerably
greater than those in the control section, although the
shapes of the two deflection bowls are fairly similar. This
indicates that placing the grid near the surface of the base
does not provide much confining or stiffening effect.

Because of the soft subgrade conditions of Loops 4 to
6, static deflections were excessive for higher-type flexible
pavements, ranging from approximately 0.2 to 0.6 in. under
the load center. Nevertheless, the data still provided useful
information about optimum location and limitations of grid
reinforcement in high-deformation structures. For exam-
ple, in Loop 4, the plate deflections were reduced by
approximately 17 percent at cycles 1 and 20,000 when grid
was placed at the bottom of an 8-in. base layer, as shown
in Figure 5. Again, it was observed that the angle of cur-
vature of the deflection basin was reduced in the grid sec-
tion. The resultant permanent deformations at the surface
after 20,000 load cycles were 1.794 and 2.371 in. for the
reinforced and control sections, respectively, or a 25 per-
cent reduction in rut depth.

On the other hand, when grid was placed at the midpoint
of a 12-in. base layer over the weakest subgrade of all,
Loop 6, it was found that deflections of the load plate were
significantly less in the control section although the shape
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of the deflection basins was approximately the same. Per-
manent deformations at the surface after 40,000 cycles
were 1.67 and 1.68 in. for the reinforced and control sec-
tions, respectively, indicating no benefit from grid under
the conditions of the test. This finding is consistent with
the results of another test program on grid reinforcement
of granular base over peat carried out at the Royal Military
College (RMC) of Canada. It was found in the RMC study
that grid reinforcement at the midpoint of a 12-in. granular
base did not provide any improved rutting resistance under
load until permanent deformations were quite large (i.e.,
on the order of 6 to 8 in.). In addition, there was no
appreciable decrease in static deflections. When the gran-
ular base was removed, it was found that aggregate had
punched into the peat in a manner similar to that observed
on the unreinforced section. However, when placed at the
bottom of the base layer, geogrid reinforcement signifi-
cantly reduced rutting, subgrade deformation was more
gradual and widespread, and little or no punching of aggre-
gate into the peat occurred. This last observation suggests
that the grid can be an effective separator, if placed at the
interface.

CONCLUSIONS

Through analysis of stress, strain, and deflection data, it
has been shown that grid reinforcement does alter distri-
bution of load-induced stresses in flexible pavements. The
result is that the rate of permanent deformation (rutting)
can be decreased and pavement life can be extended. How-
ever, it has also been shown that conditions exist for which
grid reinforcement does not offer performance benefits.
The key to optimizing geogrid potential is proper design.
Proper design requires appropriate layer thicknesses and
selection of optimum geogrid location.

For thin bases, the optimum grid location is usually con-
sidered to be at the base-subgrade interface. However, for
thicker bases, there is sufficient evidence to suggest that
the optimum location is in the middle portion. No benefits
are expected when a single layer of grid is placed within
a zone of compression, such as

e Near the top of the base layer under an asphalt con-
crete surface or

e Within the base layer (e.g., midpoint or higher) of
thick bases over very soft flexible subgrades.

In the second case, it has also been found through field
experience that geogrid reinforcement at the base-subgrade
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interface over soft, flexible subgrades segregates the layers
and facilitates construction of a stiffer base using less mate-
rial. If the base is very thick, a second layer of geogrid
may be placed at some middle location to retard the rate
of permanent deformation within the base itself.

In summary, for optimum grid reinforcement of flexible
pavements, the grid must be placed in a zone of moderate
elastic tensile strain (i.e., 0.05 to 0.2 percent) beneath the
load center, and maximum permanent strain in the grid
over the design life should not exceed 1 to 2 percent,
depending on the rut depth failure criteria. Under these
ideal conditions, grid reinforcement behaves elastically and
effectively confines aggregate base, thus prolonging the
life of the pavement structure.
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Large-Scale Model Tests of Geocomposite
Mattresses over Peat Subgrades

RicHARD J. BATHURST AND PETER M. JARRETT

Prefabricated flexible polymeric soil confinement systems (called
geoweb or geocell mattresses in this paper) hold great promise
for increasing the trafficability and load-bearing capacity of
thin granular bases placed over very compressible subgrades
such as peat. A large-scale model test program was undertaken
to compare the load-deformation performance of gravel-infilled
geoweb/geocell mattresses and unreinforced gravel bases over
peat under plane-strain static loading. In this investigation the
geoweb mattress reinforcement was nonperforated plastic strips
ultrasonically welded together (geoweb). The geocell reinforce-
ment was constructed from strips of polymeric mesh (geogrid)
attached by metal bodkins. Tests showed that the geocomposite
mattresses significantly improved the load-bearing capacity of
the gravel base layer in comparison with equivalent depths of
unreinforced gravel bases. The stiffer geoweb construction gave
a greater load-bearing capacity at a given rut depth than did
the less stiff geocell construction. In addition, tests showed that
the reinforcing effect due to the geocomposite construction of
the geoweb was initiated at a lower rut depth than was that
due to the geocell structure. Comparisons between geoweb-
reinforced gravel bases and unreinforced bases showed that
the geoweb composites were equivalent to about twice the
thickness of unreinforced gravel bases. For comparison pur-
poses, the study also presents the results of reinforced tests
using single layers of geotextile and geogrid polymeric rein-
forcement placed at the gravel base—peat interface.

Prefabricated flexible polymeric soil confinement systems
(called geoweb or geocell mattresses in this paper) hold
great promise for increasing the trafficability and load-

bearing capacity of thin granular bases over weak subgrades.

The potential of near-surface confinement systems to
enhance granular bases was first demonstrated in tests car-
ried out by the U.S. Army Corps of Engineers at the
Waterways Experiment Station (WES) in the late 1970s
(1). Prototype tests were carried out using plastic tubes
300 mm deep arranged to form a three-dimensional mat-
tress over soft clay subgrades that had a California bearing
ratio (CBR) of 1. The cellular mattress was infilled with
sand and subjected to repeated passes of truck wheel loads.
This reinforcement scheme was seen to generate wheel
ruts under cumulative axle loads equivalent to the per-
formance of unreinforced sand bases 500 mm thick (i.e.,

Civil Enginecring Department, Royal Military College of Can-
ada, Kingston, Ontario K7k 5L0, Canada.

40 percent saving in granular till). Significant savings were
also reported in a similar study at WES that used a cellular
grid fabricated from slotted aluminum sheeting (2). Var-
iables such as cell dimensions, cell material, and sand infill
density were subsequently investigated at WES to optimize
these systems for beach stabilization under vehicle loadings
(3, 4). These studies also concluded that polymeric mate-
rial may be ettective 1n reinforcing near-surface soil con-
finement systems for expedient roadway construction over
subgrades other than sand. The soil confinement concept
was realized commercially with the introduction of a prod-
uct called “Geoweb” constructed from 200- or 100-mm-
wide nonperforated high-density polyethylene strips ultra-
sonically welded together to give a durable cellular mat-
tress (5).

More recently, researchers at Sunderland Polytechnic
U.K. have reported the results of model tests carried out
with geoweb mattresses constructed over subgrades of two
different stiffnesses (6, 7). The mattresses were con-
structed from 200-mm-thick geoweb infilled with a gran-
ular material. Reinforced and unreinforced test configu-
rations were subjected to repeated static loading and plate
bearing tests with a plate 300 mm in diameter. The tests
showed that the reinforced sections significantly outper-
formed the unreinforced sections. For example, unpaved
reinforced sections with poorly graded granular infill and
a firm subgrade recorded a cumulative vertical deforma-
tion after about 104 load applications that was 50 percent
of that recorded for the comparable unreinforced test. For
a similar pair of test configurations with a soft subgrade,
the data indicate that after 104 load applications the rein-
forced system recorded only 40 percent of the deformation
recorded by the corresponding unreinforced configuration.
These researchers also measured the vertical bearing pres-
sures at the geocomposite-subgrade interface. They found
that vertical stresses at these locations were significantly
reduced for the reinforced sections, indicating that the
reinforced base layers were more effective in distributing
surface loads over a wider subgrade area. Finally, the test
data showed that permanent deformations and vertical
interface stresses for reinforced sections over soft subgrades
were further reduced by using a well-graded granular fill.

Geoweb mattress composites have been used in practice
to provide cost-effective road bases over compressible ter-
rain, including soft organic clays (8, p. 81) and landfills
(9), and to stabilize ballasted track (10).
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GEOWEB AND GEOCELL REINFORCEMENT
MECHANISMS

The mechanisms that are responsible for the improved
capacity of geocomposite mattresses are complex, and at
present no analytical models exist to predict load-defor-
mation behavior of these systems where they are con-
structed over very compressible terrain. Nevertheless,
qualitative features of reinforcement mechanisms have been
identified (11, 12). In simple terms, the cellular reinforce-
ment In these systems improves the load-deformation
behavior of the infilled soil through lateral confinement,
Lateral spreading of reinforced base materials is resisted
by hoop stresses in the cell walls and passive resistance
developed in adjacent cells. Penetration of base materials
in soft subgrades is reduced by the combined effect of high
lateral confining stresses and soil—cell wall friction. Gran-
ular bases that have insufficient bearing capacity can develop
adequate shear capacity under static or repeated load when
confined in this manner. In pavement systems, the geo-
composite mattresses increase the flexural stiffness of the
structure and distribute surface loadings over a wider area
at the pavement structure—subgrade interface.

OBJECTIVES

The principal objective of the current study was to inves-
tigate the static load-deformation behavior of geoweb and
geocell mattress composites constructed over peat subgrades.
A second objective was to evaluate the performance of
these geocomposites by comparing the test results with
those recorded for unreinforced sections and gravel bases
reinforced with a single layer of geogrid or geotextile at
the gravel-peat interface.

GENERAL

The general test arrangement is shown in Figure 1. Rein-
forced and unreinforced test sections were constructed in
computer controlled

hydraulic actuator
with internal LVDT

load cell

% settlement plate (typ.) loading beam

200 min wide

i reinforced/unreinforced
variable e gravel base
1.8 m T
1.0 m
/"' = N an
& l concrete

1.8 m —————a

FIGURE 1 General test arrangement.

FIGURE 2 Overview of RMC test facility.

a concrete pit measuring 2.4 m wide by 3.6 m long by 1.8
m deep. An overview of the test facility is given in Figure
2. Reinforced and unreinforced gravel base layers varying
from 150 to 600 mm in depth were constructed over a
reproducible artificial peat subgrade nominally 1 m thick.
A hydraulic actuator was used to apply a series of static
load increments to a 200-mm-wide beam spanning the width
of the test pit.

The current study is focused on the load-deformation
behavior of two types of near-surface soil confinement
schemes that include polymeric materials:

e Geoweb-gravel mattresses and
e Geocell-gravel mattresses.

The performance benefit due to these geocomposite
constructions was determined by comparing these systems
with unreinforced systems constructed from the same soil
materials. In addition, the performance of the geocom-
posite mattresses was compared with that observed in a
number of similar tests of single-layer polymeric sheet rein-
forcement. A number of these tests have been previously
reported by the second author (13, 14).

CONSTRUCTION
Soil Materials

For the tests on reinforced and unreinforced systems
reported in this paper, a very compressible subgrade com-
prised of a finely fibrous horticultural sphagnum peat with
a low degree of decomposition was used. For each test the
peat was reconstituted by adding water and then dispersing
the peat-water mixture with compressed air through a sys-
tem of perforated pipes at the bottom of the test facility.
Preconsolidation of the peat subgrade before fill placement
was achieved by downward drainage through the same
system of perforated pipes. Typical moisture content of
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the peat before fill placement was 750 + 50 percent. Shear

vane strengths were 3 = 1 kPa.

The granular fill was a good quality crushed limestone
aggregate with a top size of about 20 mm. The grain size
distribution for this material is shown in Figure 3. Where
possible, the aggregate was placed in 150-mm lifts. Com-
paction was done with a gasoline-driven vibrating plate
tamper that had a mass per unit area of 150 kg/m?. The

m

compacted gravel had an average density of 1950 = 50 kg/
3

As aresult of fill placement, some settlement and increase

in the shear strength of the peat subgrade was observed.
In Test 12, for example, a 300-mm depth of gravel base
resulted in a total settlement of 60 mm and an increase in
shear strength to 6 = 1 kPa in the underlying peat before

static beam loading.

Geoweb-Gravel Mattress Tests

Three tests were carried out using 4 geuwcb-gr‘:vel com-
posite construction. The geoweb reinforcement was non-
perforated polyethylene strips, 100 and 200 mm wide,
ultrasonically welded together to give an open-cell con-
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struction that had a cell area of 265 cm?. An example of
the 200-mm-deep geoweb reinforcement is shown in Figure
4. The tensile capacity of the reinforcement strips in iso-
lation is controlled by the welds, which have a seam tensile
peel strength of about 7 kN/m (5). One test was carried
out using a geoweb reinforcement 100 mm deep infilled
with gravel and covered with a 50-mm layer of the same
compacted fill. A second test used the same fill in a cell
mattress 200 mm deep and included a compacted gravel
fill cover 100 mm deep. The second test was repeated to
confirm load-deformation behavior. The depth of cover in
each test was selected to bring the composite gravel base
course thickness up to 150 or 300 mm, which represent
standard base thicknesses for a large number of reinforced
and unreinforced tests that have been carried out at the
Royal Military College (RMC) of Canada. In actual expe-
dient road construction it would be reasonable to place a
similar depth of unbound gravel to protect the confinement
system from direct traffic loading. For brevity in the fol-
lowing text, these tests are referred to as 150- and 300-mm
geoweb mattress tests. Finally, the recinforced sections
included a layer of lightweight woven polypropylene filter
fabric at the gravel-peat interface to act as a separator
during construction (geotextile weight = 244 g/m?).
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Geocell-Gravel Mattress Test

A single test was carried out using a geocell-gravel mattress
configuration manufactured in-house. The soil confine-
ment material in this instance was 150-mm-wide strips of
relatively high-strength open-grid reinforcement con-
structed from oriented high-density polyethylene (Tensar
SR2 geogrid). The in-isolation load-strain-time properties
of this material are well documented (15), and it has an
index tensile test capacity of about 65 kN/m (16). Rein-
forcement strips were laced together using vertical steel
bodkins to give cell areas of approximately 260 cm?. The
expanded geocell mattress was placed over a Tensar SS2
geogrid oriented with its strong direction in the plane-
strain direction of the test. The original intention was to
have this layer act as a gravel-peat separator during con-
struction. The mattress was infilled and covered with 150
mm of compacted gravel fill to give a total composite thick-
ness of 300 mm.

Single-Layer Reinforcement Tests

For comparison purposes, the results for gravel bases 300
mm thick reinforced with a single layer of geosynthetic
material are also presented. Two tests employed a single
layer of Tensar SS2 geogrid at the gravel-peat interface
and the third a lightweight woven polyamide geotextile at
the same location (geotextile weight = 229 g/m?).

Unreinforced Tests

A total of five unreinforced tests were carried out to eval-
uate the load-deformation performance improvement due
to geosynthetic composite construction. The unreinforced
tests included 0, 150, 300, 460, and 600 mm of gravel base
material.

TESTING PROGRAM

In each test a series of monotonically increasing static loads
was applied to the beam seated directly on the gravel base
layer (or directly on the peat for the unreinforced test with
no gravel base material). The beam was loaded using a
MTS computer-controlled closed-loop electrohydraulic
actuator. Each load was sustained until the vertical defor-
mation rate became less than 0.02 mm/min. This initial
loading sequence was discontinued after a total vertical
beam displacement (rut depth) of 200 mm had been
achieved. The initial loading procedure represents a stan-
dard method that the authors have adopted over a period
of several years; it has been employed in numerous similar
tests to investigate a variety of geosynthetic composite
structures at RMC (13, 14). The 200-mm rut depth crite-
rion was selected simply because it represents a tire rut
depth that may impede vehicular traffic in a comparable
field case. Depending on the test, one of several different
loading strategies was adopted after this initial loading

FIGURE 4 Expanded 200-mm-deep geoweb reinforcement material.
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sequence. For instance, some tests were subjected to five
cycles of the (previous) maximum load and then the rut
was backfilled. After backfilling, the beam was again cycled
at the same load level for five cycles and then subjected
to a series of greater static loads. In some thin-layer unrein-
forced tests, the sections failed by punching before the
displacement ratc criterion or 200-mm rut depth had been
achieved. For this reason, backfilling had to be carried out
before further loading could be undertaken. Because of
the different backfilling and load histories after the initial
loading program, it is not possible to compare test results
beyond the initial loading sequence. The second-stage
loading programs of two selected tests are given later in
the paper to illustrate the influence of rut backfilling and
repeated static loading on the performance of geo-
composite mattress constructions. A summary of the test
configurations repeated in the current study is given in
Table 1.

TEST RESULTS
Load Deformation

The results of (initial) load-deformation measurements taken
for all tests are shown in Figures 5—-7. Figure 5 shows the
results of the geoweb mattress tests along with the results
of the five unreinforced (control) tests. As expected, the
unreinforced tests show a systematic increase in load capacity
at a given rut depth with increasing gravel base thickness.
It should be noted that the unreinforced tests with 0, 150,
and 300 mm of gravel base were at or very near punching
failure during the last applied load increment. For exam-
ple, the 0.02-mm/min deformation rate criterion for the
300-mm unreinforced section could not be achieved after
200 mm of deformation. All other tests reported in this
study were able to support sustained load increments after
200 mm of deformation and in many instances indicated
system strain hardening.

