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Permeability Testing of Geotextiles

J.C. BLAIR, J.R. BELL, AND R.G. HICKS

In recent years, geotextiles (filter fabrics) have been used extensively as filters
for drainage systems. Unfortunately, the increase in use has not been accom-
panied by the development of suitable testing methods or specifications. This
paper investigates fabric permeability tests and factors that affect the measure-
ment of permeability and provides recommend for a method to e
permeability. Both water and air permeability tests were evaluated by using
nine geotextiles. For the water tests, a falling-head permeameter was used.
The results indicated that the permeability of geotextiles was quite variable
both within and between lots and the effect of the hydraulic gradient in the
water test was significant. Data were also obtained to show the effects of sam-
ple size and operator and the ber of pl ded to ensure a given level
of accuracy. The term “‘permittivity,” or permeability divided by fabric thick-
ness, is presented. Fabrics that have high permeability do not always have high
permittivity. Also, there is a linear relation between permittivity measured by
the air and by the water tests. Because of its simplicity, the falling-head

per ter is recc ded for adoption. The air-permeability test also
shows potential for providing accurate results.

Control of subsurface water is often a problem dur-
ing and after construction of an engineering proj-
ect. Drainage must be provided so that excessive
water pressures or seepage forces do not develop.
Inadequate drainage may result in the instability of
a soil mass and subsequent structural failure.

The need for adequate drainage of highways has
become especially apparent in recent years because
of the increasing number of pavement failures at-
tributed to poor drainage (1). Conventional drain-
age design specifies graded aggregate filters so
that soil movement into hydraulic structures is pre-
vented. However, due to recent technological ad-
vances in the textile industry, geotextiles (filter
fabrics) have gained increased acceptance as effec-—
tive filters in drainage systems (2). The replace-
ment of conventional aggregate filters with fabric
reduces the amount of aggregate needed, eliminates
the need for strict gradation control during filter
placement, provides greater ease of construction,
and, in most cases, reduces the overall cost of the
draine.

Unfortunately, the rapid increase in fabric use
has not heen accompanied by the development of suit-
able design, testing, and evaluation technology.
Basically, it is known that the geotextile must sat-
isfy two requirements in filtration applications.
First, the fabric must be sufficiently permeable to
allow removal of groundwater without the buildup of
excessive water pressures. Second, the fabric must
be able to prevent piping or subsurface erosion of
the soil mass being drained. Recent studies suggest
that design for the retention of soil particles sus-
pended in water might be accomplished through the
use of relationships between soil grain size and the
coefficient of permeability (3,4). Thus, the impor-
tance of geotextile permeability in drainage design
is to permit the removal of groundwater without the
buildup of excessive water pressures and to prevent
the erosion of soil particles.

Several studies have been conducted to evaluate
the permeability of systems of soil and fabric in
direct contact (5-8). However, to provide a simple
comparison of permeability of different geotextiles,
the fabrics must be evaluated in isolation to elimi-
nate variations due to different soil character-—
istics.

The purposes of this paper are (a) to investigate
fabric permeability tests and factors that affect
the measurement of permeability and (b) to recommend
a method for measuring fabric permeability. The
scope is limited to testing fabrics in isolation.

Mechanisms of filtration of gsoil particles are not
considered nor is the influence of biological growth
or chemical deposits and chemical, biological, or
mechanical degradation on hydraulic behavior.

PERMEABILITY TESTING

Permeability is normally expressed in the form of
Darcy's law, which assumes laminar flow. Then

k=q/(iA) (8]
where

k = coefficient of permeability,

a volume of flow per unit time,

i = hydraulic gradient (= h/L, where h is head
loss and L is thickness of fabric), and

A = cross-sectional area (9).

When turbulence occurs, a linear relationship be-
tween velocity and hydraulic gradient no longer
exists. Darcy's law may be modified to account for
turbulence as follows:

V= ki @

where n 1i1s the turbulence coefficient (10,11).
Values of n are greater than 1 for turbulent flow.

Fabric permeability testing by using water as the
fluid has been performed by others (11-13; personal
communication from J.P. Giroud, Woodward-Clyde
Consultants of Chicago, IL). Both constant and
falling-head test methods have been employed. In
most cases, the number of specimens tested was
small; however, several significant factors that
affect test results were noted. These included
turbulence, air in the system, and fabric compressi-
bility.

Variation in fabric types is also a major factor
that must be considered in test evaluation. Fabric
characteristics that can affect test results are
fiber diameter, type of construction, thickness,
fiber density, and rigidity of structure.

Because the geotextiles are thin, it may be more
meaningful to relate the flow through the fabric to
the total hydraulic head 1loss across the fabric
rather than to permeability. The permittivity (P},
which is the ratio of the permeability to the geo-
textile thickness (k/L), provides this alternative.
Permittivity is the volume of water that will flow
per unit area of geotextile in a unit of time with a
unit head loss across the fabric.

Numerous factors deserve consideration in geo-
textile permeability (permittivity) testing. As in
all testing, the sample size and selection must be
appropriate (sufficient specimens) to represent the
material with the desired accuracy. There are also
the usual permeability testing problems of deairing
the water, the specimen, and the system; controlling
or measuring temperature; and providing water of
adequate quality. Further, the apparatus and pro-
cedure should not be sensitive to operator skill.

The combination of high permeability and small
thickness creates special problems for testing
geotextiles in a water-permeability test. With
moderate gradients the flow rate is very high in a
constant-head device. This requires large volumes
of water, which creates supply problems if deaired
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Table 1. Geotextiles tested.

Identification

Nominal Average
Weight Thickness

No. Fiber Polymer(s) Construction (glmz) (mm)
Nonwoven Geotextile

NW-1(3) Polyester Resin-bonded staple filament 100 0.86
NW-2(4) Polypropylene and polyamide Heat-bonded continuous filament 140 0.74
NW-3(4) Polypropylene Heat-bonded continuous filament 140 0.38
NW-4(8) Polyester Needle-punched continuous filament 270 3.00
NW-5(13) Polypropylene Needle-punched continuous filament 400 5.16
Woven Geotextile

W-1(4) Polyamide Woven multifilament 240 0.51
W-2(7) Polypropylene Woven monofilament 220 0.41
W-3(8) Polypropylene Woven slit film 150 0.56
Combination Geotextile

C-1(4) Polypropylene Woven slit film with needle-punched nap 140 0.97

Note: 1 gm/m2 =0.029 oz/yd2; 1 mm = 0.004 mil.

Figure 1. Schematic of falling-head test apparatus.
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and filtered or distilled water is to be used. The
gradient may be reduced by reducing the head loss
across the specimen or by stacking several fabric
specimens to increase the length of flow. The low
head causes problems of accurate control. Stacked
specimens create problems with deairing, clamping,
and leakage-

A falling-head test solves the problem of needing
large volumes of water, but the water level tends to
drop very rapidly in ¢the standpipe, which makes
accurate time measurement difficult. This can be
overcome by selecting a standpipe diameter larger
than the specimen diameter. This tends to reduce
practical specimen size and requires more tests to

obtain a reliable mean. Times and head changes
large enough for convenient, accurate determinations
result in gradients too large to assure laminar flow.
An alternative to trying to resolve these prob-
lems is to use a gas rather than a liquid to measure
the permeability. It is theoretically possible to
relate gas permeability to water permeability (10).

TEST PROGRAM

Two tests were conducted. BAn air test was selected
to investigate the feasibility of this method for
predicting water permeability. A falling-head water
test was chosen for comparison because of its sim-
plicity.

Nine geotextiles were investigated. They were
selected to represent a range of types and weights
commonly used in the United States in 1979. Table 1
lists the fabrics and their thickness, nominal
weight, polymer type(s), and construction.

Seven specimens of each fabric were tested by
using each method. The means of these tests were
used to estimate the sample sizes required for spe-
cific desired accuracies. Some studies were also
made of the effects of sampling within and between
lots. The effects of gradient (turbulence) were
also investigated for two geotextiles in the
falling-head test by testing stacks of different
numbers of specimens.

Air Pexmeability

Air-permeability tests were performed in accordance
with ASTM D737. All fabrics were tested by using a
pressure difference equivalent to 1.27 cm (0.5 in)
of water across the fabric. The tests were per=-
formed by using a United States Testing Company,
Inc., Air Flow Tester, Model 9025.

Water Permeability

The falling-head test apparatus consisted of a
cylinder 5.08 cm (2 in) in diameter that had a 2.54-
cm (1-in) opening at the flanges, as shown in Figure
1. The fabric was clamped between the flanges.
After all openings had been sealed, a vacuum of 64
cm (25 in) of mercury was applied to the permeameter
to ensure that air did not remain entrapped within
the fabric. The permeameter was filled with de-
aired, distilled water from the bottom with the
vacuum applied. After the temperature had been
noted, the time for the water level to fall from 30
to 10 cm (11.8-3.9 in) above the fabric was re-
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corded. The number of timings for each sample was
determined after seven runs had been performed on
the first specimen. The number of runs with one
specimen required to yield a mean time within 5
percent of the true mean with a 95 percent proba-
bility was calculated by using Equation 3:

n; = 0.154? 3)

where ny is the number of timings required and v
is the coefficient of variation as a percentage
(ASTM D2905). Two to five runs per specimen were
required for the fabrics studied; three runs were
most common. With the ratio of standpipe to sample
of 2, the time required for the head to drop from 30
to 10 cm ranged from 1.5 to 50 s. This allowed
accurate manual timing.