The 150-mm geoweb mattress test (Test 1) gave a load-
deformation response comparable to the response of the
300-mm unreinforced test (Test 9). Similarly, the 300-mm

TABLE 1 SUMMARY OF TESTS

Test No. Composite Base Description
Thickness (mm)
1 150 geoweb mattress
2 300 geoweb mattress
8 300 geocell mattress
4 300 882 Geogrid at
gravel/peat interface®
300 (repeat of 4)
300 geotextile at
gravel/peat interface
7 0 unreinforced*
8 150 unreinforced*
9 300 unreinforced*
10 460 unreinforced®
11 600 unreinforced
12 300 geoweb mattress
(repeat of 2)

*Taken rom Jarrcu (73, 14).
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FIGURE 5 Load-deformation results for tests on geoweb
mattress and unreinforced gravel base.

geoweb mattress tests (Tests 2 and 12) gave load-defor-
mation behavior that falls between that of unreinforced
base courses 460 mm thick and that of unreinforced base
courses 600 mm thick (Tests 10 and 11).

Figure 6 is a plot of the results of reinforced tests of a
300-mm geocell mattress (Test 3) and a 300-mm gravel
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FIGURE 6 Load-deformation results for test on geocell
mattress, gravel base with a single layer of geogrid
reinforcement, and unreinforced gravel base.
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FIGURE 7 Comparison of reinforced and unreinforced
tests with 300 mm of gravel base.

base reinforced with a single layer of SS2 geogrid at the
gravel-peat interface (Test 5). The horizontal reinforce-
ment in both of these tests was Tensar SS2, oriented in
the same direction for both configurations. Surprisingly,
both reinforced tests show similar load-deformation behav-
ior indicating that, in this study, the geocell soil confine-
ment system in conjunction with a single layer of SS2 geo-
grid offered no additional system capacity over that offered
by the single layer of geogrid alone. Both tests gave load-
deformation responses that were between the 300- and 460-
mm unreinforced test results. At a 200-mm rut depth both
reinforcement schemes gave load capacities comparable to
unreinforced tests with 1.5 times the depth of compacted
gravel.

The results of tests with 300 mm of gravel base are
plotted in Figure 7. A variety of reinforcing systems,
including single layers of polymeric reinforcement and geo-
composite mattresses, is shown in this figure. All rein-
forced sections were stable at 200 mm of vertical defor-
mation in contrast with the unreinforced test (Test 9),
which was terminated early because of punching failure.
The relative performance benefit of the reinforcing schemes
is illustrated in the figure. The least improvement was
indicated by the test with a geotextile reinforcement (Test
6) and the best by the 300-mm geoweb mattress tests (Tests
2 and 12). A repeat of the 300-mm reinforced test with
SS2 geogrid is also plotted in the figure. The ‘two nominally
identical constructions gave sensibly equivalent load-
deformation behavior indicating that test procedures were
reproducible for the single-sheet reinforcement schemes.

Tests 2 and 12 indicated a similar load-deformation
response up to 50 mm displacement but diverged some-
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what with further application of load. This discrepancy is
thought to be due to the relative difficulty of controlling
uniform compaction of the gravel within the 200-mm-high
cells of the geoweb composite. Figures 5—7 also illustrate
that, unlike the single-layer and geocell mattress reinforce-
ment methods of construction, the geoweb mattresses
showed improved load capacity over similar thicknesses of
unreinforced gravel at low rut depths. For example, Tests
3-5 indicated load capacity improvement with respect to
the same depth of unreinforced gravel base after about
100 mm of vertical displacement had occurred. In contrast,
the stiffer geoweb mattress configurations showed
improvement after 10 to 20 mm of vertical displacement.
The relative improvement due to geocomposite mattress
construction is illustrated in Figure 8, which shows “‘equiv-
alent” depths of unreinforced gravel base course for the
same beam load and rut depth under first-time loading.
For example, Curve 1 indicates that a 150-mm geoweb
composite is equivalent to about 300 mm of unreinforced
gravel base (a factor of 2 improvement). Similarly, the
300-mm geoweb composites over a range of rut depths are
equivalent to between 500 and 600 mm of unreinforced
gravel base. The relative improvement associated with the
300-mm geoweb composites is somewhat less than that
inferred for the 150-mm geoweb composite as a result of
the better compaction that was achieved in the shallower
construction where the geoweb cells were only 100 mm
high.

(D 150 mm GEOWEB mattress
@ @ 300 mm GEOWEB mattress
(® 300 mm GEOCELL mattress
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FIGURE 8 Equivalency chart for geocomposite mattress
tests and unreinforced gravel bases (initial loading only).
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ADDITIONAL OBSERVATIONS

At the end of each reinforced test reported in the current
study, the geosynthetic reinforcements were excavated to
determine any evidence of rupture. No rupture of geosyn-
thetic reinforcements was observed in any test, nor was
there any indication of tearing at the welded seams in the
geoweb mattress tests or at the bodkin connections in the
geocell mattress test.

DISCUSSION OF RESULTS

The relatively better performance of the geocomposite
mattresses compared with that of single-sheet reinforce-
ment schemes is consistent with the concept of greater soil
confinement in geocomposite mattress construction. The
performance difference of the relatively stiffer 300-mm
geoweb mattress and the comparable 300-mm geocell mat-
tress indicates that soil confinement is further enhanced
through stiffer cell walls in geocomposite mattresses of
similar cell dimensions. The welded geoweb strip construc-
tion was intrinsically more effective in reducing lateral
spreading of the gravel fill under load than was the more
flexible geogrid-and-bodkin construction. For example, in
all reinforced tests, including the single-layer reinforce-
ment tests, the gravel base course was observed to pull
away from the sides of the test facility located 1.8 m from
the beam. However, the geoweb mattresses showed this
effect relatively early in the initial loading program, indi-
cating that soil confinement was more effective in these
configurations. The greater stiffness of the expanded 300-
mm geoweb mattress compared with that of the compa-
rable 300-mm geocell mattress before installation was vis-
ually apparent to the authors. The inherent greater flexural
stiffness of the geoweb/mattresses in isolation may account
for the improved load-deformation behavior of these geo-
composites at low load levels. In addition, it was noticed
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that the gravel infill and cover were more easily compacted
when geoweb mattresses were used. Nevertheless, it may
be difficult to achieve uniform levels of compaction through
the entire depth of a geoweb composite when aggregate
with a 20-mm top size is used as infill for the 200-mm-deep
geoweb material. The relative flexural stiffness of gravel
base layers in the current investigation can be seen in Fig-
ure 9, which shows normalized vertical deformations
recorded at the gravel-peat interface at the end of the
initial loading program. The data indicate that the footing
loads are distributed over a wider area for the geocom-
posite mattresses than for the unreinforced test and that
this trend is more pronounced for the geoweb mattress
construction.

On roads with gravel bases, vehicular traffic will cause
any new base to rut. Conventional practice with these
structures is to allow the rutting to occur during construc-
tion in order to mobilize the reinforcement capacity of the
geosynthetic. Subsequently, the ruts are backfilled; this
procedure is repeated until an acceptable level of surface
deformation under traffic is achieved. The benefit of back-
filling to system stiffness is shown in Figures 10 and 11. In
Figure 11 the combined effect of backfilling followed by
cyclic and static loading is seen as a further 100 mm of
rutting at a beam load of 35 kN/m compared with an initial
response of 240 mm at a beam load of 20 kN/m.

The current investigation has been restricted to the
investigation of load-deformation of geocomposites and
unreinforced gravel bases over very compressible subgrades
(i.e., peat). At the time of writing, no comprehensive study
of the influence of subgrade stiffness on the behavior of
geocomposite mattress systems had been undertaken. A
limited number of tests with relatively stiff subgrades have
been reported in the literature, but they indicate only that
bearing capacity of a geocomposite mattress increases with
greater subgrade stiffness (11, 12). Recent work reported
by the authors on single-layer reinforcement of coarse
granular bases indicates that the relative performance ben-
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efit of reinforced systems over that of comparable unrein-
forced systems diminishes with increased subgrade stiffness
(17, 18). It is possible that the high-deformation models
employed in the current test program show both geocom-
posite mattresses and single-sheet geotextile geogrid rein-
forcement schemes at their best. More work remains to
be done to investigate the performance benefit of geocom-
posite mattresses constructed over subgrades that are more
competent than the ones reported here.

CONCLUSIONS

A series of large-scale static tests was undertaken to inves-
tigate the load-deformation behavior of geocomposite mat-
tresses constructed over a compressible peat subgrade and
to compare this behavior with that of comparable unrein-
forced gravel bases and gravel bases reinforced with a sin-
gle layer of geotextile or geogrid at the gravel-peat inter-
face. The major conclusions from this study are summarized
as follows:

1. All reinforced gravel bases showed significant load
capacity improvement at large rut depths compared with
stmilar thicknesses of unreinforced gravel bases.

2. The geocomposite mattresses constructed from still
nonperforated polyethylene geoweb showed the greatest
performance improvement of all geocomposite reinforce-
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ment schemes investigated. The enhanced soil confine-
ment due to the stiff geoweb cellular construction is thought
to be responsible for this.

3. A test of a relatively flexible geocell construction and
and an SS2 geogrid as a gravel-peat separator gave essen-
tially the same load-deformation behavior as reinforced
tests using only the SS2 layer.

4. Over a range of rut depths (up to 200 mm) the 150-
mm-thick geoweb mattress gave a load-deformation
response equivalent to that of unreinforced configurations
with about 300 mm of gravel base material. Similarly, 300-
mm-thick geoweb composites are considered equivalent to
unreinforced gravel bases 500 to 600 mm thick.

5. The performance benefit due to the geoweb mattress
construction was observed to occur at relatively low rut
depths of 10 to 22 mm, which were significantly lower than
the 100 to 150 mm of beam displacement required to mobi-
lize the reinforcing effect of the other geocomposite con-
figurations investigated.

6. The influence of subgrade stiffness on the relative
performance benefit of geocomposite mattresses over sim-
ilar unreinforced configurations requires investigation.
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Soil-Geotextile Pull-Out Interaction
Properties: Testing and Interpretation

ILaN JuRAN AND CHAO L. CHEN

In this paper are presented a soil-reinforcement load transfer
model and a procedure for interpreting pull-out tests on exten-
sible reinforcements. The model combines the constitutive
equation of the reinforcement with interaction laws relating
the shear stress mobilized at any point of the interface to the
soil-reinforcement shear displacement. The main conclusions
are (a) extensibility has a major effect on soil-reinforcement
interaction; (b) for extensible reinforcement, extrapolation of
pull-out test results to reinforcement of different dimensions
requires a careful evaluation of the scale effect; and (c) a mean-
ingful interpretation of pull-out test results on geotextiles and
geogrids requires an adequate estimation of the in-soil confined
properties of the reinforcement and an appropriate soil-geo-
textile interaction law.

Pull-out interaction properties are fundamental design
parameters for reinforced soil systems. The friction inter-
action between granular soils and quasi-inextensible metal-
lic reinforcing strips has already been extensively investi-
gated by Alimi et al. (1), Schlosser and Elias (2), Elias
(3), Guilloux et al. (4), Schlosser and Guilloux (5), and
others. Interpretation of pull-out tests on quasi-inexten-
sible reinforcements provides an apparent friction coeffi-
cient that is conventionally defined by the ratio of the
interface limit lateral shear stress to the nominal overbur-
den pressure (i.e., the weight of the soil mass above the
reinforcement). Compilation of available data from both
laboratory and in situ pull-out tests has provided an empir-
ical basis for the development of guidelines for the design
of Reinforced Earth structures (6).

More recently, the rapid development of a large variety
of reinforcing materials and elements has stimulated research
on the interaction mechanisms that develop between soil
and different types of inclusions such as metallic or plastic
geogrids and geotextiles. Pull-out tests have been con-
ducted by McGown (7), Gourc et al. (8), Ingold (9), Jewell
(10), Rowe et al. (11), Johnston (12), Shen (13), B. Koerner
(unpublished internal report No. 1 on Direct Shear/Pull-
Out Tests on Geogrids, Drexel University, Philadelphia,
Pa., 1986), and others to obtain relevant interaction design
parameters (apparent friction coefficient or interface limit
lateral shear stress) for different types of geotextiles and
geogrids.

Depending on the constitutive material (metal, plastic,
woven or nonwoven geotextiles), the geometry and struc-

Department of Civil Engineering, Louisiana State University,
Baton Rouge, La. 70803.

tural aspect of the inclusion (linear strip, ribbed strip, plane
reinforcement, geogrid with in-plane or out-of-plane trans-
verse elements, woven or nonwoven geotextiles), the inter-
nal grid (or geotextile fiber) spacings, the type of soil and
more specifically its grain size and dilatancy properties,
different types of load transfer mechanisms can be gen-
erated. These mechanisms fundamentally involve four
interaction phenomena: (a) lateral friction, plane (mem-
branes) or three dimensional (linear strips, longitudinal
elements of geogrids); (b) interlocking (geogrids, geotex-
tiles); (c) passive soil pressure on transverse elements (geo-
grids, ribbed strips); and (d) the effect of restrained dila-
tancy on normal stress at the interface (linear inclusions
in dilatant granular soils). The relative movement of soil
and reinforcement required to bring these phenomena into
play can be substantially different. With metallic strip rein-
forcements, the soil displacement necessary to generate
lateral friction at the interfaces is small [millimetric (Z, 2)].
However, with more extensible reinforcements, or with
systems that rely on passive soil pressure on transverse
elements, the soil displacement required to generate pull-
out resistance can be substantially greater. Therefore, in
order to rationally design these systems, it becomes essen-
tial to develop a load transfer model that is capable of
predicting the pull-out response of the inclusion and spe-
cifically its displacements under the applied tension force.

The extensibility of the reinforcement significantly affects
the load transfer mechanism. Pull-out tests on geotextiles
(7) have demonstrated that the interaction between soil
and extensible inclusions results in a nonuniform shear
displacement distribution that is associated with a shear
stress concentration at the front part of the inclusion. Con-
sequently, the concept of a uniformly mobilized interface
limit lateral shear stress (or apparent friction coefficient),
which is generally used in the design of Reinforced Earth
structures with metallic reinforcements, is not adequate
for the interpretation of pull-out tests on geogrids and
geotextiles. Moreover, as indicated by McGown (7), Gourc
(8), Jewell et al. (I4), and Koerner, the limit lateral shear
stress obtained from the pull-out tests can be significantly
different from that determined by direct shear tests with
a soil-inclusion interface.

Modeling the load transfer mechanism generated in a
pull-out test on extensible inclusions requires appropriate
constitutive equations for the soil and the inclusions as
well as a rational interaction law to relate the shear stress
mobilized at any point of the interface to the soil-rein-
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forcement shear displacement. This interaction law can be
obtained from direct shear tests with soil-geotextile inter-
face (11, 15-17, and Koerner). The load transfer model
should allow for an estimate of the shear stress distribution
along the reinforcement and of the front edge displacement
caused by the applied pull-out force.

In this paper the authors present an interpretation pro-
cedure for pull-out tests on extensible inclusions. This pro-
cedure is derived from the ‘“t-z” method, which is com-
monly used in design of friction piles (/8). Two interface
models are considered in which it is assumed that the inter-
face layer is (a) elastic—perfectly plastic and (b) elasto-
plastic with strain hardening and softening during shearing.
This interface soil model can be obtained from the results
of direct shear tests with a soil-geotextile interface and
integrated numerically in the analysis.

To evaluate the proposed test interpretation procedure
and the two interface soil models, the results of pull-out
tests performed by Juran (19) on extensible inclusions
(woven polyester and nonwoven geotextile strips) and by
Jewell (10) on metallic grids were analyzed and compared
with numerical test simulations. A parametric study was
conducted to assess the effect of the extensibility of the
inclusion on its displacement response to the applied pull-
out load.

FORMULATION OF SOIL-INCLUSION LOAD
TRANSFER MODEL AND PULL-OUT TEST
INTERPRETATION PROCEDURE

The principles of discretizing and modeling the load trans-
fer along the reinforcement are illustrated in Figure 1. As
indicated previously, the interaction law, which relates the
interface shear stress to the soil-reinforcement shear dis-
placement, can be obtained from direct shear tests on a
soil sample in which the reinforcement is placed at the
level of the failure surface. However, to simplify this anal-
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ysis, two interface models are considered. These models
and their usc in test interpretation to obtain the relevant

interaction design parameters are presented.

Elastic—Perfectly Plastic Interface Soil Model
The following assumptions are made:

1. The reinforcement is elastic, that is,

by _ T(x)
3 ES ()

where

e(x) = the elongation of the inclusion at point (x);
T(x) = the tension force at this point;
y(x) = the displacement of the inclusion at point (x);
S = the section area; and
E = the elastic modulus; nonlinear behavior can be
considered by introducing an elastic modulus
that is a function of the actual strain.

2. The interface layer is elastic—perfectly plastic. The
soil-inclusion interaction law can be written as

(x) = k- y(x) if y < Toalk (2a)
T(X) = Tmax if y = 7.k (2b)
where

Tmax = tan L'" ' ’Yh,
7(x) = the shear stress mobilized at point (x),
k = the shear modulus of the interface,
y = the soil-inclusion friction angle,
vh = the overburden pressure, and
Tmax = the ultimate lateral shear stress at the interface.