Deaired water was used to eliminate variations in
test results due to entrapped air within the fab-
tigs This action and application of the wvacuum
before filling eliminated any need for prewetting
the samples to ensure saturated samples. For some
samples, a fiber coating would make prewetting dif-
ficult.

Water-permeability tests should also be performed
by using distilled water or filtered tap water.
Tap-water dimpurities may plug the fabric, which
results in a lower coefficient of fabric perme-
ability.

Thickness Measurement

Thickness was measured according to the procedure
described in ASTM D1777 except that a 125-g (4.3-oz)
load was applied over a 25-cm?® (3.88-in?) pres-
sure plate bearing on the fabric. These values were
selected so that a nominal pressure would minimize
fabric compression and a fairly large area would
allow for fabric irregularities.

Calculations

The apparent coefficients of permeability for the
geotextiles (for water at 20°C, assuming laminar
flow) were calculated from the falling—head test
data by the usual falling-head equation (1):

ke = [@L)/(AD] [Inthi/he)] (tewt/es20) “
where

kg = coefficient of permeability at 20°C mea-
sured by using water in a falling-head
test,
a = area of standpipe,
A = area of fabric,
L = fabric thickness,
hj = original height of water above fabric,
hg = final height of water above fabric,
Uyt = absolute viscosity of water at test temper-
ature,
Hy20 = absolute viscosity of water at 20°C, and
t = average time for water surface to fall
from hi to hf.

The coefficients of permeability for the geotex-
tiles for water at 20°C were calculated from the
air-test data by the following equation (10):

K = @ {00 LIEPAY] (Yoozoliturzo)} )
where
ky = coefficient of permeability at 20°C mea-

sured by using air,
AP = pressure difference across fabric,

g = air volume rate of flow at mean pressure,
Yw20 = unit weight of water at 20°C, and
Hat absolute viscosity of air at test temper-
ature.

Permittivity was calculated from the following
equation:

P=k/L ©

by using either k or kg.

For each fabric, the number of specimens required
to obtain a mean value of the coefficient of perme-
ability within 5 percent of the true mean at a prob-
ability level of 95, 90, and 80 percent was calcu-
lated by assuming a student's t-distribution as
follows (ASTM D2905):

Probability (%) No. of Samples Required

95 0.154v?2
90 0.108v?2
80 0.066v?2

The test results are summarized in Tables 2 and 3.
DISCUSSION OF RESULTS

For the geotextiles tested, apparent coefficients of
permeability from falling~head water tests (kg)
ranged from 0.2 s 1052 to 37.8 x 10-2 cm/s .
Permittivity values ranged from 0.03 to 1l.44 s-!.
The relationship between apparent permeability and
permittivity is illustrated by considering fabrics
NW-4(8) and NW-2(4). Fabric NwW-4(8) (kg = 3.38 x
10°!' cem/s) is about four and one-half times as
permeable as NW-2(4) (kg = 0.78 x 10°! cm/s),
but both have the capacity to pass nearly the same
quantity of water per unit time with permittivities
of 1.15 s-! and 1.07 s-!, respectively. Con-
sidering all the fabrics tested, the maximum ap-
parent permeability coefficient is 189 times the
minimum, but the maximum permittivity is only 48
times its corresponding minimum. The orders also
change. The most permeable geotextile in terms of
coefficient of permeability is only fourth in terms
of permittivity.

The effect of gradient on the apparent coeffi-
cient of permeability measured in the falling-head
test is indicated in Figure 2. These data are ob-
tained from tests run by using from one to five
layers of fabric in the permeability device. When
more layers are used, the total thickness increases
and, with other conditions being equal, the gradient

through the geotextile decreases. The resulting
increase in apparent permeability is probably due to
reduced turbulence. The apparent coefficient of

permeability increases until a constant value is
approached. This corresponds to the maximum gradi-
ent for which flow is laminar and Darcy's law is
valid. For the two fabrics tested, the true coeffi-
cient of permeability is approximately twice the
apparent value obtained by using one layer of geo-
textile.

Experimentally, the problem of turbulence in
tests that use water may he overcome either hy in-
creasing the number of fabric layers within the
laminar range of flow or by performing tests at very
low gradients. As mentioned previously, both these
alternatives present problems. Another possibility
may be to test by using a gas rather than a liquid.

The relationship between permittivities of the
geotextiles to water as measured by air- and water-
permeability tests is shown in Figure 3. There is a
very good linear correlation between the two sets of
data. The air-determined permittivity, however, is
approximately twice the value measured in the



Table 2. Summary of air-permeability test results.

Coefficient of Permeability

Coefficient Required No.

of of Samples®
Fabric ki Viriation ——— Permittivity p,
No. (cm/sx10%) (%) ngs Tog Mg (51 x 10)
Nonwoven
NW-1(3) 22,1 5.0 4 3 2 239
NW-2(4) 15.8 10.3 17 12 7 218
NW-3(4) 219, 15.8 39 21F 13 5.1
NW-4(8) 64.3 4.4 3 3 2 215
NW-5(13) 65.5 131 27 19 12 128
Woven
W-1(4) 0.3 6.9 8 6 4 Q0.5
W-2(7) 4.2 11.9 22 16 10 104
W-3(8) 0.3 13.4 28 20 12 0.7
Combination
C-1(4) 1.9 13.4 28 20 12 2.0

Note: 1cm/s =0.39 in/s.

ARequired to yietd a mean within 5 percent of the true mean at probability levels of 95,
90, and 80 percent.

Table 3. Summary of falling-head permeability test results.

Cocfficient of Permeability

Coeflicient Required No.

of of Samples”
Fabric k. Variation ———— Permittivity py
No (em/fs x10%) (%) Ngs Ngg ngo (s1x10)
Nonwoven
NW-1(3) 12.3 8.4 11 8 5 144
NW-2(4) 7.8 8.3 11 8 5 107
NW-3(4) 1.3 12.3 24 17 10 3.4
NW-4(8) 33.8 17.0 45 32 20 11.5
NW-5(17) 37.8 9.8 15 11 7 7.4
Woven
W-1(4) 0.2 9.3 14 10 6 0.4
W-2(7) 1.8 16.2 41 29 18 4.5
W-3(8) 0.2 14.7 33 24 15 0.3
Combination
C-1(4) 1.0 234 85 60 37 .4

Note: 1cm/s=0.39in/s.

“Required to yield a mean within 5 percent of the true mean at probability levels of 95,
90, and B0 percent.

Figure 2. Relationship between total fabric thickness and coefficient of
permeability for two geotextiles.
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falling-head test by using water. This ratio of the
air-determined to water-determined values is close
to the ratio of multilayer to single-layer specimen
values. It appears that the air-permeability test
may be a simple, practical means of measuring geo-
textile permeability. Also the air-permeability
test can be performed more quickly. However, ini-
tial expenditures are higher. This test deserves
additional study to confirm the results of this in-
vestigation.

Data obtained in this study allow the evaluation
of specimen variability, sample variability, oper-
ator variability, and the number of specimens re-
quired for desired accuracies.

Table 4 identifies the effects of sample selec-
tion on air-permeability test results. For two of
the three fabrics, the coefficient of variation was
essentially independent of where specimens were cut,
provided that they were taken from the same lot.
However, for the other fabric, the coefficient of
variation was much greater when specimens were
selected randomly over a large area than when they
were taken from one localized area. This indicates
that fabric variability may be high over a large
area; therefore, specimens should be taken over a
large area to obtain a representative value of per-—
meability.

The variation in air-permeability results between

Figure 3. Relationship between air-test and water-test permittivities.
2.8
2.6
2.4

2.2
2.0_]

1.8
1.6
|4
1.2 e
1.0 °

0.8
0.6
0.4+
0.2

AIR—TEST PERMITTIVITY, P, (sec

S/ ) ) S [ [ [ Fm i B Y ] R [
0 0.2 0.4 06 0.8 1.0 1.2 1.4

WATER—TEST PERMITTIVITY P, (sec_l)

Table 4. Effect of sampling on air-permeability results.

Fabric Mean Flow Rate Standard Coefficient of
Samples (ft3/ft2 /min) Deviation Variation (%)
NW-4(4)

A 458.3 49.80 10.87

B 425.6 43.32 10.18

C 319.7 12.03 3.76
W-2(7)

A 146.2 18.5 127

B 147.4 15.08 10.64

C 109.4 34.77 31.78
NW-3(6)

A 23:3 1.85 7:92

B 20.6 3.00 14.57

c 275 4.47 16.30

Notes: 1 ft3 = 0,028 m>; 1 ft% = 0.092 m2.

A and B were taken from the same lot. The A specimens were cut from
a large area. The B specimens were randomly selected from a large
area. The C specimens originated from a different fabric lot. There
were seven specimens in each sample,
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Table 5. Effect of operator variance on falling-head test results on one fabric
specimen.

Operator
Parameter A B (8]
Calculated mean permeability k¢ (cm/s) 0.113 0.114 0.120
Standard deviation 0.0087 0.0143 0.0077
Coefficient of variation (%) 2.91 4,77 2.42
Number of timings 7 7 7

Note: 1 c¢m=0.39in.

different lots of fabric is also exemplified in
Table 4. In all cases, there is a 30-45 percent
variation in the mean flow rate between lots. In
addition, for two cases the higher flow rates cor-
responded to fabrics that had greater thicknesses.
This combination of high flow rates and greater
thicknesses results in even greater variability
between coefficients of permeability. For example,
the coefficient of permeability varied by almost a
factor of 3 between lots for NW-4(4). It cannot be
assumed that the mean permeability will be constant
for all fabric lots. Values of permeability should
be checked each time new fabric is introduced.