I

L, (eff)

FIGURE 1 Modeling load transfer between soil and extensible inclusion.
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The local equilibrium of each segment of the inclusion
(Figure 1) implies that
18T

(x) = Br €)

where p is the perimeter (p = 2b; b is the width of the
inclusion).

By combining Equations 1 and 3, the following differ-
ential equation is obtained:

L
¢ S “

where 7(x) is given by the interaction law (Equation 2).

The solution of this differential equation for infinitely
long inclusion provides the distribution of displacement
and tensile forces along the inclusion:

e Fory <y. = 1,.,/k, the interface is in an elastic range:

_ AL ., AT
y=—ggt = " (5a)
T(x) = ES-d—y = Toe ™ (5b)
dx 0

where A = (ES/KP) is a reference ‘“‘transfer length.”

e For y = 1_,./k, the interface is in a plastic range:
Y p g

[)Ttlllll xz T
“UES zTES T 9

Lo — P Tz % (5d)

y:

T(x)

For this case, the front edge displacement of the inclu-
sion (y,) is calculated by using the compatibility condition
at the limit of the elastic and plastic zones, which yields

Y =Y. = —Tma/k and y. = 7_../(k\)
Hence, for y, > y,,

w=dret+ () (ELS>] ©)

Although the solution is developed for infinitely long
inclusions, for the reinforcements commonly used (length
[ greater than 3\), the error is negligible.

Figure 2 shows a graphic procedure that can be used for
the interpretation of pull-out tests on extensible inclusions
to obtain the interaction parameters k and tan . In the
plane of (T/ES)? versus y,, a linear regression will provide
an experimental straight line with

e An initial coordinate at the origin equal to y./2 and
e A slope equal to A\%/(2y.).

The soil-reinforcement interface friction angle can then
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FIGURE 2 Interpretation procedure for pull-out tests on
extensible inclusions.

be calculated from
ES A
tan § = (m) ; (%) ™)

Elastoplastic Strain Hardening Interface Soil Model

To develop a more realistic load transfer model, an elas-
toplastic constitutive equation is used to simulate the
behavior of the interface layer during shearing. This model
(20), which is implemented by using the finite difference
method, allows for the integration of both strain hardening
and strain softening in the shear stress—displacement rela-
tionship of the soil-inclusion interface. This relation can
be written as

0) _

gy

y=4
Yoy ¥ by (8)

The constants a, b, and ¢ are determined from the follow-
ing conditions:

1. The initial shear modulus of the interface layer is
equal to

d(7lo) G
& |y»0o o,°d
where d is the thickness of the interface layer.

Results of direct shear tests performed by Jewell (10)
using an x-ray radiographic technique to measure the dis-
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placement field in the soil suggest that, in dense unrein-
forced sand, the thickness of the sheared layer (d) is about
10 to 20 mm.

2. At the peak of the shear displacement—shear stress
curve,

T

— = tan

g, Vo

where s, is the peak soil-inclusion friction angle.
3. At the residual critical state,

T

— = tan |,

O-y

where s, is the residual critical state soil-inclusion friction
angle. Hence,

a= —4 % [tan? {, - J?}/tan s, (9a)
b =2 g(';Ld [tan y, - J] (9b)
¢ = tan s, (9¢)
and

J =1+ [1 — tan Y/tan §,]? (9d)

Coupling the equilibrium equation with the constitutive
equations of the inclusion and the interface layer (Equa-
tions 4 and 8). the numerical solution for the given
boundary conditions of 7, = T, (applied pull-out force)
and T, = 0 provides the distributions of the displace-
ments and tensile forces along the inclusion. The inter-
action parameters [G/(a,d), tan {5, tan {,] are determined
using a curve-fitting procedure.

EXPERIMENTAL RESULTS AND NUMERICAL TEST
SIMULATIONS
Pull-out tests have been performed on both woven poly-

ester and nonwoven geotextile strips. Figure 3 shows the

V, v, Rmaci0KQ

=2 el
<«—— POTENTIOMETER
V. "
2 s
fw- /'

V=V|+ V2 = 10mv

T TN
12 i SLEEVE
fe—55cm —=~
P d
(Fﬁ Po Py Py Ps
SUPPORT COUNTER
x z WEIGHT

\GEOTEXT ILE
REINFORCEMENT

FIGURE 3 Pull-out box and instrumentation.
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FIGURE 4 Confined and unconfined stress-strain
relationship of woven polyester.

pull-out box and the instrumentation of the reinforce-
ments. The front edge displacement of the inclusion was
measured using both an externally placed graduated scale
and potentiometers (change of electrical voltage was cal-
ibrated in terms of point displacement). Potentiometers
were also placed at different points along the inclusion to
provide the displacement distribution under each pull-out
load.

Before the pull-out tests, “confined” and “unconfined”
extension tests were performed on the reinforcements to
determine their in-air and in-soil constitutive equations.

The confined extension tests were performed in the pull-
out box under a confining pressure of o, = 2 kPa. The
testing procedure consists of applying successive load
increments at the front edge of the reinforcement while
the rear edge is fixed or simultaneously subjected to the
same load increments. A similar load-controlled testing
procedure was also used in the pull-out tests with the rear
edge of the reinforcement unattached. To avoid any
unconfined extension of the front part of the reinforcement
during the test, this part was placed between two metal
plates. A sleeve was used to minimize the boundary effect,
and during the test the inclusion was entirely confined by
the surrounding sand.

Figures 4 and 5 show the confined and unconfined stress-

%(N/cm)

IZF //,.-’

1o CONFINED AT

il e - ES/b=69 N/cm
r/

6 fa

r UNCONFINED ES/b= 8,3N/cm
ES/b=500N/cm

2} =

ES/b=28,6 N/cm

O = 1 1 1 il 1 1 T T— } 1 i

i 2 3 4 5 6 7 8 9 10 U 12
STRAIN-€ (%)

FIGURE 5 Confined and unconfined stress-strain
relationship of nonwoven geotextile.
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TABLE 1 CONFINED AND UNCONFINED MATERIAL PROPERTIES OF THE

REINFORCEMENTS
Confined
Unconfined (o, = 2 kPa)
Reinforcing ES/b T, /b ES/b T.ib Specimen Length
Material (N/cm) (N/cm) (N/cm) (N/cm) (cm)
Woven polyester 130 24 280 28 55
Nonwoven geotextiles 28.6 2.5 500 10 30

NoTE: T,, is the ultimate tensile force at breakage of the sample during a tensile test.

strain relationships of the woven polyester and nonwoven
geotextile reinforcements. The related material properties
are given in Table 1. These results demonstrate that, for
the nonwoven geotextile reinforcement, the confined elas-
tic modulus is about 20 times the unconfined one, and the
confined tensile strength is about 4 times the unconfined
one.

Figure 6 shows the results of pull-out tests on a woven
polyester strip. The distance lag between the front edge
displacements measured with the graduated scale and with
the potentiometer is most probably due to a local defor-
mation of the metallic wire connecting the measurement
point with the potentiometer (such displacement could occur
during placement in the soil). It should also be noted that
the available instrumentation does not provide accurate
displacement readings under relatively low loading levels.
However, as shown in Figure 7, the displacement incre-
ments measured with the potentiometer correspond fairly
well with those measured with the graduated scale. The
experimental straight line y, = f({T/ES]?) yields the fol-
lowing interaction parameters:

N/(2y.) = 3302.88 mm,
y. = 0.7 mm,

A = 58 mm,

klo, = 1.5, and

tan ¢y = 1.1.

Figure 8 shows the variations of the displacements along
the inclusion measured under different pull-out loading

1072
w oy o ()] -~

T/ES

n

o Potentiometer
e External Displacement

1
0 5 10 15 20 25

Yo (mm)

FIGURE 6 Pull-out test on woven polyester: force
displacement curve.
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FIGURE 7 Pull-out test on woven

polyester: interpretation.

\
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=S
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FIGURE 8 Variation of displacements along a woven

polyester strip during pull-out test.
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levels. Figures 9 and 10 show the results of two pull-out
tests on nonwoven geotextile reinforcements. Using the
interpretation procedure outlined previously, the follow-
ing interaction properties are obtained:

N/(2y.) = 1.5 x 10° mm,
Yo = 1 mm, and
A = 550 mm.

The calculated transfer length is greater than the specimen
length and therefore the solution derived for infinitely long
reinforcement is not applicable.

To evaluate the proposed elastoplastic interface soil
model, the experimental results of the pull-out tests per-
formed on the woven polyester and nonwoven geotextile
strips as well as those performed by Jewell (10) on metallic
geogrids were compared with numerical test simulations.
Figures 11 and 12 show the experimental and theoretical
pull-out curves obtained from tests performed on woven
polyester and nonwoven geotextile strips.

For the woven polyester strips, the curve-fitting proce-
dure yields G/(o, - d) = 6 (1/mm) (or G/a, = 60), ), =
42 degrees, and {, = 32 degrees. Confined elastic modulus
is considered in this analysis. These interaction parameters
correspond fairly well with the material properties of the
Fountainebleau sand used in this study: G/o, = 60, (0, is
the isotropic consolidation pressure), ¢, = 38 to 42 degrees,
and ¢, = 32 degrees. It is also of interest to note that
the peak soil-reinforcement friction angle obtained using
this curve-fitting procedure corresponds to that obtained
using the “t-z” method with an elastic—perfectly plastic

TEST NO. |
| 1=
o
2,
»
w
™
= 05fF
o Potentiometer
e External Displacement
L 1 1 L
e 5 10 15 20
Yo (mm)
TEST NO. 2
N I
1
e
»
w
~
|,.
0.5}
I} 1 L
2 5 10 i5
Yo (mm)

FIGURE 9 Pull-out tests on nonwoven geotextile strips:
force-displacement curves.
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FIGURE 10 Pull-out tests on nonwoven geotextile strips:
interpretation.

interface soil model. However, the elastic—perfectly plastic
model provides a secant shear modulus (k), which is sig-
nificantly smaller than the initial shear modulus obtained
using the proposed elastoplastic load transfer model.

For the nonwoven geotextile strip, comparison of the
theoretical and experimental pull-out curves indicates that
using the confined elastic model for test interpretation leads
to significantly underestimated displacements. If the
unconfined elastic modulus of the reinforcement is used,
and assuming that the interface soil properties correspond
to the mechanical properties of the Fountainebleau sand,
the calculated pull-out curve agrees fairly well with the
experimental one.

Figure 13 shows the results of a pull-out test performed

0071

Model Prediction

0.06 -
.

— Experimental /

0.05}F / (Juran 1985) /

/

0.04} /

0.03 s ES = 58kg
Length = 55 cm

0.02f-

PULL QUT FORCE (T/ES)

0.0l

o i 1 i L L 1 i L 1 i 1 L
2 4 6 8 10 12 4 16 18 20 22 24

FRONT DISPLACEMENT, yo{mm)

FIGURE 11 Numerical simulation of pull-out test on
woven polyester strips.
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FIGURE 12 Numerical simulation of pull-out test on
nonwoven geotextile strips.

by Jewell (10) on metallic grids in Leighton Buzzard sand.
The mechanical characteristics of this sand are G/(o.d) =
4 (/mm), ¢, = 46.4 degrees, and ¢, = 31.8 degrees; the
applied normal stress is o, = 75 kPa. The curve-fitting
procedure yields, for interaction parameters, G/(o,d) =
3 (I/mm), §, = 55.2 degrees, and §, = 31.8 degrees. It
can be observed that the peak interface friction angle
obtained under the relatively low confining pressure of this
test is greater than the peak friction angle of the soil. These
results are consistent with those reported by several authors
(9, 12, 14-15, and Koerner), which indicates that, under
low normal stresses, the apparent soil-inclusion interface
friction angle obtained from pull-out tests on grids can be
significantly greater than the friction angle of the unrein-
forced soil. The results also indicate that, for this quasi-
inextensible reinforcement, the calculated transfer length
is significantly greater than the specimen length and there-
fore the elastic—perfectly plastic solution for an infinitely
long reinforcement is not applicable.

Table 2 gives a summary of the interface properties cal-
culated according to the two interaction models and how
they compare with soil properties.

43
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FIGURE 13 Numerical simulation of pull-out test on
metallic grid (10).

EFFECT OF EXTENSIBILITY OF REINFORCEMENT
ON PULL-OUT INTERACTION MECHANISM

The proposed soil-inclusion load transfer model can be
used to evaluate the effect of the extensibility (or the elastic
modulus) of the inclusion on the pull-out curve. Figure 14
shows that pull-out resistance increases with the elastic
modulus and that post-peak-strain softening has a signif-
icant effect on the soil-inclusion interaction. Figure 15 shows
the effect of extensibility on the distribution of displace-
ments along the inclusion, calculated for a loading level
approaching the limit pull-out load. Figure 16 shows the
effect of extensibility on both the front and the rear edge
displacements of the inclusions. The quasi-inextensible
inclusion undergoes a quasi-rigid movement, and the shear
stress mobilized at the interface is rather uniform. With
extensible inclusions (E = 100 MPa), the front edge dis-
placement integrates both the shear displacement of the
inclusion and its elongation. The shear stress mobilized at
the interface is a function of the soil-inclusion shear dis-
placement and therefore varies along the inclusion. For a
loading level approaching the limit pull-out load, the shear

TABLE 2 SOIL AND SOIL-REINFORCEMENT INTERACTION PROPERTIES

Interface Model

Elastic-Perfectly Elastoplastic

Soil Plastic Strain Hardening
Glo,d G/
Glo, Direct Shear ¢, b, Kia, Ve i\ (0,d) U, R
Reinforcement Triaxial (1/mm) (degrees) (degrees) (I/mm) (mm) (degrees) (1/mm) (degrees)  (degrees)
Woven polyester 60 6.0 4045 32 1:5 0.7 47 6.0 42 32
geotextile (confined
(Juran (19)) ES)
Nonwoven 60 6.0 40-45 32 NA NA NA 6.0 42 32
geotextile (unconfined
(Juran (19)) ES)
Metallic grids - 4.0 46.4 32 NA NA NA 3.0 55 32

(Jewell (10))

NoTE: NA = Not applicable because transfer length exceeds a third of the specimen length (3 > I).
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FIGURE 14 Effect of extensibility on pull-out curves.

stress at the front point of the inclusion has attained the
residual shear resistance, whereas, at the rear part of the
inclusion, the mobilized shear stress is still negligible. At
a certain point along the reinforcement, the interface shear
stress attains the peak shear resistance.

This nonuniform shear stress distribution demonstrates
that the concept of a limit interface shear stress uniformly
mobilized along the inclusion (or the apparent friction angle
concept), which is currently used in designing with metallic
reinforcements, is not adequate for the interpretation of
pull-out tests on extensible inclusions to provide relevant
interaction design parameters. It also indicates that, in a

dense dilating sand, particularly under relatively low nor-
mal stresses, the limit interface shear stress obtained from
direct shear tests should be superior to that obtained from
the pull-out tests. Figure 17 shows the effect of soil density
and hence of post-peak-strain softening on the pull-out
curve.

EFFECT OF LENGTH OF INCLUSION ON PULL-
OUT INTERACTION DESIGN PARAMETERS

The major concern in the engineering interpretation of a
pull-out test is scale effect on the relevance of the pull-out
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interaction design parameters. Parameters to be used in
the design of soil structures with reinforcements of differ-
ent lengths have to be independent of the dimensions of
the sample subjected to a pull-out test.

Figure 18 shows the effect of the length of the reinforce-
ment on the average limit shear stress mobilized at the
interfaces at the peak of the pull-out curve. Figure 19
shows the effect of length on peak pull-out displacement.
The results of these numerical simulations illustrate that,
with quasi-inextensible inclusions, the concept of an appar-
ent friction coefficient, or a uniformly mobilized limit lat-
eral interface shear stress, can be adequately used. The
design limit shear stress (or apparent friction coefficient)
is independent of the sample dimension, and the results
of pull-out tests can therefore be used in the design of
actual structures.

With more extensible inclusions, because of nonuniform
shear stress distribution, the average limit shear stress
mobilized at the peak of the pull-out curve is a function

of the sample dimension. Therefore extrapolation of pull-
out test results to reinforcements of different lengths requires
a careful evaluation of the scale effect.

The numerical simulations also show that as the length
of an extensible inclusion increases, the average limit shear
stress decreases and approaches a limit value correspond-
ing to the residual interface friction angle. Peak pull-out
displacement increases significantly with sample dimen-
sion, and consequently a design criterion for allowable
pull-out displacement should be considered.

CONCLUSIONS

The main conclusions that can be drawn from this study
follow.

1. Soil-inclusion friction interaction depends signifi-
cantly on the extensibility of the inclusion and the mechan-
ical properties of the interface soil layer.

2000 |-
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~, 1000 - y o
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1 1 1 | ! 1
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FIGURE 17 Effect of soil density on pull-out curve.
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FIGURE 18 Effect of reinforcement length on average
limit shear stress.

2. With quasi-inextensible metallic inclusions, the con-
cept of a limit shear stress uniformly mobilized at the inter-
faces can be adequately used to determine the pull-out
resistance of the inclusion. Because the three-dimensional
friction interaction between the soil and the inclusion is
rather complex, in situ pull-out tests should be performed
to provide relevant design parameters.

3. With more extensible inclusions, the elongation of
the inclusion during pull-out loading results in a nonuni-
form shear stress distribution along the reinforcement. The
effect of extensibility on the shear stress distribution and
the front edge displacements raises major difficulties with
regard to the current use of pull-out tests on extensible
reinforcements to obtain relevant interaction design
parameters. Specifically, because the pull-out resistance is
not proportional to the length of the reinforcement, a care-
ful evaluation of the scale effect is required in an extrap-
olation of pull-out test results to reinforcements of differ-
ent lengths.

4. A meaningful interpretation of the results of pull-out
tests on geotextiles and geogrids requires an appropriate
load transfer model. A reliable procedure for the deter-
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mination of interaction design parameters and the esti-
mation of the pull-out resistance of inclusions therefore
necessitates (a) an adequate constitutive equation for the
in-soil confined inclusion that is capable of integrating the
effect of soil confinement on the mechanical properties of
the geofabric and (b) an appropriate interaction law relat-
ing the mobilized interface shear stress to the actual soil-
reinforcement shear displacement. For geotextiles, this
interaction law can be obtained from direct shear tests on
a soil-inclusion interface. The pull-out tests, however, allow
for an experimental evaluation of the proposed interaction
law. They can be efficiently used in situ to determine through
a curve-fitting procedure the model-related interaction
design parameters.
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Pull-Out Resistance of Geogrids in Sand

RopNEY W. LENTZ AND JAMES N. PYATT

To further knowledge of the pull-out resistance of grids, a
series of pull-out tests was performed in the laboratory. The
test regimen included the effects of overburden pressure, grid
specimen length and width, and relative density of the sand
on the pull-out resistance of the reinforcement. Tests were also
performed to find the effect of soil particle size on the pull-
out resistance of grids. It was found that the pull-out resistance
of grids is a function of the relative density of the soil, the
particle size, the length and width of the grid specimen, and
the mechanical properties of the grid material. A mechanism
of soil-geogrid interaction is described and used to explain the
results of the pull-out tests. A significant finding is that the
selection of geogrid specimen dimensions for laboratory pull-
out tests must take into account the strain to failure of the soil
and the stiffness of the geogrid in order to properly represent
the maximum pull-out stress that will be available in field
applications.

Reinforced soil is a composite construction material that
consists of alternating layers of compacted backfill and
tensile reinforcing material. The theory behind reinforced
soil is that the vertical normal stresses that the backfill
exerts on the embedded reinforcement are a source of
frictional resistance that results in tensile stresses being
carried by the reinforcement.

Long galvanized steel strips were almost exclusively used
as reinforcement in early applications in reinforced soil
structures. It has been found that ribbing the metal strips
greatly improves the frictional resistance developed between
the reinforcement and the soil. Newer materials such as
geotextiles and geogrids are now being used in some rein-
forced soil structures. Geotextiles appear to be useful when
large deformations are allowable and when stresses are
relatively low. Geogrids, made of strong plastics, are not
as extensible as textiles and develop higher resistance to
pulling out of soil.

Two requirements commeon to the design of all rein-
forced soil structures are that (a) the reinforcement must
not fail in tension, and (b) the reinforcement must not pull
out of the soil. Designing against a tension failure requires
that the stresses in the reinforcement be less than the ulti-
mate strength of the reinforcing material. This is done by
adjusting the cross-sectional area of each reinforcing mem-
ber or varying the number of reinforcing elements per unit
area of the structure.

In designing against pull-out failure of metal strip rein-
forcement, a coefficient of friction between the soil and

R. W. Lentz, Department of Civil Engineering, University of
Missouri—Rolla, Rolla, Mo. 65401. J. N. Pyatt, Soil Consultants,
Inc., 333 Mid Rivers Mall Drive, St. Peters, Mo. 63376.

the reinforcement is used. It is assumed that the pull-out
resistance is supplied by friction along both surfaces of the
reinforcement and is given by the relation

T =2LWao,tan (1)

where

T = maximum pull-out force developed,
L = length of reinforcement,

W = width of reinforcement,
o, = overburden pressure, and
& = friction angle between the soil and reinforcement.

An assumption associated with the use of this equation is
that the frictional resistance is uniform along the length of
the reinforcement. It is known, however, that the friction
developed along the reinforcement is not uniform but var-
ies along the length. In a reinforced soil retaining wall, for
example (I—4), it has been found through careful instru-
mentation that the tensile stress reaches a maximum near
the point of crossing the theoretical Rankine failure wedge
boundary. The stress decreases to zero at the free end of
the reinforcement. It docs appcar, however, that the use
of this equation for the design of metal strip reinforcement
is adequate if care is taken. The required length of embed-
ment of the reinforcing strips must be selected to provide
an adequate factor of safety against pulling out of the soil.

For design of geotextile-reinforced retaining walls the
same approach is sometimes used. Barrett (5) recommends
using 8 = % ¢, in the design. Murray (6) attempts to
make allowances in the design for the large strains that
develop in the fabric.

Material published by a geogrid manufacturer (Tensar
Corporation, 1210 Citizens Parkway, Box 986, Morrow,
Georgia 30260) also recommends using a two-dimensional
approach in designing against pull-out for their grids.

Three test methods are commonly used to determine the
pull-out characteristics of a reinforcing material. The first
is a modified direct shear test in which the reinforcing
material is firmly attached to a solid block and placed in
the upper ring of a direct shear device. Soil is prepared in
the lower ring. The test is then performed exactly like a
conventional direct shear test to find the friction angle
between the soil and the reinforcement.

The second test is called a “free shear” test. It is similar
to the first test except that the reinforcement is placed at
midheight of a soil sample. The reinforcement is attached
to the top ring of the device on the side toward the direction
of movement. As the soil and reinforcement are sheared,
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the reinforcement is allowed to strain freely between the
soil layers.

The third method is a reduced-scale pull-out test. A
reinforcing member is placed horizontally at midheight of
a prepared soil sample, an appropriate overburden pres-
sure is applied to the soil, and the reinforcing member is
pulled out. Data from a pull-out test may be interpreted
to give a soil/reinforcement friction coefficient (8). The
test is a systems test that most closely approximates the
condition of the reinforcement in an actual structure.

Schlosser and Elias (4) presented results of pull-out tests
performed on smooth bronze strips in sand. They drew
several conclusions from their tests:

e The pull-out resistance offered by dense sand is much
greater than that offered by soils of lower densities.

e At low densities (of soil) the friction is uniformly dis-
tributed across the length of the reinforcement.

e At higher densities deformation of the reinforcement
predominates, and, as a result, the mobilized friction is
maximum at the end that is pulled out and decreases to
zero at the free end.

e At low densities the § angle observed during pull-out
testing is less than § obtained from direct shear methods,
probably because of collapse of the sand structure under
strain during the pull-out test.

e At higher densities the § angle from the pull-out test-
ing is more than & obtained from direct shear testing, prob-
ably because of dilatancy effects of dense sand.

e More pull-out resistance is developed from ribbed
reinforcement than from smooth reinforcement.

o The peak pull-out resistance occurs at larger displace-
ments for the ribbed strips than for the smooth. Also,
smooth strips have a much more pronounced peak in the
force-displacement curve than do ribbed strips. (The authors
suggested that the more pronounced peak with the smooth
strips is probably due to an effective collapse of the struc-
ture of the sand surrounding the strips during pull-out.
The zone of affected sand is larger for the ribbed strips;
therefore the displacement to peak is larger and the strength
is less affected by the displacement.)

e J increases as the length of the strip increases.

@ J increases as the overburden stress increases.

Bacot et al. (7) found that in compacted samples of
sandy gravel the pull-out resistance was less than in uncom-
pacted samples. (They said that this might be because the
compaction process used smoothed out the surface of the
sand. The undulations in the uncompacted sand probably
caused the increased pull-out resistance.) They also found
that, as the length of reinforcement increases, the friction
angle (3) between the soil and the reinforcement increases.

Ingold (8) reported on a comparison of the modified
direct shear, free shear, and the pull-out tests for evalu-
ating the pull-out resistance of grids. The pull-out resis-
tance of textiles (woven and nonwoven) was also compared
with that of grids. Ingold concluded that, for reinforce-
ments that are extensible (such as textiles) or have a three-
dimensional structure (such as geogrids), the pull-out test
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is the only reasonable method for determining pull-out
characteristics. From the pull-out tests, it was determined
that, for very low normal stresses, the friction angle between
the reinforcement and the soil can be a very large value
(from 55 to 85 degrees for the materials tested). For the
textile materials, the 8 angle decreased to a value that was
less than the friction angle for the soil alone at normal
stresses of about 15 psi and appeared to reach a constant
value at some fraction of the soil friction angle at normal
stresses of about 20 to 25 psi. The grid material, at normal
stresses of about 15 psi, reached a constant value of 8 at
a value of about 10 degrees above the friction angle of the
soil alone.

In a later study, Ingold (9) concluded that the pull-out
resistance of grids is a function of the cumulative embed-
ded area of grid members normal to the direction of pull-
out and not the embedded plan area of the reinforcement.
An analytical model was presented that shows that pull-
out resistance is dependent on the normal stress level and
some exponential function of the friction angle of the sand
and the geometry of the grid member.

Jones (10) stated that the pull-out resistance of grid rein-
forcement in sand is a combination of the frictional resis-
tance presented by the grid plus the anchor resistance of
the grid. The frictional resistance was the same as that of
methods using the 8 angle. The anchor resistance was eval-
uated through the use of a modified bearing capacity equa-
tion.

In the present study, the pull-out resistance of grids in
sand was studied. The effects of the following parameters
on pull-out resistance were evaluated in the testing:

Relative density of the sand,
Grid sample length,

Grid sample width,

Particle size of the soil, and
Grid type.

S B 0 e

EQUIPMENT

The pull-out test box is 11.5 in. wide by 30 in. long by 4
in. deep (inside dimensions). It is made of aluminum plates
¥s in. thick. At one end of the box there is a slot, parallel
to the bottom, that allows a geogrid to be pulled through.
There is a pistonlike lid, made of aluminum plates, that
fits into the box. The lid has a reinforced honeycomb struc-
ture attached to it to make it very stiff. Attached to the
honeycomb structure at the top is a heavy steel plate with
a small depression in the center in which a steel ball is
placed. The normal load is applied to the steel ball. This
ensures that there are no eccentricities of the normal load.
The stiffness of the lid plus the great care with which the
sand surface is smoothed ensure that the load is applied
uniformly over the entire area of the box.

The pull-out box is mounted on a large frame from an
old consolidometer modified for this purpose. A weight
hangar is used to apply the normal load to the lid of the
testing box. There is room for about 900 Ib of weights in
the weight hangar.
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The pull-out force is applied manualiy by a gearbox from
an unconfined compression test device that is attached to
the testing box by a bracket. A 1-kip load cell is attached
in line with the pull-out force. A grid-holding device con-
nects into the other side of the load cell. This device was
designed to fit the type of grid tested and consists of a
small piecc of angle, approximately 10 in. long, with notches
cut in one leg. A grid specimen hooks into the notches
and is held in place by two 4-in.-long pieces of iron that
are held to the angle by bolts. Attached to the end of the
pull-out mechanism is a linear varying differential trans-
former (LVDT) that is used to measure the displacement
of the moving parts of the pull-out mechanism and the
geogrid as the pull-out test is performed. With this equip-
ment it was found that pull-out forces of approximately
1,000 1b could be achieved. The equipment is shown in
Figure 1.

SAND

A fine sand and a coarse sand were used in the testing
program. The fine sand consisted predominantly of sub-
rounded quartz particles. The coarse sand had subangular
particle shapes. A sieve analysis was performed to deter-
mine the gradation of each sand.

From these analyses, index properties of effective par-
ticle size (Dyo), average grain size (Dsp), coefficient of
uniformity (C,), coefficient of skew (C,), and Unified Soil
Classification were determined (Table 1). The minimum
and maximum densities of each sand were determined by
the methods described in ASTM standards 04254-83 and
(04253-83 and are also given in Table 1.

The frictional characteristics of the sand were deter-
mined by consolidated-drained triaxial tests. Specimens of
sand were prepared by placing a weighed amount of sand
in a membrane-lined split mold and vibrating the mold
until the height of the specimen indicated that the target
relative density had been obtained. The angles of internal
friction for the fine sand were 34 and 39 degrees for relative
densities of 41 + 3 percent and 84 + 3 percent, respec-
tively. The angle of internal friction for the coarse sand at
a relative density of 40 = 4 percent was 41 degrees. The
Mohr envelopes from the triaxial tests are shown in Figures
2-4.

GEOGRIDS

Geogrids are made of parallel-oriented long-chain poly-
mers such as polypropylene or high-density polyethylene.
The grid structure is attained by heat-stretching a perfo-

TABLE 1 INDEX PROPERTIES OF SAND
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FIGURE 1 Pull-out test apparatus.

rated sheet of the polymer. The geogrids used in this study
were Tensar SS1 and SS2 made of polypropylene.

Tensar geogrid type SS2 was used in nearly all of the
tests performed. The hole size in these grids is slightly
smaller than 1.5 by 1.1 in. The grid members are 110 mils
wide and 50 mils thick. At the juncture of grid members,
the thickness is 160 mils. The tensile strength of grid type
S$S2 is 2,190 Ib/ft width in the primary direction and 1,230
Ib/ft width in the secondary direction.

Grid type SS1 is a slightly lighter-weight version of grid
type SS2. The hole size is the same, but the grid thickness
is only 30 mils and the juncture thickness is 100 mils. The
tensile strength of grid type SS1 is 1,430 1b/ft width in the
primary direction and 860 Ib/ft width in the secondary
direction. (The preceding information is from the manu-
facturer’s literature.) All pull-out tests on both types of
grid were performed with the grids pulled in the primary
direction.

It was necessary to determine the volume per unit area
for each type of grid so that the calculated density of sand
in the pull-out device could be adjusted for the volume

Do Dso Ydmax Ydmin
(mm) (mm) (6] C, Class (pcf) (pef)
Fine sand 0.22 0.35 1.86 1.00 SP 108.7 92.6
Coarse sand 3.00 4.50 1.67 1.01 SP 95.2 83.4
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FIGURE 2 Mohr envelope for loose fine sand.

occupied by the geogrid. This was done by immersing a
known area of the grid in a graduated cylinder of water
and determining the volume of water displaced.

TESTING PROCEDURE

The sand was placed in lifts that were roughly ¥z in. thick
with a sand-spreading device. The sand spreader was a V-
shaped hopper that was moved along the sides of the pull-
out box to place each lift in multiple passes. The sand
particles were dropped from a 1-in. height at the start of
the lift. The drop height decreased to % in. at the end of
the lift. When the sand had been placed, it was screeded
smooth. Then the height of sand was measured with a dial
gauge device and the density was calculated. The same
procedure was used on the second lift of sand.

In the tests with the dense samples, after the second lift
had been placed, the sand was densified by using a vibrat-
ing motor mounted on a 10.5- by 10.5-in. aluminum plate.
After it was vibrated, the sand was screeded smooth, the
new height of sand was measured, and the density was
calculated.

After the second lift was prepared, the grid was placed
on the sand surface and inserted through the slot in the
end of the box. The grid was placed with a grid member
within the plane of the end of the box. This allows about
% in. of grid travel during a pull-out test without appre-
ciable interaction of the grid and sand with the slot of the
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FIGURE 3 Mohr envelope for dense fine sand.
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box. The free end of the grid was attached to a grid-grip-
ping device that was, in turn, attached to a 1-kip load cell.
The other end of the load cell was attached to the pull-
out mechanism.

After the grid had been positioned, the second two lifts
of sand were placed. The procedure was identical to that
used for the first two lifts.

It was found that, by using the procedure discussed pre-
viously with the fine sand, an average loose relative density
of 41 + 4 percent and an average dense relative density
of 85 + 3 percent could be consistently achieved. With
the coarse sand, an average loose relative density of 38 +
13 percent was achieved. The relative density for each test
is given in Table 2. Note that there is more variation in
relative density for the coarse sand because of the small
range between maximum and minimum density, which
makes the result sensitive to small variations in placement
density. Also, the large particle size made it more difficult
to screed the surface smooth without disturbing the den-
sity.

PULL-OUT

After the sample had been prepared with the grid at mid-
height, the following pull-out test procedure was used:
First, the lid of the testing box was carefully placed on the
sand surface. Then the loading ball and weight hangar were
placed on the lid. Next, weights weré carefully placed on
the shelf of the weight hangar, below the testing box. It
was determined through monitoring with four dial gauges
that placing the lid, weight hangar, and weights on the
sand has a negligible effect on the density and that the lid
moves downward uniformly.

The pull-out force was applied by turning the crank on
the pull-out mechanism. A constant, slow rate of approx-
imately 0.1 in./min was maintained throughout each test.
The test was continued until the displacement of the grid
was about 0.6 in. A peak in the pull-out force was reached
in all tests at or before this displacement.