Specimen size logically should have an effect on
the coefficient of wvariation. Larger specimens
should tend to represent a more—-average value of
permeability and therefore have a smaller coeffi-
cient of variation. Attempts were made to identify
such a trend between the air-permeability sample
area of 6.99-cm (2.75-in) diameter and the falling-
head sample area of 2.54-cm diameter. However, no
such trend was apparent for the geotextiles tested.
Therefore, a recommendation of sample size on the
basis of coefficient of variation cannot he made
from these data.

Since the coefficient of variation shows no con-
sistency between fabric types, the number of samples
required to achieve a given accuracy cannot be gen-
erally specified. For the tested fabrics, the
number of samples required to achieve a mean within
5 percent of the true mean at a 95 percent proba-
bility level ranged from 4 to 69. Woven fabrics
were not better as a group than nonwoven fabrics.
Sample size should be chosen as discussed in ASTM
D2905 for each application.

Since the specific falling-head test is a newly
developed method for geotextiles, it is necessary to
consider the variability in results as a function of
operator. Table 5 presents test results obtained
for one fabric sample tested by three different
operators. A small variation of 10 percent occurs,
probably as a result of timing errors. Based on
this evidence, it appears that operator variance
does not significantly affect the overall test
results.

Some of the thick fabrics are compressible. The
permeabilities can be expected to change as a func-
tion of the pressure on the geotextile, but this was
not investigated in this study.

CONCLUSIONS AND RECOMMENDATIONS

Water-permeability tests should use deaired dis-
tilled or filtered water and care should be exer-
cised to deair the specimen. Even with care, simple
water tests on only a few specimens and with rela-
tively high gradients may only be accurate within an
order of magnitude. In many instances, soil perme-
ability and other data are not precisely known and
this accuracy is satisfactory. If, however, the
permeabilities of geotextiles are to be measured
accurately, special procedures must be followed to

assure laminar flow and adequate samples. Taminar
flow may be assured by testing with very small dif-
ferences in pressure across the specimen or by test-
ing stacks of geotextile specimens to increase
thickness. Each creates special testing problems.

Air-permeability testing shows potential for
providing accurate results and for solving the
turbulent~flow problem in a simple, economical way.
Additional research should be conducted on this
method.

Geotextiles are quite variable both within and
between lots. Samples should consist of specimens
from widely spaced locations within lots. Samples
should be tested from each lot. The number of
specimens in a sample should be determined according
to ASTM D2905 to give the desired accuracy.

Often it is more informative to know the ease
with which water will flow through a geotextile as a
function of the head loss across the fabric than to
know the coefficient of permeability per se. The
permittivity, defined as the flow velocity divided
by the head loss and which is equal to the coeffi-
cient of permeability divided by the fabric thick-
ness, indicates this characteristic. If permit-
tivity is wused, it also eliminates the need to
determine geotextile thickness.

Geotextile permeability is an important prop-
erty. Approximate values may be determined from
simple rapid permeability tests; however, accurate
permeability determination requires care and spe-
cialized equipment. Permeability testing of geo-
textiles needs and deserves additional research.
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Performance of Soil-Aggregate-Fabric Systems in

Frost-Susceptible Roads, Linn County, lowa

J.M. HOOVER, J.M. PITT, L.D. HANDFELT, AND R.L. STANLEY

Results of a three-year laboratory and field evaluation of a first-generation
geotechnical construction fabric applied in soil-aggregate and granular-surfaced
low-volume roadways indicate that fabric systems can, under certain circum-
stances, reduce thaw-induced deformations and improve field performance.
Eleven test sections that involved different soil-aggregate-fabric systems were con-
structed on subgrades that displayed varying degrees of frost-related perfor-
mance. Field evaluations were conducted over three cycles of spring thaw plus
summer healing. Laboratory simulation of freeze-thaw action along with
strength and deformation parameters obtained through the lowa K-test were
used on a fabric-reinforced, frost-susceptible soil to provide insight into soil-
fabric h and the po ial for predicting field performance. Varia-
tion in the constructed soil-aggregate-fabric systems was achieved by locating
fabric at different positions relative to layers of soil-aggregate or existing road-
way materials, a choked macadam base course, and a thick granular backfill. im-
provement was most noticeable where fabric was used as a reinforcement be-
tween a soil-aggregate surface and a frost-prone subgrade. Fabric used in con-
junction with granular backfill, macadam base, and non-frost-susceptible sub-
grade did not appear justifiable,

Bmong the economic losses incurred by frost action
are costs of repair and maintenance of the damaged
roadway. Economic implications affect highway users
if a weight-limit embargo is imposed or more se-
verely if complete closure of the roadway is dic-
tated by thaw-induced lack of support capacity-.

In the spring, downward melting of ice 1lenses
causes a supersaturated condition in the soil, and
the diminishing layer of ice impedes gravitational
drainage. During this period, a secondary roadway
is vulnerable to severe traffic rutting or loss of
support, skid-resistant surface aggregate is pushed
into the supersaturated region, and displaced sub-
grade may be pumped to the surface.

It was the purpose of this investigation to
evaluate the laboratory and in situ performance of a
first~generation nonwoven polypropylene fabric as an
interlayer reinforcement in the construction and
maintenance of soil-aggregate-surface and granular-
base roadways that overlie frost-susceptible fine-
grained subgrades.

TEST SECTIONS

In the fall of 1976, fabric was placed in seven test
sections located at two sites in Linn County, Iowa.

Each section was paired with an adjacent control
section constructed in the same manner as the test
section except that it lacked fabric (1).

In sections 1A, 1B, 2A, and 2B at the Alburnett
site (Figure 1), fabric was combined with a commonly
used method to combhat frost action in which the
existing soil-aggregate surface course was removed,
the frost-susceptible subgrade was undercut about
0.6 m (2 ft) and backfilled by using a coarse aggre-
gate, and the soil—-aggregate surface course was
replaced and compacted.

Following removal of the soil-aggregate surface,
the subgrade of sections 3 and 4 was shaped by using
a blade grader and compacted by using a sheep's-foot
roller. In section 3 a layer of fabric was placed
on the subgrade prior to replacement of the soil-ag-
gregate surfacing (Figure 2). B

Sections 5 (fabric) and 6 were constructed in a
manner identical to that used for sections 3 and 4,
except on a frost-stable subgrade as a means of
overall comparative control between stable and
frost-prone subgrades and fabric-treated and un-
treated systems. All test sections at the Alburnett
site were constructed by Linn County maintenance
personnel by using conventional county-owned equip-
ment.

Fairfax site test sections were constructed
following a contracted geometrical change of the
embankment that consisted primarily of widening the
ditch and the shoulder, with little or no change in
longitudinal profile or elevation. Fabric was
incorporated between the subgrade and a contracted
macadam-base surface course. Test sections 1 and 2,
by using the granular-backfill-replacement method,
were eliminated because of the expense incurred by
using a force account for a nearly completed con-
tract.

Fairfax sections 3 and 4 were built in an area
that presumably contained frost-susceptible subgrade
soils (Figure 3). Sections 5 (fabric) and 6 were
huilt on frost-stable subgrades. A layer of fabric
was placed on the subgrade in sections 3 and 5; then
all sections were overlaid with 203 mm (8 in) of an
open—-graded macadam stone of 102-mm (4-in) top
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Figure 1. Fabric test sections 1A, 1B, L 15.24 m L 15.24 m | 15.24 m o 15.24 m
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Table 1. Classification of Alburnett test
sections: soil-aggregate surfaces and sub-
grades, October 1976.

Physical Property

Percentage of

Gravel (76.2-4.76 mm)

Sand (4.76-0.074 mm)

Silt (0.074-0.005 mm)

Clay (<0.005 mm)
Atterberg limits

Liquid

Plastic

Plasticity index
AASHTO classification
Unified classification
Uniformity coefficient C,

Subgrade Surface
Sections Sections Sections Sections Sections Sections
land 2 3and 4 Sand 6 land 2 3and 4 Sand 6
0 0 18 28 20
34 39 63 56 59
41 42 14 10 14
235 19 5 6 7
37.1 29.1 - - -
19.5 18.1 - - -
! 17.6 11.0 NP? NP? NP?
A-4(1) A-6(9) A-6(4) A-1-b A-1-b A-1-b
CL CL SW SP Sw
410 78 55 95 92

Note: 1 mm = 0.04 in.
aNp = nonplastic.

Table 2. Classification of Fairfax test sections: base and subgrade, October
1976.

Subgrade
Sections Sections
Physical Property 3and 4 Sand 6 Macadam Base
Percentage of
Gravel (76.2-4.76 mm) 0 0 862
Sand (4.76-0.074 mm) 44 40 ]
Silt (0.074-0.005 mm) 39 19 { 7
Clay (<0.005 mm) 17 21
Atterberg limits
Liquid 22.8 33.6 -
Plastic 15.6 18.6 -
Plasticity index 7.2 15.0 NPP
AASHTO classification A-4(1) A-6(6) A-1-a
Unified classification CL CL GP
Uniformity coefficient C, 131 114 17

Note: 1 mm = 0.04 in.

AGravel size, 101.6-4.76 mm. bNP = nonplastic,

size. The macadam base was topped with 102 mm of
choke that consisted of 19-mm (0.75-in) maximum-size

road stone. In June 1977, a seal-coat wearing
surface was applied, followed by a thin asphaltic-
concrete overlay in spring 1978. Both sites thus

provided a range of comparative subgrade test and
control sections underlying (a) a commonly used
soil-aggregate surface or (b) a higher type of base
and surface system.

INVESTIGATIONS

Fabric Properties

The first-generation nonwoven fabric wused in this
study is trademarked Mirafi 140. The fabric is
composed of two continuous artificial fibers=-one a
polypropylene, the other a polypropylene core
sheathed in nylon (2). The fibers are heat-bonded
into a random arrangement that produces a fabric
that has equal strength in all directions (2). The
fabric is claimed to be rotproof, mild_ewproof,
insectproof, and rodentproof, and chemicals normally
encountered in civil engineering applications pro-
duce no noticeable effect on the fabric (2).

Laboratory Investigation

Tables 1 and 2 present representative classification
data, including those from the American Association
of State Highway and Transportation Officials
(AASHTO), for the materials in each section immedi-
ately prior to construction. Variability of each

section was most evident with the Alburnett surface
materials: this variability stemmed from periodic
maintenance operations, including frequent spot
spread of aggregate within a deteriorating surface.

Subgrade soils at both sites could be classified
as nonuniform Aue to their high uniformity coeffi-
cients. More than 3 percent of the particle sizes
of each subgrade soil was smaller than 0.02 mm
(0.000 78 in), a particle-size distribution cri-
terion set by Casagrande (3) for considerable ice
segregation to occur in a nonuniform soil. Albur-
nett sections 1A through 2B and Fairfax sections 3
and 4 were classified in group A4, which represents
frost-prone silty soils of high capillarity. Each
was identified as frost-susceptible on the basis of
past performance. Alburnett sections 3 and 4 werc
classified A-6 but were identified by past perfor-
mance as being frost-prone.

Freeze-Thaw Tests

A limited investigation was undertaken by using a
silty clay soil to determine whether inclusion of
the fabric reduced cyclic and/or residual heave
during freezing and thawing due to assimilation of
capillary moisture. A modification of the Iowa
freeze-thaw test (4) was used to measure heave of
both untreated and fabric-treated specimens. Basi-
cally this test duplicates field conditions of
freezing from the top while water is available at
the bottom of the specimen for upward capillary
moisture movement. Standard ASTM D698 soil speci-
mens were molded at maximum density and optimum
moisture content. For fabric-treated specimens,
single-thickness disks of fabric 102 mm in diameter
were inserted horizontally between compacted layers
during molding. Elongation, or change in specimen
height following freeze or thaw, was expressed as a
percentage of the original height (Figure 4).

Regardless of the 1location of a single disk,
similar elongation characteristics were observed for
specimens that contained only one layer of fabric.
Fabric disks at each third point significantly
reduced expansion. The lower heaving observed with
fabric-layered specimens may have resulted from a
partial cut-off by the fabric of capillary water to
the remainder of the specimen. Since the fabric was
designed for use as a filter, its average pore size
is equivalent to that of a medium~fine sand, a
material that generally has a lower capillary con-
ductivity than that of the silty clay soil. Surface
attraction between the fabric and the water should
be considerably less than that between the soil and
the water, which thus inhibits the rise of capillary
water. With the inclusion of fabric, any reinforce-
ment may inhibit growth of ice lenses, which in turn
may result in smaller elongations.
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Figure 4. Freeze-thaw elongation-test results.
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Table 3. Mean moisture density and lowa K-test parameters for silty clay soil specimens with and without fabric.

Vertical Angle of
Moisture Dry Deformation Internal
Content Density Modulus Cohesion Friction ¢ Lateral Stress
Treatment (% dry soil wt)  (kN/m?) E, (kPa) ¢ (kPa) (degrees) Ratio K
Control (untreated)
Near standard moisture and density 20.6 15.42 14 740 98.6 22.7 0.337
After freeze-thaw cycle 30.9 14.24 12 080 56.5 0.0 0.777
Omne fabric layer
Near standard moisture and density 20.8 15.13 14010 102.0 23.7 0.317
After freeze-thaw cycle 31.9 14.10 12 755 68.3 5:1 0.648
Two fabric layers
Near standard moisture and density 21.0 15.03 11183 113.1 234 0.317
After freeze-thaw cycle 29.3 14.42 12 300 69.6 8.7 0.574
Note: 1 kPa = 0.145 Ibf/in% 1 kN/m3 = 6.37 tbf/ft3,
Stability Tests increased. The increase in c¢ may result from ten-

All specimens except those that had fabric under the
top layer were recovered after the freeze-thaw
cycle, combined with additional freshly molded
specimens at near-optimum moisture and maximum
density, and tested by using the Iowa K-test to
determine various shear and stability parameters
(E—l), which are presented in Table 3.

Incorporation of fabric during compaction created
a slight reduction in dry density, even in specimens
that had similar moisture content. A soil must bhe
sheared to be compacted (7). If the fabric tended
to confine development of internal shear surfaces,
it would thus contribute to a lowering of density.

Under standard conditions of moisture and density

only, the vertical deformation modulus E, was
slightly reduced through inclusion of one fabric
disk; two layers markedly decreased E,. The

much-lower E, was due to high values of vertical
strain associated with the two-layer fabric speci-
mens during testing. After 10 freeze-thaw cycles,
E, was slightly improved due to the presence of
fabric.

Near standard optimum moisture and density there
was minor improvement in cohesion ¢ and angle of
internal friction ¢ of +the treated specimens.
Following the freeze-thaw cycle, slight improvements
in ¢ were coupled with increased ¢, although
densities were reduced and moisture content had

sile strength added by the fabric; use of two layers
gives the greatest improvement. The =zero ¢ ob-
tained with the control is typical "of saturated
clays. Higher friction angles obtained with the
treated specimens appear to indicate that fabric
tended to confine the propagation of continuous
shear planes. Use of c=-¢ in an analysis of bear-
ing capacity would generally indicate improved
support, particularly where two fabric layers were
used.

Values of lateral stress ratio K should never
exceed 1.000; the smaller the K value, the greater
the lateral stability of a material. Only a slight
reduction in K was obtained with fabric-treated
specimens near standard moisture and density. A
larger reduction in X occurred with an increased
number of fabric disks following the freeze-thaw
cycle. Both test and treatment conditions reflect
radial reinforcement provided by the fabric. How=-
ever, the magnitude of reinforcement may also be
indicative of the amount of elongation provided by
the fabric.

In the analysis of the composite effect of the
fabric-reinforced soil, only properties of the
fabric should be considered. It is a composite of
thermoplastic fibers that are not very resilient and
have a low tensile deformation modulus. The tangent
modulus at 120 percent elongation is about 20 700
kPa (3000 1bf/in2?). Since slippage may occur at
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the soil-fabric contact, the effective modulus of
the fabric is prohably lower then 20 700 kPa.

The vertical modulus E, decreased with an
increased number of fabric layers for specimens not
subjected to the freeze-thaw cycle. After the soil
had been degraded through capillary moisture absorp-
tion during the freeze-thaw cycle, the presence of
fabric provided a slight improvement, which indi-
cated the importance of the properties of the com-
posite constituents. First, the effective fabric
modulus, which includes its ability to bond, may
have been small compared with that of the soil,
which created a situation in which the soil may have
reinforced the fabric. When the soil modulus was
reduced by freeze-thaw action, presence of the
fabric caused a slight improvement, which indicated
that the roles of the individual moduli may have
been reversed, and the net result was some composite
reinforcement.

Composite reinforcement is affected by the degree
to which fabric properties are transferred to the
snil and depends on the bond achieved at the inter-
face between the two materials. Casual observation
indicated that bonding may have been achieved
through partial intrusion of the so0il into the
fabric mesh. The more plastic the soil, the better
the probable bond. This may explain why values of

Table 4. Comparison of dry density and moisture content of test-section sub-
grades, October 1976 and June 1978.

October 1976 June 1978
Dry Unit  Moisture Dry Unit  Moisture
Weight Content Weight Content
Location (kN/m?) (% dry wt) (kN/m?) (% dry wt)
Alburnett
Fabric section 1A 16.89 17.7 15.63? 18.0%
Fabric section 1B 17.80 9.1 . .
Fabric section 2A . - 18.07° 11.3°
Control section 2B 14.26 24.6 17.72 15.7
Fabric section 3 15.88 21.4 16.93 15.8
Control section 4 17.08 16.3 11.12 45.5
Fabric section § 14.41 14.7 16.49 17.7
Control section 6 15,27 112 17.28 16.2
Fairfax
Fabric section 3 19.86 11.8 17.94 12.8
Control section 4 17.96 8.6 17.37 14.5
Fabric section § 19.36 8.8 14.92 27:1
Control section 6 20.23 13.7 14.08 32

Note: 1| kN/m3 = 6.37 1bf/ft3.

aTop of stone backfill. bBase of stone backfill,

Table 5. Comparison of subgrade fines content prior to construction, October
1976, versus fabric-subgrade contact zone, June 1978.