Pull-out force, measured by the load cell, and displace-
ment, measured by the LVDT, were recorded directly in
the form of a load-deformation curve using an X-Y recorder.
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TABLE 2 PULL-OUT TEST RESULTS
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Test No. Soil q L w D, P )
1 FS 1.265 29.50 10.38 39 576 36.6
FS 1.265 29.50 10.38 39 547 352
3 FS 1.841 29.50 10.38 40 777 34.6
4 FS 0.690 29.50 10.38 37 268 32.4
5 FS 2.416 29.50 10.38 40 965 33.1
6 ES 1.265 29.50 10.38 86 750 44.1
7 FS 0.690 29.50 10.38 81 375 41.6
8 ES 1.841 29.50 10.38 84 965 40.6
9 FS 1.265 24.25 10.38 42 394 31.8
10 FS 1.265 18.50 10.38 40 295 31.3
11 ES 1.265 18.50 10.38 84 493 45.4
12 FS 1.265 12.25 10.38 41 236 36.3
13 ES 1.265 29.50 8.13 41 493 39.1
14 FS 1.265 29.50 5.88 43 450 45.7
15 ES 1.265 29.50 5.88 84 563 52.1
16 FS 1.265 29.50 3.63 45 375 54.2
17 FS 1.265 29.38 10.50 45 515 33.4
18¢ FS 1.265 29.38 10.50 44 523 33.8
19 FS 1.265 29.50 3.63 86 450 59.0
20 FS 1.265 29.50 10.38 41 545 35.1
21 FS 1.265 29.50 10.38 87 680 41.3
22 FS 0.690 29.50 10.38 40 285 34.0
23 FS 1.265 24.25 10.38 41 462 36.0
24 FS 1.265 24.25 10.38 87 540 40.3
25 FS 1.265 18.25 10.38 42 320 33.7
26 FS 1.265 12.25 10.38 43 280 41.1
27 FS 1.265 12,25 10.38 87 415 52.2
28 FS 1.265 29.50 8.13 86 635 46.3
29 CSs 1.265 29.50 10.38 51 760 44.5
30 CS 0.259 29.50 10.38 25 240 56.6
31 CS 1.265 29.50 10.38 37 740 43.7
32 CS 1.265 22.75 10.38 36 700 49.5
33 CS 1.265 16.63 10.38 38 660 56.5
34 CS 1.265 10.63 10.38 35 620 65.8
35 CS 0.690 29.50 10.38 43 500 49.8

Note: Tests 17 and 18 were performed with Tensar grid type SS1,

TEST RESULTS

The results of the 35 pull-out tests are given in Table 2.
All tests but Tests 17 and 18 were performed with Tensar
grid type SS2. Tests 17 and 18 were performed using Ten-
sar grid type SS1. In the table, the following terminology
is used:

Soil = soil type tested,
CS = coarse sand,
FS = fine sand,
g = normal stress (psi),
L = length of embedment (in.),
W = width of reinforcement (in.),
D, = relative density of sand before loading (per-
cent),
P = maximum pull-out force (1b), and
d = average friction angle between soil and grid.

DISCUSSION OF RESULTS

All tests were performed at stresses in the working range
of the grids tested. In only 1 of the 35 tests did the grid

break, causing a very sudden loss of pull-out force. Test
19, during which the grid broke at a tensile force of 68
percent of the material’s ultimate strength (according to
the manufacturer), was the test with the highest stressed
grid sample. To avoid damage to the equipment, no delib-
erate attempts to reach the ultimate strength of the grids
were made.

Effect of Normal Stress

From the study of the effect of normal stress on pull-out
resistance, it was found that, for each soil type tested, pull-
out stress is directly proportional to normal stress. Figure
5 is a graph of pull-out stress versus normal stress; the
figure shows the results for the loose fine sand, the dense
fine sand, and the coarse sand. These results compare well
with the results presented by Ingold (9), except that the
plot presented by Ingold had a concave down curvature
at the low-stress end.

The same results presented as friction angle (8) between
the soil and the grid versus normal stress are shown in
Figure 6. The coarse sand, because of its large pull-out
resistance, was only tested at normal stresses below 1.5
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FIGURE 5 Pull-out stress versus normal stress.

psi. Higher normal stresses would have resulted in pull-
out forces approaching the ultimate strength of the geo-
grid. The results indicate that the friction angle tends to
decrease toward the friction angle of the soil as the normal
stress increases. This result is also in agreement with the
results presented by Ingold. Inspection of Figure 6 shows
that for the dense and loose fine sand the normal stress
has less effect on the friction angle than for the coarse
sand.

An assumption common to all design procedures studied
is that pull-out stress is directly proportional to normal
stress.

Effect of Grid Specimen Embedment Length

To study the effect of embedded length, several grid spec-
imens, all the same width but of various lengths, were
tested. All tests were at the same normal stress. The results
are shown in Figures 7 and 8. Tests in loose fine sand
showed a nearly constant pull-out stress for all embedded
lengths. The friction angle (8) from the length study on
the loose sand showed a slightly decreasing trend, very
near the friction angle of the soil alone. The same plots
for the dense fine sand and the loose coarse sand show
relatively high pull-out stresses (or friction angle) for short
lengths that decrease to a constant value as the length
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FIGURE 6 Friction angle versus normal stress.
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increases. The friction angle decreases to a value slightly
above that of the friction angle of the soil alone.

The curved, decreasing nature of the curves for the length
study on the dense fine sand and the coarse sand is prob-
ably due to the extensibility of the grid reinforcement. A
curve presented by McGown et al. (/1) may be used to
approximate the deformation of the grid material due to
the stress levels present. For example, if a force of 600 1b
is transferred by a grid 29 in. long and 10.4 in. wide held
only at the ends, the specimen will elongate about Y in.
Given this, it is supposed that as the average pull-out stress
in the grid reinforcement reaches higher values, the exten-
sibility of the grid starts to play a more important role.
For example, in the length study tests with the loose sand,
the stress levels remained in a range slightly less than 1
psi, which indicates that the extensibility of the reinforce-
ment plays only a minor role, if any. For the length study
tests with the dense fine sand and the coarse sand, the
frictional resistance is high enough at smaller lengths to
produce large pull-out stresses. Over the short embedded
length, there is not enough accumulated strain to cause
the amount of mobilized soil strength to be appreciably
different from one end of the grid specimen to the other.
Therefore the soil at each grid member reaches its peak
resistance at the same time. But, as the length of the grid
specimen increases, the extensibility of the material piays
a more important role. As the length of the specimen
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FIGURE 8 Friction angle versus grid sample length.
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increases, the average pull-out stress (and also the 8 angle)
was observed to decrease.

It is hypothesized that, for the longer specimens, the
geogrid deforms such that, as the pull-out test is per-
formed, the embedded end does not contribute much to
pull-out resistance because it has not been strained enough
to mobilize the full strength of the soil surrounding it. The
end of the specimen near the clamping device moves far
enough to mobilize the full strength of the soil and possibly
pass over a peak strength to a lower residual strength value.
This will occur if the soil reaches its peak strength at a
relatively low strain as does dense sand or angular material
that exhibits dilatant behavior on straining. The grid mate-
rial in the middle of the specimen is in some intermediate
condition—the material is being stretched and is mobiliz-
ing at least part of the full soil strength. The maximum
pull-out stress for the longer grid specimen will be lower
than for the shorter specimens because the soil at some
members will be past the peak strength.

As the embedded length of geogrid specimen in a dila-
tant soil increases, the variation in strain over the length
of the specimen increases, which means that the soil sur-
rounding a larger percentage of the grid members will have
passed its peak strength. Thus the longer the specimen,
the lower the average maximum pull-out stress. However,
each successive increment of length increase results in a
smaller decrease in pull-out stress until an almost constant
value is approached.

Assuming that this soil-geogrid interaction mechanism
is correct leads to the conclusion that, for a given soil
condition, the stiffer the geogrid material, the longer the
specimen must be to reach constant pull-out stress.

Effect of Grid Specimen Width

Specimens of geogrid of various widths but the same length
were used to study the effect of width of reinforcement on
pull-out resistance. The tests were performed on the fine
sand in both the loose and dense condition. It was found
that as the width increases, the pull-out stress decreases
toward a constant value for the given normal stress level.
If represented as friction angle versus width of reinforce-
ment, the shape of the curve is the same with the friction
angle decreasing, as specimen width increases, to a con-
stant value that is very near the friction angle of the soil
alone (Figure 9).

The shape of the curves from the width study can be
qualitatively explained if the pull-out resistance of grids is
broken down into two components. The first component
is the passive resistance offered by the grid members per-
pendicular to the direction of pull-out. The second type
of resistance is the frictional resistance that is offered by
the grid members parallel to the direction of pull-out (Fig-
ure 10). In the tests performed, all grid specimens were
cut such that no partial grid members were at the edges
(i.e., sides) of the specimen. Grid members parallel to the
direction of pull-out were at the extreme edges of the
specimen, and, at the embedded end, grid members per-
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FIGURE 9 Friction angle versus grid sample width.

pendicular to the direction of pull-out were at the extreme
edge.

Suppose that pull-out tests are performed on a grid spec-
imen one grid wide (one row of grid members perpendic-
ular to the direction of grid travel and two rows of grid
members parallel to the direction of travel). If the grid
specimen width were doubled, the area of the grid mem-
bers perpendicular to the direction of grid travel would
also be doubled. This would cause the passive portion of
the pull-out resistance to double. But doubling the spec-
imen width only increases the total area of the grid mem-
bers parallel to the direction of pull-out by 50 percent
(from two rows to three rows). Similarly, if the width of
the original one-grid-wide specimen were tripled, the area
of the grid members perpendicular to the direction of pull-
oui would tripie ({rom one to three rows), but the area of
the parallel members would only double (from two to four
rows). The passive resistance would triple and the fric-
tional resistance would only double.

The data in Figure 9, then, indicate that the effect of
the varying proportional contributions of the two com-
ponents of pull-out resistance on total pull-out resistance
is to cause pull-out stress to decrease with increasing width
of grid specimen.

PARALLEL MEMBERS
—$

DIRECTION OF
PULLOUT

e
[
[\

\\\ PERPENDICULAR MEMBERS

FIGURE 10 Grid sample configuration.
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Effect of Soil Density

The effect of soil density on pull-out resistance is shown
clearly in Figures 5-9. An increase in average relative
density of the fine sand from 41 to 87 percent gave increases
in the friction angle between the reinforcement and the
soil of anywhere from 5 to 14 degrees. It appears that, for
working sizes of reinforcement, the difference in friction
angle (8) is probably near the difference in the friction
angle for the soil alone (i.e., 6 degrees). It was interesting
to note that the pull-out force versus displacement curves
from the pull-out tests on the dense fine sand had pro-
nounced peaks, as did the stress-strain curves of dense fine
sand in the triaxial shear tests. After the pull-out force
reached a peak, it approached a smaller, residual value.
The pull-out test curves from the tests on the loose fine
sand exhibited no peaks.

Effect of Grid Type

Two pull-out tests were performed using a slightly lighter-
weight Tensar grid. Grid type SS1 is the same size as type
S82, except that the thickness of the cross members is 40
percent less and the thickness of the junctures is 37.5 per-
cent less. The decrease in cross-sectional area of the grid
resulted in a decrease of pull-out resistance of about 7
percent. Although the results of the tests compared (Tests
1, 2, and 21 versus Tests 17 and 18) were consistent, a
further study was not done because of the modest differ-
ence in pull-out resistance. The result does give some sup-
port to Ingold’s hypothesis (9) that pull-out resistance is
a function of the grid area normal to the direction of pull-
out.

CONCLUSIONS

The results of laboratory pull-out tests using Tensar SS1
and SS2 geogrids in sand show that pull-out stress is a
function of normal stress, relative density of the sand,
angle of internal friction of the sand, the three-dimensional
structure of the geogrid, and the dimensions of the geogrid
specimen. A soil-geogrid interaction mechanism has been
described and used to explain the results of the pull-out
tests.

In the field the embedded area of geogrid is likely to be
large enough that stretching will cause the pull-out stress
to approach some minimum value, as demonstrated by the
pull-out tests reported. Thus, if laboratory tests are per-
formed on specimens too small to include this effect, the
pull-out stress will be overpredicted, which will lead to
unsafe design. This is most likely to happen with stiff geo-
grid material in a dilatant soil.

The significance of the results of this study is that when
conducting laboratory pull-out tests to obtain friction angles
for design of geogrid-reinforced structures the effect of the
stress-strain behavior of the soil and the extensibility of
the geogrid must be taken into account when choosing the
size of geogrid specimen to test. The maximum dimensions

55

of geogrid specimens used in the present study appear to
be barely large enough to meet these criteria.

For the Tensar SS2 geogrid, the soil-geogrid friction
angle (8) approaches the angle of internal friction of the
soil used in the pull-out tests. It could therefore be con-
cluded that, for field conditions using the same geogrid
and the same soil, the design 8 could be taken equal to
the angle of internal friction of the soil as determined by
drained triaxial tests.

In comparison, Ingold (9) reported that, for pull-out
tests using smaller specimens of a much stiffer geogrid and
much higher normal stresses, 8 was about 10 degrees greater
than the angle of internal friction of the soil. This higher
difference between 8 and ¢ may be due partly to the dif-
ferent geometry of the geogrids used in the two studies.
The difference could also have been caused because the
short length of geogrid specimen used by Ingold did not
meet the criteria proposed in the present study.

The lower values of normal stress used in this study,
compared with those used by Ingold, are appropriate
because the geogrid used in this study had much lower
strength than did that used by Ingold.
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Why All Important Pavements Should Be

Well Drained

HARRY R. CEDERGREN

During the hours, days, and months that pavements are filled
with water, heavy vehicle loads cause severe damaging actions
such as erosion and pumping, disintegration of cement-treated
bases, stripping of asphalt coatings from bituminous-treated
bases and subbases, and overstressing of weakened subgrades.
The presence of liberal amounts of water causes or increases
non-load-bearing damage such as D-cracking, blow-up, frost
action, expansion, shrinkage cracking, accelerated oxidation
and loss of flexibility, and general deterioration of pavements
and bases. Pavements designed without fast internal drainage
can stay filled with water during much of the year while they
are also subjected to damaging environmental conditions. If
pavements are provided with fast internal drainage, water-
related damage is almost entirely eliminated, which increases
pavement life substantially and saves billions of dollars a year
in the United States alone. Even though the need for good
drainage and the benefits it can provide have been known for
centuries, few modern pavement designers use it. In this author’s
view, the best methods available should be used in designing
pavements, and in addition every important pavement should
be provided with an internal drainage system capable of rap-
idly removing all water that enters.

When a pavement is filled with water, heavy vehicle loads
cause severe damaging actions such as erosion and pump-
ing, disintegration of cement-treated bases, stripping of
asphalt coatings from bituminous-treated bases and sub-
bases, and overstressing of weakened subgrades. Also, the
mere presence of abundant water causes or accelerates
numerous non-load-bearing actions such as D-cracking,
blow-up, frost action, expansion, shrinkage cracking,
increased oxidation and loss of flexibility, and general
deterioration of wearing courses and stabilized bases.

Pavements designed without rapid internal drainage can
remain filled with water a number of days or weeks after
each saturating rainfall, adding up to several months of
damaging environmental conditions each year. When good
internal drainage is provided, however, water-related dam-
age can be virtually eliminated or at least greatly reduced.
Rapid drainage could probably provide at least 10 times
more benefit to pavements than do any of the “modern”
design and structural strengthening techniques developed
in the past 20 to 30 years.

Even though the detrimental effects of poor drainage
have been of concern for centuries and thoroughly docu-
mented in several major road tests in the past several dec-
ades (1-3) and the benefits of good internal drainage have
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been well documented, few designers even consider good
drainage as a viable design concept that can extend pave-
ment life three or four times and save billions of dollars a
year. Continued presentation of the facts will, it is hoped,
convince more and more designers of the need to return
to the good drainage ideas advocated by John L. McAdam
nearly 200 years ago.

Designers should use the best methods available to design
good, economical pavement systems. In addition, every
important pavement should be provided with a drainage
system capable of removing free water rapidly instead of
over the days and even weeks needed when good internal
drainage is not used.

INTRODUCTION

This paper is a brief review of the historical development
of basic philosophies of road design and an explanation of
how the modern “‘undrainage” concept became so popular
and is so hard to overcome. The damaging actions that
take place in undrained pavements filled with water are
reviewed, and estimates are given of the costs of not
designing all important pavements as well-drained systems
that can rapidly eliminate free water and preserve pave-
ments in a relatively “dry”” condition essentially 100 per-
cent of the time.

From historical times road builders have known of the
damaging actions of water in structural sections and have
tried to design roads that will not fail prematurely because
of water. Starting with the Appian Way in 312 B.C., the
ancient Romans built their military roads very strong, but
they also drained swamps to be crossed by their roads and
usually provided a layer of broken slag or tile within the
foundation layers, which probably improved internal
drainage.

Centuries later, wise road builders such as John L.
McAdam (4) and Pierre M. Tresaguet of France (5, p. 3)
warned of the consequences of excess water in structural
sections and used open-graded stone or gravel in their
construction. Sometimes, when an intervening layer of
screenings or fine gravel was not placed on clay subgrades
to act as a filter, the soil worked into the stone or gravel
with undesirable results.

Because of experiences like this, and with the devel-
opment of modern “rational” and experimental methods
for designing pavements, the pendulum swung to the
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extreme of relying on density and strength as complete
solutions to all problems and believing that good internal
drainage is no longer necessary to achieve long-lasting,
trouble-free pavements (6). This is the one factor above
all others, in my view, that is responsible for the untimely
deterioration of modern pavements under both traffic-
related and non-load-bearing environmental damaging
actions and that results in enormous losses in money, energy,
and natural resources.

CHRONOLOGY OF ROAD DESIGN

After enactment of the U.S. Federal Aid Act of 1916,
pavements were designed (in the United States) on the
basis of soil classification (A-1, A-2, etc.) and the design-
er’s experience and judgment. Since the development of
modern soil mechanics methods, pavement designs have
been based almost entirely on strength factors obtained by
conducting static tests on specimens of base, subgrade, and
other layers that have been presaturated for testing.