Fines That Passed
No. 200 Sieve (%)

Oct. June 1978
Sec- 1976 Fabric-Sub-
tion Sub- grade Con-
Location No. pgrade  tact Zone Remarks

Alburnett 1A 48 60 Fabric between soil-aggregate surface

and granular backfill

2A 48 59 Granular backfill in fabric trough
2B 48 59 Control (granular backfill only)
3 66 64 Fabric over frost-prone subgrade
4 66 67 Control (frost-prone subgrade)
5 61 63 Fabric over stable subgrade
6 61 77 Control (stable subgrade)

Fairfax 3 56 59 Fabric over frost-prone subgrade
4 56 55 Control (frost-prone subgrade)
5 41 68 Fabric over stable subgrade
6 41 66 Control (stable subgrade)
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E, were nearly the same for both the specimen that
had one fabric layer and the specimen that had two
layers following the freeze-thaw cvcle; some level
of bonding was established, and hence a 1limiting
amount of reinforcement was provided.

The 1limiting equilibrium parameters ¢ and ¢
were more sensitive to the effect of reinforcement
before and after subjection to the freeze-thaw

action. At impending failure, c and ¢ represent
the shear stress on a plane oriented at an angle of
45 + (¢/2) degrees with the horizontal. The

fabric was thus oriented to have considerable influ-
ence on these parameters. However, fabric rein-
forcement did not appreciably influence the friction
angle for specimens not subjected to the freeze-thaw
cycle, a condition that is potentially related to
soil-fabric bonding.

Field Investigation

In Situ Moisture and Density Tests

Considerable variation in both density and moisture
content existed within the subgrades of both sites
at the time of construction (Table 4). Such varia-
tions occur in most county or local roads because of
variability in transpiration and evaporation rates,
subgrade drainage, and other material properties due
to use of locally available materials only. Sub-
grade drainage is highly dependent on ditch condi-
tions. The Alburnett site was fairly flat and had
shallow ditches, whereas at the Fairfax site ditches
had been widened and deepened.

In situ moisture and density tests were again
performed in the suhgrades of each test and control
section approximately 20 months after construction
(Table 4). With the exception of Alburnett sections
3 and 4 and Fairfax sections 5 and 6, no consistent
trends between fabric and control sections or bhe-
tween times of testing were observable. At least a
limited degree of moisture and density stability was
indicated within fabric section 3. Control section
4 indicated a significant decrease in subgrade
density coupled with a severe increase in moisture
content.

Fairfax sections 5 and 6 (Table 4) indicate
significant decreased density and increased moisture
content. Comparison of sections 3 and 4 and 5 and 6
indicates a probable loss of stability within sec-
tions 5 and 6. This loss, however, was only partly
reflected in other in situ data obtained on the
roadway surface, which is due at least in part to
the rigidity of the macadam base that bridges a
potentially weakened subgrade. Control sections 4
and 6 showed slightly lower density and greater
moisture content than their respective fabric sec-
tions.

Movement of Fine-Grained Particles

Particle size tests were performed on soil samples
removed in June 1978 from the fabric-subgrade con-
tact zone or an equivalent depth in the control
sections. Table 5 presents a comparison of the
total fines content of the subgrade soils prior to
construction versus that of the fabric-subgrade
contact zone in June 1978. No evidence was obtained
to suggest that the fabric prevented migration of
fines due to capillary and/or percolation water
movement. However, the data indicate that a move-
ment and/or entrapment of fines from either the
soil-aggregate surface or subgrades occurred within
several of the test sections during the 20-month
period. In addition, the data suggest no greater
entrapment of fines through wuse of fabric than
through use of either the granular backfill at
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Alburnett or the macadam base at Fairfax.

Samples of those sections that indicated a poten-—
tial of silt and clay movement were subjected to
x-ray diffraction analysis to discern any vari-
ability of mineralogy in the fabric-subgrade contact
soils due to intrusion, particularly of the soil-ag-
gregate surface or the macadam base. No minerals
characteristic of either were observed. The traces
were characteristic only of the two site subgrade
materials. Therefore it may be assumed that move-
ment of fines was predominantly from the subgrades
through capillary activity.

Climatic Conditions

Ambient air and subgrade temperatures were recorded
at Alburnett sections 3 and 4 in order to observe
any insulating effect attributable to the fabric.
No differences were ohserved in temperature recorded
at the surface of the subgrades during the 1976-1977
freeze-thaw season, a period that coincided with the
coldest fall experienced in Iowa in this century and
the coldest winter since 1936 (8). Data generated
during the second winter (1977-1978) seemed to
indicate a subgrade-insulating effect due to the
fabric. Whether or not such an effect was valid was
relatively inconclusive, since operational problems
occurred with the recorder during this period.

Average monthly precipitation near the test sites
showed that by the end of February 1977, drought had
reduced available subsoil moisture to an average 98
percent less than normal (8). Above-normal rainfall
was recorded in March 1977, rainfall remained below
normal until July and was significantly greater than
normal through October, and by December 1977 avail-
able subsoil moisture was only 12 percent below
normal. Through September 1978, precipitation was
nearly normal.

The above discussion makes evident the extreme
variability that may exist in central Midwestern
climatic conditions from year to year, especially
subsurface moisture. Extended periods of subfreez-
ing temperatures occur during the winter months.
Yet with low subgrade moisture conditions, freezing
temperatures may not create detrimental frost action
in a roadway-. Such conditions existed during the
winter of 1976-1977. No heaving or boiling was
visible in any of the test or control sections at
either site.

Precipitation received during the fall of 1977
provided subgrade-moisture conditions that created
both heave and boil softening in the second winter
following fabric placement, although no heave or
boil was evident at the Fairfax site. During April
1978, Alburnett section 3 showed some alligator
checking within the soil-aggregate surface. Con-
siderable alligatoring and checking were visible
within control section 4 coupled with slight rutting
and shoving of the surface course. No surface signs
of boil softening were visible within the non-frost-
susceptible sections 5 and 6.

In April 1979, heave and boil conditions were
nonexistent at Fairfax and similar to those of 1978
at Alburnett. The area immediately adjacent to
section 2B was significantly softened and rutted.
Alligator cracking, checking, rutting, and shoving
were visible in both sections 3 and 4. Sections 5
and 6 also showed slight evidence of heave and boil
conditions.

Field Performance

Performance evaluation consisted of K-tests on
undisturbed roadway samples and periodic in situ
spherical-bearing-value tests, Benkelman-beam tests,
and plate-bearing tests. Only limited portions of
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the Benkelman-beam and plate-bearing tests will be
reported here, since each was indicative of the
support capacity of the roadway during the most
severe periods of thaw activity.

Benkelman—-Beam Tests

The Benkelman beam measures roadway surface deflec-
tions under a slowly moving wheel load and essen-—
tially evaluates the flexural capabilities of the
composite vertically profiled components. Each rear
dual tire of a loaded test truck was maintained at
an air pressure of 520 kPa (75 1bf/in?), which
supported a 76.9-kN (17 300-1bf) single-rear-axle
wheel load; maximum allowable single-axle loading in
Towa is 80 kN (18 000 1bf). RAll deflection measure-
ments were averaged for each individual section.

As a qualitative measure of flexibility of the
vertical profile of each section, a relative stiff-
ness factor was computed by dividing the load on one
set of dual wheels by the average maximum deflec-
tion. The more flexible the profile components, the
greater the deflection but the lower the relative
stiffness. Figures 5 through 7 illustrate the range
of variability of stiffness versus time for both
sites.

Deflections and stiffness of sections 1A through
2B were respectively lower and higher than those of
other Alburnett sections, which indicated that added
strength was provided by the granular backfill 0.6 m
(2 ft) thick. Deflections in sections 5 and 6 were
consistently lower than those in sections 3 and 4, a
condition compatible with the assumption that sec-
tions 5 and 6 were founded on less-frost-susceptible
subgrades. If sections 5 and 6 were a datum for
comparison with all other sections, the granular
backfill and/or backfill coupled with fabric in-
creased stability and performance characteristics of
the frost-susceptible subgrade above those attain-
able within the non-frost-susceptible subgrade.
Likewise, use of the fabric within frost-susceptible
sections 3 and 4 did not improve deflection and
stiffness performance to that of the non-frost-sus-
ceptible sections 5 and 6.

Immediately following a spring thaw, deflections
of a secondary roadway may be high while stiffness
values are low; each characteristic reverses and
improves with time as gravitational moisture move-
ment and/or capillary transpiration and evaporation
occur. In general, such conditions were noted each
season within each site. The principal exception
occurred in August 1977 when exceptionally high
rainfall finally broke the preceding drought.

Performance of a roadway will wusually be in-
creased following any subgrade, base, or surface
improvement. The improvement slowly diminishes with
time due to various combinations of traffic density,
loading, environmental factors, and material fatigue
and deterioration. In general, Figures 5 through 7
intimate such a diminution of support performance.
A linear regression of relative stiffness versus
time data within the Alburnett sections would indi-
cate a slight slope downwards and to the right by
using the data of each succeeding season, beginning
in the spring of 1977. It cannot be concluded,
however, that a seasonal decrease in performance was
due strictly to the previously noted material fac-
tors, since the effect of both low and high subgrade
moisture during the study period may not have pro-
vided a normal data base for such conditions.

During the three seasons of study, deflection and
stiffness performance within Alburnett sections 1A
through 2B indicated that sections 1A and 1B were
generally superior and that performance decreased
from section 2A to control section 2B (Figure 5).
Section 1A contained fabric between the soil-aggre-
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gate surface and granular backfill, whereas fabric
encapsulated the granular backfill within section
1B. If it may be assumed that the subgrade moisture
of the 1977 season was atypical, section 1A could be
regarded as generally providing the best benefits of
cost versus stability for the granular-backfill
treatment of this frost-prone subgrade soil.

It is apparent from Figure 6 that use of fabric
improved deflection and stiffness characteristics
over each of the three seasons of study. Disregard-
ing the earlier data of August 1977, improvement of
deflection and stiffness values through fabric use
ranged from a low of about 6 percent in July 1978 to
a high of 90 percent in April 1979. Although the
latter percentage of improvement in fabric section 3
is significant, it should be noted that average
maximum deflections recorded at this time were in
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excess of 6.35 mm (0.25 in) for section 3 and ap-
proached 12.7 mm (0.5 in) for section 4. These
values are higher than the 1limiting deflection
criteria for several methods of flexibhle pavement
design.

Alburnett sections 5 and 6 showed basically no
variability during the 1977 boil and heal season, a
slight wvariability during 1978, and some definite
variation in 1979, particularly following thawing.
Healing occurred rather quickly, however, within
both the 1978 and 1979 seasons.

Relative stiffness for each Fairfax section
versus time showed a range similar to that obtained
for Alburnett sections 1A through 2B and may be
attributed to a similarity between the Alburnett
granular backfill and the Fairfax macadam base.
Unlike the Alburnett sections, however, use of
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fabric between the Fairfax subgrade and macadam base

provided no basic improvement in deflection and
stiffness, particularly at the critical stage of
frost-boil development following spring thaws. It
is thus apparent that wuse of fabric within the

macadam-based Fairfax site provided no improvement
in deflection and stiffness performance of the
roadway, regardless of subgrade variations.

With the primary exception of Alburnett sections
3 and 4, most Benkleman-beam rebound measurements at
both sites were nearly equivalent to maximum deflec-
tions, which indicates that each roadway is undergo-
ing predominantly elastic strain during Iloading.
Use of elastic theory, in which deformations are
dirctly proportional to applied stress, thus ap-
peared reasonably valid in analysis of deflection
results. By using the 1977 Rlburnett data, £fabric
sections 1A, 1B, and 2A decreased average deflection

by 10 percent compared with control section 2B,
which indicates that the stress at the subgrade
surface was about 10 percent less in these sec-

tions. Alburnett sections 3 and 4 indicated about
25 percent reduction in potential subgrade stress by
the use of fabric, whereas sections 5 and 6 indi-
cated only a 7 percent stress reduction by the use
of fabric on a stable subgrade.

By making assumptions of the Poisson ratio and
the configuration of wheel loadings, values of the
modulus of elasticity could be back-calculated for
each of the Alburnett sections through use of Bous-
sinesq theory. Values of the modulus of elasticity
for the 1977 Alburnett sections thus ranged from
about 24 138 to 107 586 kPa (3500-15 600 1bf/in?);
the latter value was found in the granular-backfill

sections. The higher value is within a typical
range for dense sand and gravel, whereas the lower
value is typical of silty or sandy clays, each of

which existed within the Alburnett sections.

Trends regarding the laboratory stability tests
and in situ fabric use as a structural reinforcement
were obtained. The K-test vertical deformation
modulus E,, and lateral stress ratio K (Table 3)
are in principle related to Benkelman-beam relative
stiffness. Laboratory stability tests indicated
that fabric should produce a slight reduction in
composite stiffness. Figures 5 and 6 indicate a
decrease in relative stiffness following construc-
tion. After subjection to the freeze-thaw cycle,
laboratory tests predicted a slight increase in
E,; field tests made in BApril 1977 showed some
nominal improvements in relative stiffness. Incor-
poration of fabric predicted an improved c-¢
relationship following the freeze-thaw cycle, which
should then tend to improve as moisture content was
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reduced through healing. However, portions of the
soil matrix and/or soil-matrix-fabric bond might be
expected to reduce gradually through continued
freeze-thaw cycling and moisture absorption, which
reduce K and «c¢-¢ capabilities, an action not
unlike the gradual reduction of field relative
stiffness values versus time. Fluctuations of
relative stiffness due to changes in field moisture
content could also be anticipated on the basis of
the data in Table 3. Thus the laboratory and in
situ data emphasize that simple laboratory testing
methods may provide predictive criteria for designed
in situ use of a soil-aggregate-fabric system.

Plate-Bearing Tests

Plate-bearing tests 33 cm (12 in) in diameter were
used in conjunction with the Benkelman beam during
the latter phases of performance evaluation of the
Alburnett sections. The modulus of subgrade reac-
tion k was defined by
k=P/A (1)
(10 1bf/in?)
(9).

where P is the plate stress at 70 kPa
and A is the corresponding deformation value
Values of k are presented in Table 6.

Deformation moduli were computed from the Burmis-—
ter (10) relation

E=mpD(l - »%)/4W ®)
where

p = plate stress,

D = plate diameter,

v = Poisson ratio (estimated at 0.33), and

W = plate settlement at 520 kPa (75 1lbf/in?)

plate stress (Table 6).

This expression was developed for a rigid plate on a
homogeneous material. Howdver, the resulting defor-
mation modulus was thought to he a valid indicator
of net response of the composite system.

Table 6 also presents values of deformation
modulus as calculated from Equation 2 for Benkel-
man-beam deflections under 520 kPa contact pressure,
since both plate and tire contact areas were equiva-
lent.

Although loading rates of beam and plate tests
were different, Table 6 indicates a high degree of
correlation between deformation values at 520 kPa
stress and modulus of deformation E determined from
the two tests. Three exceptions are noted, in which

Table 6. Comparison of plate-
bearing and Benkelman-beam
test results, Alburnett sections.

Plate-Bearing Test

Benkelman-Beam Test

Subgrade Deformation Deformation Permanent Deformation Deformation
Reaction Modulus E (mm) at 520 Deformation Modulus E (mm) at 520

Section  Date (N/em®) (kPa) kPa (mm) (kPa) kPa

3 4/13/79 51 7 240° 15.24 6.35 25220 4.37

4 4/13/79 18 3570° 20.32 10.16 8 694 12.67

5 4/13/79 271 36 200 3.05 4.57 38 050 2.90

6 4/13/79 194 30 164 3.66 7.11 31433 3.10

1A 6/14/79 603 124 100 0.89 1.27 111 240 0.99

1B 6/14/79 388 76 200 1.45 1.27 65 734 1.67

2A 6/14/79 388 72 400 1.52 1.21 58 626 1.88

2B 6/14/79 543 94 460 1.17 0.25 81 860 1.35

3 6/14/79 90 7690 14.35 11.43 10 500 10.49

4 6/14/79 42 3530° 20.83 12.70 8 294 1351

5 6/14/79 453 51710 213 1.02 51035 2.16

6 6/14/79 453 57915 1.91 1.52 55620 1.98

Note: 1 N/em® = 3.684 Ib/in’; 1 kPa = 0.1450 Ibf/in%; 1 mm = 0.04 in.

“Determined at 414 kPa.

bFailm-e occurred at 138 kPa,

®Determined at 345 kPa.
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plate deformations exceeded the capacity of the
measuring device before a 520-kPa stress could be
achieved. In one test (section 4, BApril 1979),
stress levels above 138 kPa (20 1bf/in?) could not
be attained. The section failed; thus a state of
limiting equilibrium was achieved.

The magnitude of permanent deformation that
occurs after unloading of secondary roads (Table 6)
is affected by the use of 1local soil-aggregate
systems, which will nearly always undergo some
permanent deformation. Acceptable permanent defor-
mation has not heen universally resolved, but expe-
rience suggests that 13 mm (0.5 in) represents an
upper limit. The April tests for sections 3 and 4
tend to substantiate this limit, since section 3 was
performing adequately whereas section 4 was near the
threshold of unsatisfactory performance.

Relative performance of comparable fabric versus
nonfabric sections was indicated by nearly all
parameters developed from the plate-loading tests.
The April tests on frost-prone subgrade sections 3
and 4 showed a 2.8 improvement factor for both k and
E. On the less-frost-susceptible subgrade sections
5 and 6, fabric increased k by a factor of only 1.4
and E by 1.2, which supports the contention that
fabric benefits may not be realized until the soil
is weakened through frost action or lack of drain-
age. Further support for this concept was evident
for sections 3 through 6 in June 1979 (Table 6),
which represents performance after the frost boils
had at least partly healed. Improvement factors for
both k and E on frost-prone subgrade sections 3 and
4 were reduced to 2.2. For sections 5 and 6 (non-

frost-prone subgrade), k indicated no improvement,
whereas E-values suggested that fabric actually
decreased system stiffness. In addition, permanent

deformations were smaller when fabric was present,
and a more pronounced difference in corresponding
sections occurred when the system was soft.

Section 1A produced improvement €factors of only
1.1 for k and 1.3 for E. For sections 1B and 2A, k-
and E-values were lower than those for the compa-
rable nonfabric section. Thus little was gained by
using fabric in conjunction with a thick granular
backfill under subgrade and environmental conditions
similar to those prevalent for this field study.

CONCLUSIONS

The following general conclusions are based on both
laboratory and field performance parameters:

1. Laboratory and in situ data indicate a rein-
forcement capability when fabric 1is interlayered
between a soil-aggregate surface and a frost-sus-
ceptible subgrade.