On and off for centuries road builders have believed in
good drainage. Nearly 200 years ago, John L. McAdam
(4) said, ““If water pass through a road and fill up the native
soil, the road whatever may be its thickness, loses support
and goes to pieces.” He also commented, “The erroneous
opinion . . . that [by] placing a large quantity of stone
under the roads, a remedy will be found for the sinking
into wet clay or other soft soils . . . [so] that a road may
be made sufficiently strong artificially to carry heavy car-
riages . . . has produced most of the defects of the roads
of Great Britain.”” After McAdam’s time, good drainage
was commonly preached as necessary for good roads. One
text on road design said, “There are just three things nec-
essary for a good road: drainage, drainage, and more
drainage.”

However, as modern rational methods came into wide-
spread use for pavement design, many designers developed
a high level of confidence in their newfound methods of
using static tests to evaluate their materials. However, wheel
loads apply dynamic forces to pavements, bases, and
subgrades, and these design theories assume intergranular
pressure distributions that cannot exist in real-world sat-
urated pavements. The presence of abundant free water
also causes or accelerates the previously mentioned non-
load-bearing detrimental actions.

Many designers are so sure of the modern methods and
so sure that drainage is unimportant that they look with
disfavor on anyone who believes in good drainage as a
viable design concept. In the course of interviews con-
ducted during development of the FHWA'’s Guidelines for
the Design of Subsurface Drainage Systems for Highway
Structural Sections(7) one state highway engineer in the
Great Lakes area said, “I have nothing but contempt for
anyone who thinks pavements can be drained.” A top
pavement designer in a major western state said during
those interviews, “But, of course, it is neither necessary,
practical, nor economical to drain a pavement.”
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Since the issuance of the FHWA’s pavement drainage
guidelines in 1972, some change in the attitude of designers
has been taking place, but very slowly. Under the nudging
of the FHWA about 40 percent of the states are experi-
menting with “new” or “improved” drainage systems, and
about 10 percent are actually using the high-permeability
open-graded drainage layers proposed in the Guidelines.
(The drainage systems in the Guidelines use a full-width
base drainage layer composed of open-graded aggregate
in the range of Y%-in. minimum size to '2- to 1%%- in. max-
imum size protected with suitable bases or ‘“‘filters” and
provided with collector pipes and outlet pipes to ensure
positive removal of all water that enters.)

At the present time (1987) most pavement designers are
using the rational methods without providing internal
drainage, but a few are awakening to the marvelous ben-
efits of good drainage and putting it to work in their designs
(6, pp. 20-21). Raymond Forsyth of Caltrans has been a
prominent advocate of good drainage (8). California has,
since 1982, required the use of positive rapid drainage on
most new pavements on its state system. Drake (9),
Haughton (10), and Craven (/1) are other North American
designers who are making use of good drainage ideas.
Particularly noteworthy in my view is the landmark work
of Roger Lorin in France who has been designing impor-
tant airport pavements since 1980 with good built-in drain-
age (6, pp. viii, 20). His approach is in sharp contrast with
that of most American airport pavement designers who
consider strength and density of paramount importance
and drainage unnecessary. In a letter to me dated August
1986, Lorin very aptly expressed the need for drainage of
airport pavements: “[W]ith a drainage layer of porous con-
crete, water will no longer become under pressure when
an aircraft is passing over, which avoids high-speed water
movements, back and forth, under the slab creating voids
by attrition of the cement-treated base. By eliminating
pore pressures and water movements, the porous drainage
layer eliminates pumping effects.” Why all airport design-
ers do not understand the need for rapid elimination of
free water is difficult to comprehend when it should be so
obvious.

With the help of the FHWA and a few progressive-
thinking engineers like the ones just mentioned, the
“undrainage” attitude is being slowly overcome. This author
hopes that it will be a thing of the past before long.

Figure 1 shows the use of a highly permeable drainage
layer in pavement structural sections (k = 10,000 to 100,000
ft/day) to rapidly eliminate free water and prevent or greatly
reduce water-related damage to pavements. The figure
shows the differences in water conditions in pavements of
several designs, both without and with good drainage. In
the undrained pavements, all wearing courses, bases, and
subbases will be subject to flooding for a minimum of a
few weeks a year in arid desert areas and many months a
year in rainy climates. In the well-drained designs all layers
above the drainage layer will be in a moist or damp con-
dition, not in a fully saturated condition, nearly 100 percent
of the time, so the detrimental traffic-related and non-load-
bearing damaging actions will be virtually nonexistent. In
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my view all important pavements should be given the pro-
tection shown in the left half of Figure 1.

DAMAGING ACTIONS OF WATER
Traffic-Related Damage

When a pavement is filled with water, every heavy vehicle
load passing over it produces a pore pressure wave that
moves along at the speed of the vehicle. Spellman (/2)
found that heavy vehicle impacts caused ‘‘violent water
actions” at the interface between portland cement concrete
(PCC) pavement and a cement-treated base (CTB), which
caused erosion of cavities under the PCC pavement and
ejection of material from the leading edges and its buildup
under trailing edges. This action caused loss of support
and produced the uncomfortable ‘“‘faulting” or “step-off”

DRAINED
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so common in PCC pavements that are being damaged by
traffic impacts and undrained water.

As part of the comprehensive field studies undertaken
for the FHWA during development of its pavement drain-
age guidelines (7), holes were drilled in a 12-year-old Cal-
ifornia Interstate highway constructed with PCC on CTB.
Although it was on a fill 40 ft high, this section of pavement
was already showing excessive faulting and cracking. A
hole drilled into the interior of an uncracked slab directly
under the wheelpath in the truck lane revealed that the
CTB had completely disintegrated into a cohesionless mass
that could easily be removed with a small scoop, or even
with fingers. A maintenance supervisor told the investi-
gating engineer that this was a common occurrence along
this highway; at every location where he had dug out failed
pavements to be replaced with high—early strength PCC
patches, the CTB was soft and disintegrated. To verify the
condition of the CTB in the central passing lane where

UNDRAINED

/
e

A) UNDRAINED SHOULDER. THIN AC WEARING COURSE

C) DRAINED SHOULDER. THICKER AC WEARING
COURSE ON BINDER COURSE

/ ‘D) DRAINED SHOULDER.

_ OPEN-GRADED

"~ DRAINAGE LAYER

PCC WEARING COURSE

SUBJECT TO
FLOODING

7777 -

NOT TO SCALE

FIGURE 1 Differences in water conditions in drained and undrained pavements.
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trucks seldom operated, a hole was drilled into the con-
crete and a very solid core of CTB was recovered under
the PCC core, giving evidence that the CTB had been
properly placed.

My explanation of the disintegrated CTB is that pore
pressure waves moving under the pavement produce pul-
sating actions that may leach the cement out of the CTB.
At any rate, any benefit from the cement treatment was
lost under the truck lanes; the CTB was behaving as a
cohesionless sandy base containing fine gravel.

In addition to the kinds of damage just discussed, heavy
wheel impacts on water-filled pavements cause stripping
of asphalt coatings from bituminous-treated bases and sub-
bases, overstressing of weakened subgrades, increased rates
of general deterioration, potholes, break-out of chunks of
pavement from wearing courses, losses in safety and com-
fort to users, and reduced overall serviceability, as well as
high repair and replacement costs.

Non-Load-Bearing Environmental Damage

The mere presence of abundant free water in structural
sections causes or greatly accelerates non-load-bearing
environmental actions that cause premature failure of
pavements. Some of these actions do not occur at all in
pavements that contain little or no free water.

D-cracking, for example, progresses only in the presence
of abundant water. Rapid elimination of free water by the
use of the good drainage systems recommended in the
FHWA guidelines (7) could be very beneficial in reducing
D-cracking, but good drainage systems are hardly ever
thought of as a primary remedy for this troublesome form
of disintegration of concrete pavements. Studies by Ver-
beck et al. (13) for the Portland Cement Association (PCA)
on some 4,400 lane miles of pavements in Ohio led to the
following statements in their report: “The field and lab-
oratory observations . . . are taken as evidence that D-
cracking is caused by stresses generated during the freezing
of critically saturated coarse particles. . . . D-cracking is
initiated when atmospheric moisture penetrates open joints
and cracks, and together with moisture already present
beneath the pavement, raises the degree of saturation of
the coarse aggregate to a critical level. . . . If allowed to
progress, the entire pavement will be converted to an
incoherent mass of rubble.”

Under Conclusions and Recommendations, the PCA
report says, “It is thus recommended that precautions be
taken to upgrade the coarse aggregate and reduce the flow
of moisture through the joints.” Nothing is said about
improving internal drainage, although the rapid elimina-
tion of free water by good internal drainage systems offers
a practical and economical means of reducing damage due
to D-cracking. Trying to keep cracks and joints watertight
is, of course, virtually impossible.

In a study of drainage needs of airfield pavements for
the U.S. Army Corps of Engineers Construction Engi-
neering Research Laboratory (CERL) (/4), I found that
D-cracking was much more severe in the 150-ft-wide run-
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way of a major airfield in the Great Lakes area than in
the 75-ft-wide taxiways. Water can drain out of a 75-ft-
wide pavement in about % the time needed to drain 150-
ft-wide pavements (drainage time increases approximately
in proportion to the squares of the widths). The much
greater deterioration of the runway than the taxiways is
evidence that increased retention time of water leads to
greater D-cracking. It also corroborates the concept that
good drainage can reduce D-cracking. If water can remain
in the runway about four times longer than in the narrower
taxiways after each saturating event, it is to be expected
that the runway will suffer much greater non-load-bearing
environmental damage than the taxiways.

Other kinds of non-load-bearing environmental dam-
age, such as blow-up, frost action, expansion, shrinkage
cracking, increased oxidation and loss of flexibility of asphalt
concrete pavements and bases, and general deterioration,
are related directly to the amount of time per year that
structural sections remain in an essentially flooded con-
dition. Hence, all of these kinds of damage can be greatly
reduced by good internal drainage systems.

WARNINGS OF MOUNTING PROBLEMS WITH
UNDRAINED PAVEMENTS

Collectively, the pavements of the U.S. Interstate system
represent the biggest “experimental road test” of all time.
Before much of the Interstate system was built, designers
reviewed the results of the WASHO Road Test in Idaho
() and the AASHO Road Test in Illinois (2), in which
not a single one of the hundreds of test pavements con-
tained a good internal drainage system. Although those
tests proved that excess water was always the prime factor
in failure of the road test pavements, drainage was com-
pletely ignored as a viable design option for Interstates or
other important roads. As a consequence, the Interstate
system was designed on the concept that if the specified
kinds of pavement and base materials were used, and
appropriate rational design methods were employed, fast
removal of water from within structural sections of pave-
ments would not be necessary.

The entire Interstate system (with few exceptions) there-
fore represents a technology that depends on strength, not
on drainage, for performance. It represents the philosophy
of most pavement designers. To illustrate, in August 1962
a prominent advocate of the “strength” philosophy and a
staunch antidrainage champion told an international gath-
ering of pavement designers (15), “The pertinent question
should be, What is underneath the pavement?—not what
falls on top of it.” This attitude, which has been shared
by most designers of Interstates and other pavements—
even to the present day—is in my view the major reason
for the untimely failure of most modern pavements. What
has been put under pavements has not been able to handle
what has been falling on them.

Those supervising and reviewing the major road exper-
iments, such as the AASHO Road Test, were interested
only in developing combinations of pavement and base
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that would withstand traffic and environmental conditions
without the benefit of good internal drainage. Because of
this view, not one of the hundreds of individual designs
incorporated internal drainage systems. Likewise, although
some pavements of the Interstate system were provided
with drains to control groundwater, spring inflow, and the
like, not a single mile had a drainage system for rapid
removal of infiltrated surface water. The system is there-
fore an “‘experimental road test” of undrained pavements.
Its performance is a measure of the effectiveness of the
design methods used. Many miles of Interstate started to
deteriorate in as little as 6 to 10 years, far short of the life
that should have been reasonably expected.

One of the early indications of coming problems with
the Interstates was a report issued by the General Account-
ing Office (GAO) to Congress in 1970. As summarized in
an article in Civil Engineering (16), that report says that
surveys made of pavements put down before October 1963
indicated that some 2,800 mi of Interstate pavements already
needed overlays at an estimated cost of $200 million. A
little later an FHWA report (17) said that $329 billion out
of a total road construction and repair budget of $450
billion would still be needed from 1976 to 1990 “to keep
1975 levels of condition and performance on the nation’s
highways.” As shown later, I have estimated that at least
% of the $329 billion, or $217 billion, could have been
saved by good drainage of all important pavements. This
is $15 billion a year in the United States alone.

More recent indications of the growing problems with
undrained pavements in the United States are given in the
Secretary of Transportation’s 1985 Needs Report to Con-
gress on the condition and performance of the nation’s
highways (18). That report says, “‘Based on data supplied
by the State highway agencies, the percentage of the Inter-
state pavements needing repair increased from 9 percent
in 1981 to 14 percent in 1982.” The report also says that
failing pavements “will result in over 1 million miles of
major roadways requiring work to the end of the century.”

In my view, if all major pavements constructed in the
past 20 to 30 years had been built as well-drained systems,
hardly any would be needing more than normal mainte-
nance and a periodic overlay to compensate for normal
wear and tear.

The accelerating problems with the national pavement
system have alarmed taxpayers, public officials, and the
media. Our ‘“‘magnificent pavement system,” which was
supposed to represent the best thinking and modern tech-
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nology and consumed vast amounts of materials, energy,
and money, has been falling apart and little can be done
but to pour large amounts of money into repair and
replacement projects. A U.S.News & World Report article
(/9) says that American roads—the most expensive public
works undertaking of all time—are being battered to picces.
Numerous other national publications and local media have
expressed concern over deteriorating pavements.

ESTIMATED DOLLAR LOSSES CAUSED BY LACK
OF DRAINAGE

Estimating the amount of money being wasted by the
“undrainage” practice requires reasonable estimates of two
factors: (a) the relative rates of damage per load impact
to typical undrained, “flooded” pavements and to well-
drained or “‘nonflooded” pavements and (b) the length of
time each year the undrained pavements remain full or
essentially full of water and thus are in a flooded condition.

Documented information from major experimental road
tests (, 2) provides valuable insight into the potential rates
of damage to flooded pavements versus nonflooded or
well-drained pavements. I use the term ‘‘severity factor”
to compare damage rates for undrained and drained pave-
ments. Thus, if the rate of damage per heavy wheel impact
is 10 times greater under flooded conditions than under
nonflooded conditions, the factor is 10, and so on. That
is, each flooded impact shortens pavement life 10 times
faster than each nonflooded impact for a factor of 10. Table
1 gives a summary of calculated severity factors for the
WASHO Road Test, the AASHO Road Test, and exper-
iments conducted by the University of Illinois in its circular
test irack (3). For the AASHO Road Test, scverity factors
ranged from around 10 to around 40. For the WASHO
Road Test, the factor ranged as high as 70,000 (spring
thaw conditions). For the tests run at the University of
Illinois, the factor was around 200.

In my estimate of the losses caused in the United States
by poor drainage, I used a severity factor of 15, which I
believe is rather conservative for a nationwide estimate.

Next, to estimate the average length of time pavements
in the United States stay filled with water each year, I used
the information in Table 2, which was included in the study
for the FHWA'’s Guidelines for the Design of Subsurface
Drainage Systems for Highway Structural Sections (7). At
eight state highway sites and one county road site (selected

TABLE 1 SEVERITY FACTORS FOR FLOODED VERSUS DRAINED STRUCTURAL SECTIONS AS ESTIMATED

FROM PUBLISHED REPORTS (14)

Test Behavior Reported Severity Factor

WASHO Road Test (1) Worst damage occurred during frost melt period 70,000:1

AASHO Road Test (2, p. 40) Damaging effects of traffic were more severe in spring 10:1 to 40:1
frost melt period than in summer and fall

University of Illinois circular test track (3) Before saturation, 700,000 load applications produced 200:1

0.2 in. to 0.5 in. rutting; after saturation, 12,000
additional load applications destroyed the pavements
while causing 0.5 in. or more additional rutting
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TABLE 2 ESTIMATED LENGTH OF TIME STRUCTURAL SECTION REMAINS ESSENTIALLY SATURATED

AFTER IT STOPS RAINING

Estimated Time

Relative Time

Case Study (days) (Eureka = 1) Special Notes

California 20 2000 Section is on 50- to 60-ft high clayey fill with some
sandy material

Connecticut 15 1500 Section is on shallow fill on low side of
superelevated curve; clayey subgrade layers over
sandy fill

Eureka (Humboldt Co., Calif.) 0.01 1 Has highly permeable base drainage layer under full
width of traveled way, with an outlet pipe

Georgia 12 1200 Section is on clayey sand—silty sand fill

Michigan 0.2 (unfrozen)

Infinite (frozen) 20 Section is on sand fill; freezes in winter

Oklahoma 15 1500 Has black base that is not directly drained

Pennsylvania 12 1200 Section is on silty sandy fill; 6-in. underdrain pipe
under subbase, which is also daylighted

Utah 8 800 Section is on clayey sand fill; base is daylighted

Washington 5 500 Section has 2-in, porous base with no outlet and is

not daylighted

SOURCE: K. O'Brien, J. Arman, and H. R. Cedergren, Development of Guidelines for the Design of Subsurface Drainage Systems for Highway
Pavement Structural Sections, Final Report, FHWA, U.S Department of Transportation, Feb. 1973. Table 5, p. 68.

by the FHWA and local engineers), holes were drilled and
tests run on typical samples of pavement, base, subbase,
and subgrade to evaluate conditions at each site. Taking
into account all known factors such as permeabilities of
structural layers, bases, and subgrade; lengths of drainage
distances; slopes; and the like, an estimate was made of
the length of time the pavements at each site could remain
filled with water after a saturating event. Omitting the
Michigan site and the Humboldt County site, which are
not typical of normal state highway pavements, the times
range from 5 days to 20 days, with an average of 12 days
per saturating rainfall. If each location in the United States
has as few as 10 saturating rainfalls a year (most areas will
have more), its pavements would be essentially flooded at
least 4 months a year or 33 percent of the time. Trying to
be conservative in my estimate, I assumed that pavements
in the United States are filled with water an average of
only 20 percent of each year.