2. Laboratory freeze-thaw tests of a fabric-in-
terlayered frost-susceptible fine-grained soil
indicate a reasonable control of freeze-thaw elonga-
tion.

3. Laboratory stability and strength tests of a
fabric-interlayered frost-susceptible fine-grained
soil indicate a degree of improvement of all param-
eters due to reinforcement both prior to and after
subjection to the freeze-thaw cycle.

4. The fabric performed most favorably during the
three~year study as a reinforcement between a soil-
aggregate surface and frost-prone subgrade.

5. Use of the fabric in conjunction with granular
backfill in an undercut frost-susceptible subgrade
soil did not appear significantly justifiable.
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6. Use of the fabric did not appear justifiable
as a reinforcement (a) between a soil-aggregate
surface and non-frost-susceptible subgrade or (b)
between a macadam base and either frost-susceptible
or non-frost-susceptible subgrade.

7. Field soil wmoisture may be a highly relevant
factor in soil=-fabric bonding characteristics and
should be studied in much greater detail.

8. Laboratory investigations similar to those
performed in this study should he expended in order
to increase performance predictability of in situ
fabric reinforcement effectiveness in frost-sus-
ceptible secondary road materials.
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Pavement Cracking

CHESTER McDOWELL

Data are presented for some field and laboratory experiments that have been
conducted periodically over 45 years and that involved cracking of pavements
constructed over high-volume-change soils in Texas. The reports of others are
coordinated with these findings. A graphic solution is presented for estimating
the width of the granular base behind the curb necessary to prevent excessive
dry-weather cracking. The same criteria are applicable to estimating the width
of shoulders for roads and highways. The theory for this procedure is based on
experience and the calculation of the values of potential vertical rise.

The purpose of this paper is to call attention to
publications that pertain to pavement cracking and
to offer some suggestions relative to design widths
of base materials behind curbs. It is intended that
use of the suggestions will materially reduce damage
due to volume change of soils.

A completely analytical approach to the problem
of street-pavement cracking is difficult for any one
person. There are several reasons for this: (a) No
one has enough experience with soils, paving mate-
rials, design, construction, and maintenance, and
(b) sometimes pavement cracking is caused by one
factor and develops to a point at which other fac-
tors appear to be the cause of the trouble. This is
a most unfortunate circumstance because pavement
cracks tell an interesting story about mistakes that
we are not capable of comprehending. Perhaps re-—
search should be directed to studies of the life of
pavement cracks from their first appearance until
rehabilitation of pavement is necessary. One of the
10 most important research needs identified by the
Workshop on Structural Design of Asphalt Concrete
Pavement Systems in December 1970 contained the
following statement (1):

Figure 1, Street cross sections showing variations due to seasonal changes.

STATION 490+00
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The problem: Pavement failures are related to
the development of cracks and/or excessive de-
formation due to repetitive loads or environ-
mental conditions. The analvsis and prediction
of failure would he aided by the development of
procedures for explaining the initiation, propa-
gation, and accumulation of craclts.

Francis N. Hveem, former materials and research
engineer for the California Division of Highways,
issued a report in which he recognized the state of
confusion by making the following statement (2):
"BAmong those who use language for communication,
engineers are not the most meticulous in their
choice of terms, and it 1s at times difficult ¢to
clearly understand just what is being discussed.”

Several years ago, I presented a paper (3) that
listed the following as some of the causes for pave-
ment cracking:

1. Excessive 1load deflections, including re-
silience deflections;

2. Subsidence, consolidation, slides, etc.;

3. Swell-shrink conditions of the subgrade;

4. Shrinkage cracking of the base and/or pave-
ment caused by factors other than deflections or
movements of the subgrade;

5. Frost and/or freeze-thaw action:

6. Brittleness of pavement due to aging and/or
absence of traffic (includes the use of hard as-
phalts and their hardening due to oxidation--type of
mix and/or construction procedures may contribute to
oxidation); and
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7. Thermal expansion and contraction.

These factors were discussed somewhat in detail in
my earlier paper (3). From a maintenance stand-
point, factors that involve slippage (lack of bond),
reflection cracking (joints or old cracks coming
through overlays), and tree-root damage are others
that should be added to the above list. The fore-
going shows why groups of engineers fail to agree as
to the reasons for cracking or the proper remedial
procedures to use. The mere fact that disagreement
about pavement performance exists should not be em-
barrassing to anyone, but rather it should be con-
sidered a sign of interest that could lead to dis-
cussions pertinent to the solution of difficult
paving problems.

Figure 2. Cracks in pavement when soi! fill and natural scil foundation had
shrunk.
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I believe that my experience as state highway
soils and research engineer for more than 35 years
and as a member of the Committee on Flexible Pave-
ment Design of the Transportation Research Board for
30 years gqualifies me to make further contributions

on this subject. During my service in the early
days, highways were constructed with, but usually
without, shoulders. Some history relative to the

transition from the trench to the feathered type of
pavement cross sections over highly expansive soils
should be of interest. Figures 1 through 9, from a
report submitted to the Highway Research Board in
1938 (4) by the late Henry C. Porter, engineer of
research, Texas State Highway Department, are used
for illustrative purposes. Figure 1 is a graphic
representation used by Porter to illustrate how the
elevation of the ground surface of swelling clays
fluctuates with seasonal changes. The data were ob-
tained during the observation of the performance of
a concrete pavement (probably a 9-6-9 section) that
had grass shoulders and had been constructed in the
early 1930s. Some observations are as follows:

1. Although the center-line elevations fluctu-
ated, it should be noted that they moved far less
than the edges did. The edges of the pavement
fluctuated up and down ahout 2 in more than did the
center line.

2. After seasonal changes for a period of one
year, the pavement elevations returned to their
original positions.

3. Note similar movements for the bench mark set
on a tree of 6-in diameter (right-hand side of
Figure 1).

The report does not tell how well or poorly this
pavement performed, but cracking of such an unevenly
supported pavement must have bheen inevitable when
heavy loads were frequently applied by army trucks
during World War II. Cracking of rigid pavements
progresses differently from that of flexible pave-
ments. Usually the tensile strength of narrow con-
crete slabs is sufficient to prevent cracking of un-

Figure 3. Typical cross section of plan for coarse-grained material to be placed in trench in clay soil.

28—0

20-0

Pl

PRESENT GRADED ROAD

o 4'—0" 1 20— 0"

PREPARED SUBGRADE OR TRENCH

20— 0

ey T
| ORI S

T~COMPACTED GRAVEL B

PRI RSN Sl S -'A-s"Evv (;(.)UR'.SE.. DL |
FIRST COURSE IN PLACE \

28'—0"

- 20'—0"

{.1' SLOPE

/ RAVEL BASE
5" COMPACTED STANDARD GRAVEL SURFACE COURSE




Transportation Research Record 827

evenly supported slabs until heavy 1loads are
applied. During this time a few cracks may occur in
a random fashion even at the center 1line. When
wheel loads are applied to poorly supported slabs,
cracking often begins halfway between the center
line and the edge of the pavement (Figure 2) rather
than in wheel paths as 1is the case for flexible
pavements. The deterioration of concrete pavements
laid over high-volume-change soils was reduced mate-
rially when construction of granular or stabilized
shoulders was adopted as standard practice by the
Texas Highway Department. This practice caused dry-
weather shrinkage cracks of the supporting soil to
occur farther out from the edges of the pavement.
Figures 3 through 9 from Porter's report illus-
trate the benefits of changing from the trench to
feathered design sections for flexible pavements to
be placed over high-volume=-change soils. Figure 3
shows the design cross section of a crushed con-
glomerate base to be placed in a trench. Figures 4,
5, and 6 show the poor condition of the pavement
after only five years of service. It cannot be sub-
stantiated that dry-weather shrinkage cracking ag-
gravated the development of the distress shown, but
it is most 1likely that it did. Figure 7 shows the
cross-section design of a feathered-type crushed~
stone section to be constructed on the same type of
expansive subgrade that was bheneath the trench-type
section. Figures 8 and 9 show the condition of the
pavement after three and six years, respectively, of

Figure 4. Failures and patching along edges of pavement where crushed
conglomerate base material was placed in trench cut in tight clay soil.
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heavy traffic. Note the absence of any dry-weather
cracks in the pavement. Other photographs not shown
here indicate that dry-weather cracks did occur in
the shoulders but did not injure the pavement.
Similar experiences noted on many other projects
helped convince the Texas Highway Department that
money spent for shoulders was a good investment,
especially when the pavement was placed over high-
volume-change soils. Additional benefits consist of
increased lateral support and room for motorists who
have car trouble to park off the pavement. Most
other highway departments adopted the use of granu-
lar shoulders many years ago.

In recent years, the city of Austin has grown
toward the east so as to require the construction of
many streets over high-volume-change soils such as
the Taylor Geological Formation and others. This
fact, plus the extensive drying period in 1977, has
caused new streets to begin cracking before they had
carried any appreciable amount of traffic. Figure 10
shows shrinkage c¢racks that formed in 1977 only a
few months after completion of paving. This street
is a cul-de-sac and no homes had been constructed or
lawns established at the time this photograph was
taken. Figures 11 through 15 show the behavior of
some older streets located on similar soils and with
similar drainage conditions as those shown in Figure
10. Figures 11 and 12 show some alligator cracking,
produced in part by heavy traffic loads on
Montopolis Drive in east Austin. It is believed
that dry-weather cracking could have occurred
initially and that load cracking appeared after
water had penetrated and softened the subgrade.
Figure 12 shows separation of gutter from pavement,
which indicates some shrinkage cracking. The pave=-
ment section for this street is the same as that
shown in Figure 10 except that the base does not ex-
tend beyond the back of the curb.