If traffic loads with a severity factor of 15 act 20 percent
of the time each year and the balance of the year they act
with a factor of 1.0, the life cycle of the average pavement
will be reduced to less than %5 of that experienced with
wheel loads that have a severity factor of 1.0 during 12
months each year. On this basis, the losses in serviceability
that are being caused by undrained water in the United
States are more than % of the $329 billion the FHWA
estimated as necessary to keep the nation’s roads in ser-
viceable condition to 1990 (6, pp. 60—61; 17).These losses
could have been saved by widespread usage of good drain-
age—$217 billion for the 14-year period or $15 billion a
year (20). On a worldwide basis I estimate that the losses
caused by the “undrainage” practice could exceed a trillion
dollars over a 30- or 40-year period (21-23).

SUMMARY AND CONCLUSIONS

During the time pavements are filled with water, heavy
wheel impacts cause pore pressures and water-hammer-

like actions that erode bases and cause faulting and other
detrimental actions that greatly shorten pavement life. Also,
abundant free water causes or accelerates numerous non-
load-bearing environmental actions that deteriorate pave-
ments.

For centuries road builders have advocated good drain-
age as a means of counteracting the detrimental effects of
water. Unfortunately, very few pavements built in the past
30 or 40 years have been provided with good internal drain-
age systems, with the result that many start to fail within
less than half of a reasonably expected life span.

In the light of documented proof from several major
road tests and the high costs of maintaining modern pave-
ments, I urge all designers to “return to McAdam” and
put good drainage systems in every important pavement
they design.
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Slope Steepness Factor for Predicting
Erosion on Highway Slopes

JEN-CHEN Fan AnND C. W. LovELL

A number of field soil erosion tests were successfully accom-
plished on newly constructed highway fills at Putnamville and
Evansville, Indiana, in 1985 and 1986. The slope steepnesses
ranged from 9 to 50 percent. It is possible to use the Universal
Soil Loss Equation (USLE), which is widely applied for pre-
diction of soil erosion, for highway slopes. However, the empir-
ical slope steepness factor (S) in the USLE has been developed
for slopes of from 3 to 18 percent. Because most highway slopes
exceed this range, it was necessary to generate original exper-
imental data. The modified rainfall simulator needed to obtain
the data and its use are briefly described. The S factor reflects
the development of rills, and the impact of raindrops, and
appears to reach a maximum value of 1.5 at an intermediate
value of slope steepness of 20 percent (11.2 degrees). The S
factor may change with slope length, soil properties, and elapsed
time, and accordingly is not an independent factor. In this
study, the ratios of total erosion (which consists of the erosion
in dry, wet, and very wet runs) to the erosion due to very wet
runs are close to a constant. The mean value is 6.348 with a
coefficient of variation of 4.90 percent.

Sediment due to soil erosion has been found to be an
important factor in water pollution, and construction areas
without protective covers have been found to be an impor-
tant source of sediment (/). Further, construction areas
with steep slopes and large areas (e.g., highway embank-
ments) can yield much sediment. The steepness of highway
slopes usually varies from 0 to 50 percent.

It is possible to use the Universal Soil Loss Equation
(USLE) by Wischmeier and Smith (2), which is widely
applied for prediction of soil erosion, for highway slopes.
The USLE is written as follows:

A = RKLSCP 1)
where
A = computed soil loss per unit area (tons per acre),
R = rainfall and runoff factor (hundreds of foot-tonf x
inch per acre X hour),
K = soil erodibility factor (ton X acre X hour per
hundreds of acres X foot X tonf Xinch),
L = slope length factor,
S = slope steepness factor,
C = cover and management factor, and
P = support practice factor.

School of Civil Engineering, Purdue University, West Lafayette,
Ind. 47907.

However, the USLE has been developed mainly for agri-
cultural uses. According to Wischmeier and Smith (2), the
USLE slope steepness varied from 3 to 18 percent, which
is less than the usual steepness of highway slopes.

The S factor used by Wischmeier and Smith is given by

S = 65.41sin? 6 + 4.56 sin 6 + 0.065 )

where 0 is the slope angle (degrees).
McCool and George (3) suggested that the S factor is
given by

S = (sin 6/sin 5.14°)%7 3)

and the § factor used by Foster (4) for interrill erosion
analysis 1s

S = 2.96 (sin 8)°” + 0.56 (4)

The S factor proposed by Stein (5) for the sites of the
Ayrshire mine of Amax Coal Co. is

S = 12.784 sin 6 — 0.146 (5)

For the sites of Solar Sources, Inc., the value is

S = 10.742 sin 6 + 0.037 (6)

After studying the § factors proposed by several
researchers, McCool et al. (6) recommended that the S
factor be defined as

S = 10.8sin 6 + 0.03
S = 16.8sin 8 — 0.50

0 < 5.14 degrees @)
6 = 5.14 degrees (8)

The curves of the S factor versus slope angle (8) for Equa-
tions 2—8 are shown in Figure 1.

All of the data sets used to develop the equations have
a slope steepness range of from 0.1 to 18 percent. Appli-
cation of the equations to slopes greater than 18 percent
is an extrapolation beyond the observed data.

In Figure 1, it is obvious that the differences among
these curves are very large. The six curves intersect at 0
= 5.14 degrees (9 percent slope), where § = 1. For other
angles, especially angles greater than 10 degrees (17.6 per-
cent slope), the differences are significantly large.
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FIGURE 1 S factor versus slope angle.

Theretfore it is necessary to run tests and establish the
S factor for slopes steeper than 18 percent. To achieve this
goal, a rainfall simulator was designed, constructed, and
successfully operated on highway slopes with steepnesses
of from 9 to 50 percent at Putnamville and Evansville,
Indiana, in 1985 and 1986.

RAINFALL SIMULATOR AND ITS USE

The rainfall simulator was designed and constructed by
modifying a programmable rainfall simulator that was
developed by Foster et al. (7). To install and operate the
rainfall simulator safely and effectively on highway slopes
of from 0 to 50 percent, and to achieve accurate test results,
the following modifications were necessary.

1. Wedges (Figure 2) were used to keep the troughs
horizontal on all of the test plots.

2. Hinges were added to allow the half U-shaped frames
to rotate, and bracings adjustable to different slope steep-
nesses were used to keep the whole structure vertical and
stable.

3. The design wind speed was 20 mph, which is much
higher than the previous limiting workable wind speed of
10 mph.

TRANSPORTATION RESEARCH RECORD 1188
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FIGURE 2 Wedges used to keep troughs horizontal on a 2
to 1 slope.

4. Footings were made of aluminum pipes 2 in. in diam-
eter and 4 ft long and were designed to bear the horizontal
and uplift load under the application of design wind speed.

5. Bearing plates 1 ft square were designed to connect
the legs of the rainfall simulator and the footings and to
bear the weight of the entire structure.

6. The rainfall simulator was assembled on highway
shoulders and then lifted to selected positions by a crane.

Figures 3—5 show details.

FIELD EROSION TESTS

Three test plots at Putnamville, Indiana, and 12 test plots
at Evansville, Indiana, were selected for field erosion tests.
The test plots were on newly constructed highway slopes
without any cover, management, or support practice.
The three test plots at Putnamville had 50 percent slopes.
Each plot was 10 ft wide and 35 ft long along the slope.

FIGURE 3 Crane lifting rainfall simulator from highway
shoulder to test plot on 3 to 1 slope.
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FIGURE 4 Overview of rainfall simulator.

There were four test sites at Evansville, each of which
had three test plots. The slope steepnesses at Sites 1-4
were 50, 33.3, 16.7, and 9.1 percent, respectively. The test
plots of Site 3 were 10 ft wide by 15 ft long along the slope,
and the other test plots were 10 ft wide by 35 ft long along
the highway slopes.

The soil conditions of the test plots at Putnamville, such
as the source of the soil, field density, and water content,
were controlled to be approximately the same. The soil
conditions of the test plots at Evansville were also con-
trolled to be essentially constant. As a result, the soil erod-
ibility factor was essentially constant. For the sites at
Evansville, the slope steepness was designed to be the only
variable so that the slope steepness factor could be estab-
lished for slopes of from 9 to 50 percent.

/9'—3 {(Maximum)
/ 7'-0 3/16

4'-5 11/16

4'~5 11/16 _|

8'-115/16 __l

FIGURE 5 Side view of rainfall simulator on-2 to 1 slope.

T
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All plots were covered by plastic sheets to prevent both
plant growth and erosion from natural rainfall before the
rainfall simulation tests. During the heat of the day, the
plastic sheets were removed to allow evaporation and to
reduce the initial moisture content.

For each erosion test in the field, the sequence of rainfall
simulation consisted of a 1-hr “dry run,” a 30-min “wet
run,” a 30-min “‘very wet run,” and a 40-min ‘“‘extra inflow
run.” The targeted intensity for each run was 2% in./hr.
The dry and wet runs were separated by a 1-hr wait, and
the wet, very wet, and extra inflow runs by a 15-min data
collection period. The extra inflow run was to study rill
erosion by adding clear water at three successively higher
rates to the top of the plot. After an initial 10-min simu-
lated rain (2% in./hr), each inflow rate was successively
applied for 10 min. The height of water-spraying nozzles
in the troughs was set at 8 ft vertically above the ground
of the test plots.

DATA ANALYSIS AND RESULTS
General Data and Results of Field Erosion Tests

After field erosion tests were run, the samples collected
in the field were tested in the laboratory, and the data
were then analyzed. Soil properties of the test sites at
Evansville and Putnamville are given in Table 1. The data
and results from the erosion tests are given in Table 2 in
which Items 1 through 9 and Item 13 are measured data.
Item 10, the rainfall and runoff factor (R), is calculated
using the equation proposed by Meyer and McCune (§):

R =800 X V x I/100 )

where

R = rainfall and runoff factor (hundreds of foot-tonf x
inch per acre X hour),
V = amount of rain (inches), and

I = rainfall intensity (inch per hour).

Equation 9 is used because the spraying system of the
rainfall simulator used in this research is the same as that
used by Meyer and McCune (8).

For Item 11, the lengths of slopes are considered to be
horizontal lengths; that is, the length on a horizontal base

(la) is
L, = LIQ1 + §2)°s (10)

where [ is slope length along the slope and s is slope
steepness. This is consistent with rainfall intensities, because
rainfall intensities are also considered to be on horizontal
bases. Except for the slope lengths along Site 3 at Evans-
ville, which are 15 ft, the lengths are 35 ft.

For Item 12, the slope length factor (L) is calculated
using the equation by Wischmeier and Smith (2):

L = (N72.6)" 11
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TABLE 1 SOIL PROPERTIES OF TEST SITES
Location of Site Evansville Putnamville
and Site No. 1 2 3 4
Item of Test (2 to 1 (3 to 1 (6 to 1 (11 to 1 (2 to 1
T slope) slope) slope) slope) slope)
Specific Gravity 2,754 2:776 2.762 2,778 2712
Liquid Limit (%) 38.9 38.6 36.7 41.3 30.9 '
Atterberg
Limits Plastic Limit (%) 24.3 24.5 22l 22.6 20:51
Plastic Index (%) 14.6 141 14.6 18.7 10.2
4.76 mm (#4) 100, 100. 100 100. 97.
2,00 mm 100. 100. 100 100. 94,
Grain Size
Distribution 0,100 mm 91. 9l. 85. 88. 6.7
(% Finer)
0.074 mm (# 200) BY. 88. 80. 84. 635
0.05 mm 85. 84, 77. 81. 60.
0.002 mm 36. 3l 29. 324 17,
Organic Matter (%) 1.0 1.0 0.8 1+ 0 0.5
Uscs cL GL CL CL GL
Soil A-6 A-6 A-6 A-7 A-b
Classification AASHTO (close to (close to (close to (close to (close to
A=7) A=T7) A-7) A-6) A-b
Silty Silty Clay Silty
USDAC Clay Clay Loam Clay Loam
Loam Loam (close to Loam
(close to (close to Silty Clay (close to
Clay Loam) Clay Loam) Loam) Clay Loam)
where where
A = slope length in feet, K,,. = average soil erodibility of all runs (ton X acre
m = 0.5 when the slope is 5 percent or more, X hour per hundreds of acres X foot x tonf
m = 0.4 when the slope is 3.5 to 4.5 percent, X inch)
m = 0.3 when the slope is 1 to 3 percent, and Ay, = adjusted rate of dry, wet, and very wet runs
m = 0.2 when the slope is less than 1 percent. (tons per acre);
Item 14, areas of test plots on horizontal bases (4,) is E = tgtalfstorm efnergy by Wlscgmeler and Smith
calculated by multiplying the widths of test plots (10 ft) by 2 (OOt-tOn per z%cre), an
L4 ., = maximum 30-min intensity of dry, wet, and

Item 11, slope lengths on horizontal bases.
For Item 15, the cover and management factor (C) is
1.0 by definition because none of the test plots was covered

or managed.

For Item 16, the support practice factor (P) is also 1.0
by definition because none of the test plots had any support

practice.

Calculation of the S Factor

To calculate the soil erodibility factor (K), the equation
by Wischmeier et al. (9) is applied:

13 Ad + 4Aw -+ 3(An- + AI‘)

Kave

= 13 Elgy + 4 Elgy + 3(ELg, + Ely,)

(12)

very wet runs (inch/hour).

The term El, is the R factor. Therefore the term El;, can
be replaced by the R factor of Equation 9. Assume the
rainfall intensities (1), the slope length factor (L), the slope
steepness factor (S), and the area of the test plot on a
horizontal base (A4,) are the same in dry, wet, and very
wet runs. Then, Equation 12 can be written as follows:

13.7‘” 7'Tw 3'T‘,
K, - LSACP LSACP LSACP
18-R
where

7,,, = total erosion in dry, wet, and very wet runs
(tons);
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TABLE 2 DATA AND RESULTS FROM EROSION TESTS
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Evansville Putnamville
Item Items
No. Site 1 Site 2 Site 3 Site 4
1 Field Density (PCF) 109.0 110.5 108,3 109.9 106.8
2 Dry Run (a) Erosion (1b) 185.41 197.24 83.57 190.70 454,81
(60 minutes) |(b) Discharge (1b)|(3538.7) (3297.2) (1483.8) (3548.3) (3406.3)
3 Wet Run (a) Erosion (1b) 43,564 80.34 27,73 58.66 105.45
(30 minutes) |(b) Discharge (1b);(1781.8) (1782.9) (777.4) (1803.2) (1801.9)
4 Very Wet Run |(a) Erosion (1b) 44.13 49.62 20.94 51.14 97.16
(30 minutes) {(b) Discharge (1lb)|(1849.5) (1792.1) (756.3) (1802.8) (1877.7)
5 lst (a) Erosion (1b) 10.48 9.14 5.29 16.25 33.69
10 min.|(b) Discharge (1b)| (619.9) (501.9) (237.9) (608.7) (571.0)
6 2nd (a) Erosion (1b) 27.07 34.14 20.65 38.63 77.65
xtra |10 min.|(b) Discharge (1b)|(1494.1) (1660.4) (994.1) (1576.1) (1564.9)
Inflow 2
7 Run 3rd (a) Erosion (1b) 50.45 79.93 34.40 63.93 113.82
10 min.|(b) Discharge (1b)|[(2126.2) (2272.9) (1220.6) (2241.7) (2494.5)
8 4th (a) Erosion (1b) 124.78 155.65 46.52 109.37 B82.44
10 min. {(b) Discharge (1lb)|(3764.8) (3403.2) (1595.8) (3913.3) (3951.1)
9 Rainfall Intensity, I 2,500 2,175 2.389 2,203 2.720
(in/hr)
10 Factor of Rainfall & Runoff 50.00 37.85 45.66 38.83 59.19
for One Hour Rain, R
11 Length of Slope on 31.273 33,203 14.809 34.843 31.338
Horizontal Base, 1h (ft)
12 Factor of Slope Length, L 0.6563 0.6763 0.45]6 0.6928 0.6570
13 Slope Steepness, s (%) 50.3 33.3 16.1 9.4 49.7
14 Area of Test Plot on 312.73 332.03 148.09 348.43 313.38
Horizontal Base, Ah (sq. ft.)
15 Factor of Cover & Management, C 1.0 1.0 1.0 1.0 1.0
16 Factor of Support Practice, P 1.0 1.0 1.0 1.0 1.0
17 Previous Approx. of S Factor 0.853 1.187 1.354 1.0
(Assume S = 1.0, when slope
steepness = 9.419%)
18 Factor of Slope Steepness, S 0.880 14222 1+ 395 1.03
R = El, = 2; where
EI = 2 EI3Q L5 aﬂd P P
A 0w T N K.eR,L,S = same as those in Equations 12-14
dwy = __ ldwy Aj, = area of test plot on horizontal base (square
L-S-A,-C-P h

Because the C and P factors are 1.0 for all of the cases
in this study, Equation 13 can be written as follows:

Ku\’e

' (13T, + 7T, + 3T))

(14)

feet);

T} = total erosion in dry, wet, and very wet
runs (pounds); and

Assuming that S = 1.0 when slope steepness is 9.4 per-

T 18R'L'SA,

When the data in Table 2 are used, Equation 14 becomes

1
(13T, + 7T, + 3T7)21.78

Kave = I8R-L-S-A,,

(15)

cent, soil erodibility is then calculated using Equation 15:

13 x190.70 + 7 X 58.66 + 3 x 51.14
¢ 18 x 38.83 x 0.6928 x 1.0 x 348.43

X 21.78

= 0.3928 (ton - acre - hour per hundreds of

acres - foot-tonf - inch)
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From Equation 15, the slope steepness factor can be cai-
culated as follows:

1

S=BRLK._A

(13T, + 7T, +3T) x21.78  (16)

Assuming that the soil erodibility factors are the same in
all of the sites at Evansville, the previously approximated
S factors for the other slopes are calculated and given
under Item 17 of Tablc 2.

These data are used to establish a curve representing
the relationship between the previously approximated §
factor and slope steepness (Figure 6).

The § factor at a slope steepness of 9 percent has been
chosen to be unity by researchers for years. To be con-
sistent with this, from Figure 6, the S factor of 9.4 percent
is adjusted to 1.03.

By applying Equation 15, the soil erodibility of Site 1
at Evansville is then found to be 0.3814. Again, assuming
that the soil erodibility factors are the same in all of the
sites at Evansville, the S factors for the other slopes are
calculated and given under Item 18 of Table 2. These data
are used to establish a curve showing the relationship
between the S factor and the slope angle (Figure 7).

Analysis of Erosion Due to Extra Inflow

The main purpose of extra inflow runs is to simulate runoff
from upper slopes to the test plots, from which the rela-
tionships between discharge rate and erosion rate may be
obtained. It is assumed that the average erosion rate occurs
at the middle of the test plot and that the average discharge

2.0
1.8
16
1.4+

12} /
1.0 ~

0.8 [

THE S FACTOR

0.6 |
0.4
0.2
0.0
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FIGURE 6 Previously approximated S factor versus slope
steepness.

rate includes only the discharge passing by the middle line
of the test plot.

Therefore the data in Table 2 can be used to obtain
average erosion rates (Ib/ft> x hr) (D), average discharge
rates (Ib/ft % sec) (g), values of sin 8, and rainfall inten-
sities (Table 3). The relationship between erosion rate and
discharge rate for different slopes is plotted in Figure 8.
The lower part of Figure 8 is plotted according to erosion
theories proposed by Hussein and Laflen (10) and Foster

9.

'~

0 2 4

6 8 10 12 14 16 18 20 22 24 26 28

SLOPE ANGLE (DEGREE)

FIGURE 7 S factor versus slope angle.
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TABLE 3 DATA FOR ANALYSIS OF EROSION DUE TO EXTRA INFLOW

Erosion Discharge Rainfall
Sites at Rate Rate Sin © Intensity
Evansville D2 q I
(1b/ft“"hr) (1b/ft"sec) (inch/hr)

0.201 0.0517 0.449 2.500

Site 1 0519 0.1974 0.449 2.500

(2 to 1 Slope) 0.968 0.3027 0.449 2.500
2.394 0.5758 0.449 2.500

0.165 0.0418 0.316 2.%15

Site 2 0.617 0.2349 0.316 2:1715

(3 to 1 Slope) 1.439 0.3370 0.316 2:175
2.246 0.5254 0.316 2.175

0.215 0.0198 0.159 2.389

Site 3 0.837 0.1459 0.159 2.389

(6 to 1 Slope) 1.394 0.1836 0.159 2.389
1.885 0.2462 0.159 2.389

0.280 0.0507 0.094 2.203

Site 4 0.665 0.2120 0.094 2.203

(11 to 1 Slope) 1.101 0.3229 0.094 2.203
1.883 0.6015 0.094 2,203

LEGENDS:

Site 1, 2:1 slopes,~1=2.500 in/hr
s Gite 2,3:1 slopes, 1=2.175 in/hr
®  Site 3, 6:1 slopes, 1=2.389 in/hr
« Site 4, 11:1 slopes, 1=2.203 in/hr

DISCHARGE RATE (Ib/ftesec)

FIGURE 8 Erosion rate versus discharge rate.
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Hussein and Laflen (10) found that, for soils with zero
critical shear stress, the erosion rate increases linearly with
the simulated length for extra inflow from upper areas.

Foster (4) proposed an equation for rill erosion. Accord-
ing to the equation, a critical shear stress exists for a given
soil. For shear stresses below the critical value, the erosion
rate increases very little or does not increase at all with
shear stress, but beyond the critical value, the erosion rate
increases markedly with shear stress.

Soil Erodibility from the Nomograph of Wischmeier
et al,

Wischmeier et al. (9) proposed a nomograph for estimation
of soil erodibility. The nomograph is shown in Figure 9.
The data given in Tables 1 and 2 and the nomograph are
used to find the soil erodibilities of the sites at Evansville
and Putnamville (Table 4). In this table, soil structures and
permeabilities are estimated from data from site investi-
gations and the Soil Survey Manual of the U.S. Depart-
ment of Agriculture (/7).

Relationship Between Total Erosion and Erosion Due
to Very Wet Runs

Total erosion means the total amount of erosion in dry,
wet, and very wet runs. The relationship between total
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FIGURE 9 Soil erodibility nomograph (9).

representing the solis % sand (0.10-2.0mm), % organic matter,

structure and permeabllity, In that sequence. Interpolate between

plotted curves.

TABLE 4 SOIL ERODIBILITY OF SITES ACCORDING TO NOMOGRAPH AND
FIELD EROSION TESTS

Evansville Putnamville

Site 1 Site 2 Site 3 Site &

(23:1) (3:l) (6:1) (11x1)
% Silt 49 53 48 49 43
(0.002-0.05 mm)
% Very Fine Sand 6 7 8 7 T
(0.05-0.1 mm)
% silt + Vfs 55 60 56 56 50
% Sand 9 9 15 12 27
(0.10-2.0 mm)
% OM 1.0 1.0 0.8 1.0 0.5
First Approximation of 0.27 0.32 0.32 0.30 0.32
Soil Erodibility
Soil Structure 4 4 4 4 4
Permeability 6 6 6 6 6
Soil Erodibility 0.42 0.46 0.46 0.44 0.46
from Nomograph
Soil Erodibility 0.381 0.381 0.381 0.381 -
from Erosion Tests
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TABLE 5 RELATIONSHIP BETWEEN TOTAL EROSION AND EROSION DUE TO VERY WET RUNS

Amount of Sites Evansville Putnamville
Erosion
Item (1b) Site 1 Site 2 Site 3 Site 4
Ho. N (2:1) (341) (6+1) (Tizl) (2:1)
1 Dry Run 185.41 197.24 83.57 190.70 454.81
2 Wet Run 43.54 80.34 27 .73 58.66 105.45
3 Very Wet Run 44.13 49.62 20.94 51.14 97.16
4 Total 273.08 327.20 132.24 300.50 657.42
(1)+(2)+(3)
5 item 3 6.188 6.594 6.315 5.876 6.766
Item 3

erosion and erosion of very wet runs is given in Table 5,
using the data in Table 2.

DISCUSSION OF RESULTS
General Soil Properties

According to the data given in Tables 1 and 2, soil prop-
erties of the four sites at Evansville are reasonably close.
The soil properties include specific gravity, Atterberg lim-
its, grain size distribution, organic matter content, and
field density. The results of grain size distribution show
that the soil of Site 3 is a little bit coarser. Nevertheless,
according to soil classification methods of the Unified Soil
Classification System (USCS), AASHTO, and U.S.
Department Agriculture Classification (USDAC), they are
about the same. Therefore the soil conditions and soil
erodibilities of the tested plots at Evansville are considered
to be the same.

S Factor

In Figure 7, for slope steepness less than 18 percent, the
§ factor is between that defined by McCool and George
(3) and that defined by Foster (4) in Figure 1. But for slope
steepness greater than 18 percent, the S factor reaches a
maximum value of 1.5 at an intermediate value of slope
steepness of 20 percent (11.2 degrees) and then decreases.
This means that interrill and rill erosion do not continue
to increase with slope steepness. This is quite different
from previous researchers’ extrapolations of the § factor.
The following reasons are advanced to explain the differ-
ences:

1. Under the conditions of this study, interrill erosion
dominates total erosion;

2. Interrill erosion decreases with slope steepness; and

3. During dry runs, hydraulic tractive force is consid-
ered important for transporting the loose particles on soil
surfaces.

The results plotted in Figure 8 may be considered sup-
porting evidence for Reason 1. Figure 8 shows that when

the discharge rate is less than a certain amount, the erosion
rate increases very little, or not at all, with the discharge
rate. Discharge rate is directly related to length of slope.
This means that the slope lengths of the tested plots are
too short to allow marked rill erosion to occur. Indeed,
during the field erosion tests at Evansville, no rill devel-
opment was found in the dry, wet, and very wet runs.

Figure 8 and the data in Table 3 can be applied to support
Reason 2. In extra inflow runs, the runs of the first 10 min
for different slopes are considered to have negligible ero-
sion due to rill erosion. There was only rain, no extra
inflows, in these runs.

A basic equation for interrill detachment (4) is

D, = 0.0138 K, x I? (17)

where

D, = interrill detachment rate (kg/m? X hr),
K, = soil erodibility factor for detachment by raindrop
impact (kg x hr/N X m?), and
I = rainfall intensity (mm/hr).

Equation 17 can be rewritten as

D, = 977K, x I? (18)

where

D, = interrill detachment rate (Ib/ft> X hr),

K, = soil erodibility factor of detachment by raindrop
impact (Ib x hr/lbf x ft?), and

I = rainfall intensity (in./hr).

By using Equation 18 and the data in Table 3, interrill
erosion rates can be adjusted on the basis of rainfall inten-
sity of 2.5 in./hr (Table 6). In this table, the adjusted
interrill erosion rate decreases with slope steepness.

As Poesen (12) pointed out, the following mechanisms
may explain this:

e Steeper slopes have smaller amounts of raindrop impact
when rain falls vertically;

e The normal component of raindrop impact decreases
with increasing slope steepness (cosine effect); and

e Low slopes offer more opportunity for the occurrence
of a thin water layer covering the soil surface through
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TABLE 6 ADJUSTED INTERRILL EROSION RATE FOR RAINFALL INTENSITY OF 2.50 in./hr
Interrill Discharge Slope Sin © Rainfall Adjusted
Sites at Erosion Rate Steepness Intensity Interrill
Evansville Rate Erosion
D q i i Rate
i
(1b/ft2*hr)  (1b/ft°sec) %) (inch/hr)  (1b/ft?*hr)
Site 1 (2 to 1 Slope) 0.201 0.0517 50.3 0.449 2.500 0.201
Site 2 (3 to 1 Slope) 0.165 0.0418 33.3 0.316 2,175 0.218
Site 3 (6 to 1 Slope) 0.215 0.0198 16.1 0159 2.389 0+235
Site 4 (11 to 1 Slope) 0.280 0.0507 9.4 0.094 2.203 0.361

which the compactive force of the impacting raindrops is
increased.

Before dry runs, the soil surfaces were naturally dry and
had some quantity of loose particles on them. During dry
runs, low slopes (e.g., 9.4 percent) may not be able to
transport all of the loose particles and those detached by
raindrop impact, even though their interrill detachment
may be more. Therefore slopes with steepnesses of 16.1
and 33.3 percent may have more erosion. However, steep
slopes (e.g., 50.3 percent) have the least erosion. Though
their hydraulic tractive forces are high enough to transport
the loose particles, their interrill detachments are too small.

Figure 10 is plotted to explain this qualitatively. The
measured data under Item 2 of Table 2 for the Evansville
sites support this. These data indicate that the erosion rate
increases and reaches a maximum value and then decreases.
After the loose particles on dry soil surfaces were totally
eroded 1n dry runs and wet runs, the erosion rates in very
wet runs are expected to be less for steeper slopes. The
measured data given under Item 4 of Table 2 support this.
Aside from the loose particles on soil surfaces, another
reason why dry runs have much higher erosion rates than
wet and very wet runs may be the slaking of dry soils during
dry runs.

LEGENDS:

Interrill erosion rate due to raindrop Impact
Transporting rate of loose particles due to
hydraulic tractive force

Combination of these two erosion rate

EROSION RATE

SLOPE STEEPNESS

FIGURE 10 Erosion rate versus slope steepness during dry
run.

Relationship Between Erosion Rate and Other Factors

According to Figure 8, erosion rate is very sensitive to
discharge rate, but not sensitive to slope steepness. When
the discharge rate is lower than a certain value, the erosion
rate does not increase much with the discharge rate. There-
fore a critical discharge rate or a critical slope length is
expected for a given soil and slope steepness. Beyond that
range, erosion rate increases markedly with discharge rate
or slope length.

Comparison of Soil Erodibility by Measurement and
by Nomograph

For the sites at Evansville, the average soil erodibility from
the nomograph (9) is 0.445. However, the measured soil
erodibility from erosion tests is 0.381, which is 85.6 percent
of that obtained from the nomograph. This ettect may be
due to compaction of the soils on highway slopes. The
nomograph was mainly developed for agricultural uses.
Therefore data on compacted soils were not included in
this nomograph. It is recommended that, for compacted
cohesive soils of highway slopes, the soil erodibilities from
the nomograph be multiplied by a factor of compaction to
obtain the true soil erodibility.

S Factor of the Site at Putnamville

If the S factor of Wischmeier and Smith (2) is used to
analyze the data on the sites at Putnamville, the value of
S is calculated to be 15.07 using Equation 2. Then soil
erodibility (K) is calculated to be 0.0457 (ton X acre X
hour per 100 acres X foot-tonf X inch). This is not rea-
sonable because this value is much less than that of the
sites at Evansville, and the soils of Evansville are more
cohesive and dense. When Equation 8 for the S factor (6)
is applied, the value of S is 6.981. Then the K value is
0.0987, which is unreasonably low for the same reasons.
The upper bound of the K factor for the site at Putnamville
is 0.46, according to the nomograph. The lower bound is
0.394, which is the multiplication of 0.46 and 0.856, the
compaction factor of the sites at Evansville. That is to say,
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the lower and upper bounds of the § factor of the site at
Putnamville are 1.50 and 1.75, respectively. In any case,
the S factors proposed by previous researchers are too high
to be applicable in this case.

The S factor of the site at Putnamville is a little bit higher
than the § factor obtained from the tests at Evansville.
The § factor may change with soil properties.

Relationship Between Total Erosion and Erosion Due
to Very Wet Runs

Before dry runs, the test plots were naturally dry. It is
somewhat difficult to simulate soil conditions in laboratory
tests from which some indicators may be obtained to relate
soil erodibilities and other factors. It is much easier to
simulate soil conditions before and during very wet runs
because the soils are nearly fully saturated. However, the
relationship between total erosion, which consists of the
total amount of erosion in dry, wet, and very wet runs,
and erosion due to very wet runs should be found. Other-
wise, the indicators obtained from the tests on fully sat-
urated soils would be of little use.

Item 5 of Table 5 represents the division of total erosion
by the erosion due to very wet runs. The mean value is
6.348 with a standard deviation of 0.311 and a coefficient
of variation of 4.90 percent. This means that the relation-
ship between total erosion and the erosion due to very wet
runs is rather constant.

CONCLUSIONS

From the field erosion tests on highway slopes at Evans-
ville, the § factor is extended to 50 percent from 18 percent
as shown in Figure 7. The S factor reflects the development
of rills, and the impact of raindrops, and appears to reach
a maximum value of 1.5 at an intermediate value of slope
steepness of 20 percent (11.2 degrees). This means that
erosion due to interrill and rill erosion does not continue
to increase with slope steepness.

The § factor of the site with a slope steepness of 49.7
percent at Putnamville is estimated to be 1.50 to 1.75,
which is much less than that proposed by previous
researchers but close to the S factor proposed in this paper.

For cohesive and compacted soils of the highway slopes
at Evansville and Putnamville, total erosion is quite sen-
sitive to discharge rate or slope length, but not sensitive
to slope steepness.

For the erosion tests at Evansville, a critical discharge
rate or a critical slope length appears to exist for a given
slope steepness. When the discharge rate is less than this
critical value, the erosion rate increases very little or not
at all with the discharge rate. Beyond this critical value,
erosion rate increases markedly with discharge rate.

The § factor changes with slope length, soil properties,
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and elapsed time. Accordingly, the S factor is not an inde-
pendent factor.

For cohesive and compacted soils in this study, the soil
erodibility factor is less than that from the nomograph of
Wischmeier et al. (9). This effect may be described as the
factor of compaction, which is less than 1.0.

For the field erosion tests in this study, the ratios of total
erosion (which consists of dry, wet, and very wet runs) to
erosion due to very wet runs are close to a constant. The
mean value is 6.348 with a standard deviation of 0.311 and
a coefficient of variation of 4.90 percent.
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