Figures 13, 14, and 15 were taken on Vargas
Street, which is parallel to and one block from the
portion of Montopolis Drive shown in Figures 11 and
12. This street carries much less traffic than does
Montopolis Drive. Figure 13 shows rather extensive
cracking in the foreground, probably caused by
volume changes of the subgrade for the regular curb
and gutter paving section. The background of Figure
13 shows a road section that has granular shoulders
that drain into ditches. Figure 14 shows a close-up
of the background of Figure 13. It may be noted
that few, if any, cracks appear in the roadway sec-—
tion. Figure 15 (same location as Figure 13) shows
some separation of pavement from curb and gutter.
Possibly this was reduced somewhat by maintenance of

d by of underlying

Figure 6. Rainwater in traffic dep
clay soil previously overly wetted.
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Figure 7. Typical cross section of crowned clay soil with coarse-grained material placed as blanket across crown.
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Figure 10. Dry-weather shrinkage cracks on Galen Court, cul-de-sac street in
southeast Austin.
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Figure 8. Riding surface after three years of heavy traffic where rain or
gravity water moved from base material to ditches.

Figure 9. Same section of highway as in Figure 8 after six years.
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Figure 12. Alligator cracking and possibly some shrinkage cracking on
Montopolis Drive.

Figure 13. Extensive cracking of pavement on Vargas Street {parallel to and
one block from Montopolis Drive).

moisture under the sidewalk.
for this street is somewhat similar to that shown
for Fiqure 10 except that the subgrade was not
stabilized with lime and the flexible base was not
extended beyond the back of the curb.

Figures 1 through 15 show the tremendous effect
that change in the volume of the subgrade has on the

The pavement section

life and performance of pavements. Others may have
had experiences that differ from those presented
here. It 1is possible that roads or streets con-
structed on identical soil conditions as those given
in this paper, where preconstructed lawns are
watered frequently, may not show any abnormal pave-
ment distress. It is also possible that the use of
the old "stand-up" curbs, which penetrated to a con-
siderable depth into the subgrade, could have per-
formed differently from that indicated in this
paper. Sometimes cracking may not occur for several
years or until a radical cycle in the weather has
taken place.

In order to diminish the cracking of pavements
constructed over subgrades of high-volume-change
soil, I propose that a layer (4-6 in) of subbase or
base be extended in back of the curb as indicated in
Figure 16. The presence of well-watered lawns and
existing sidewalks should be considered as excep-
tions in that the suggested widening shown in Figure
16 may not be necessary. The position and shape of

19

Figure 14. Closeup of background in Figure 13,

Figure 15. Left curb shown in Figure 13.

the curves shown in Figure 16 are based somewhat on
observations and considerably on the volume-change
characteristics of the subgrade soil in terms of its
potential-vertical-rise (PVR) computations (5). The
following PVRs are shown:

Curve (in) PVR (in)
24 0.5
36 1.0
48 1.5
60 2.0

Calculations of PVR values were based on the pres-
ence of a thick layer of subgrade soil with average
subgrade moisture conditions. Calculations of PVR
were made 1in accordance with the THD-test method
Tex-125-E. There are probably other methods of pro-
tecting subgrade moisture, such as the use of plas-
tic sheeting or asphalt- and/or tar-treated paper,
but chances of their proper replacement after
utility excavations are questionable. Vertical
trenches filled with granular material may also
serve the purpose, but when they interrupt the
natural flow of moisture, results can be very un-
satisfactory.



Figure 16. Width of base behind curb.
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PROCLDURE

a. The highest PI within the top 15 feet of sublayers
which will not be excavated. Disregard layers
containing less than 25 percent minus No. 40.

b. Determine total thickness of all sublayers within
top 15 feet having Plasticity Indexes in excess
of 25 and containing over 25 percent minus No. 40.

Plasticity Index (For soils with over 25% minus no. 40.)

interpolating between curved lines.
i '™ a

(o} + + + +

20"1_ From a study of soil survey investigations determine the following:

2. Plot I.aas ordinate and 1.b as abscissa. Project to a point of
intersection and read the width of flexible base behind curb by

- |
Width of Base Behind Curb-In.

n : i

0 2 4 3 8 10 12

14 6 18

Depth of Subgrade Soil Layers- Ft.

It is believed that use of the widening curves
given in Figure 16 will materially reduce pavement
cracking of streets in the city of BAustin, but its
use will not prevent cracking altogether. There
will still be pavement cracking due to overloading,
settling, and heaving.

Pertinent references have heen used to show the
complexity of the pavement—-cracking problem. Pif-
teen figures have been presented that indicate pave-
ment damage caused by subgrade-volume change. Some
of these figures indicate how the use of granular
shoulder materials reduced the severity of the prob-
lem. A new figure shows proposed widths of the base
behind the curbs, which, if used, would reduce the
severity of pavement cracking (Figure 186). If at-
tention is not directed to this problem on highly
plastic subgrades, extensive cracking will continue
to increase until corrective maintenance is per-
formed.
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Pavement Design of Unsurfaced Roads

JACOB GREENSTEIN AND MOSHE L!VNEH

In some tropical countries, such as Thailand and Ecuador, unpaved soil-aggre-
gate roads are normally constructed when the average daily traffic is less than
300. These pavements are generally constructed of a single layer of subbase,
which varies in depth from 5 to 14 in. Currently, various empirical models
give different results for the pavement design of unsurfaced roads. This study
presents a design model that has been developed to provide a rational design
thodology for low: unsurfaced roads. This methodology is based on
the theory of plasticity. It has been found to be computable with the up-to-
date experience in Ecuador and Thailand, according to which 8 in of gravel
and 6 in of laterite carried about 25 000 and 5000 equivalent standard axles
per lane in Ecuador and Thailand on silty sand and silty subgrade, respectively.

The pavement design for low-volume unsurfaced roads,
particvlarly in tropical areas, has not received the
benefit of the detailed research and studies that
have been carried out to provide design methodolo-
gies for high-volume roads. In Thailand, unpaved
(soil-aggregate) roads are normally constructed when
the average daily traffic (ADT) is less than 300.
These pavements are generally constructed of a
single layer of laterite, which varies in depth from
5 to 14 in and has a California bearing ratio (CBR})
that ranges between 7 and 60 percent (i)- The local
experience with laterite roads and other experience
with unpaved roads (2,3) has shown that maintenance
is difficult when an inappropriate design method is
used, which indicates the necessity of the develop-
ment of a rational model for unsurfaced roads. This
necessity is illustrated hy the different results
obtained by the application of various empirical
models available (4-6). These results are indicated
in Figure 1, which shows the relationship between
subgrade CBR and the number of coverages to failure
of given equivalent single-wheel 1load (ESWL) and
tire pressure. The data given in Figure 1 are re-
stricted to equivalent wheel loads of 28 and 40 kips
and tire pressures of 65 and 97 1hf/in?, respec-
tively. Figure 1 shows that for a subgrade CBR of 8
percent (typical local plastic laterite in Thailand)
and an ESWL of 28 kips, the number of coverages to
failure are 25, 40, and 500 (4-6). Similar results

values of subgrade CBR and wheel load. Therefore,
this study presents a design model developed to
provide a rational design methodology for low=-volume
unsurfaced roads. This methodology is based on the
following parameters:

1.
2.

Traffic (ranging from 10 to 300 ADT),
CBR design of the subgrade, and

3. CBR design of the subbase material.

BASIC ASSUMPTIONS

Design thickness of flexible pavements is usually
based on the theory of elasticity. However, for
low-cost structures that have a permissible rut
depth of more than 3 in, the theory of plasticity
seems to be a more-compatible choice (j_) and is
therefore the one chosen for this study. The as-
sumptions behind the theoretical model are deline-

ated in Equations 1-3.

A rational model for unsurfaced roads must rep-
resent the relationship among wheel load, engineer-
ing properties of the soil and materials, and the
number of coverages to failure. The general defini-

tion of such a model is given in the following
equation:
f(P; p; CBRg; CBRL; N; H) = 0 0]
where
2 = ESWL,
p = tire pressure,
CBR; = CBR of suhgrade,
CBRp, = CBR of subhase (generally laterite in Thai-
land),
N = number of coverages to failure, and
H = depth of subbase.

According to Foster's observations (8), the in
situ CBR values of a single granular layer vary with

that show a meaningful difference exist for other depth; there are high values on the surface and low
Figure 1. Relationship between subgrade CBR and number of coverages to failure.
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values at the bottom. Similar results were obtained
from existing single-layered pavements (H = 6-8 in)
in service (7). Table 1 presents these in situ CBR
results (7).

It should be noted that Foster's finding and the
results of Greenstein and Livneh (7) are compatible
with the wvariation of the ratio Eg/Eg with
depth, where Eg is the resilient modulus of the
granular material and Eg is the resilient modulus
of the subgrade material. This variation of
EG/ES with depth is taken into consideration
when the theory of elasticity is used to determine
the thickness of flexible pavements.

Summing up, the variation in in situ CBR with
depth is given according to the following expression
(see Figure 2):

log CBRy = (log CBR, {1 - [(20 +y - H)/20]} [log(CBR/CBR)]
+log CBRg) ~H-20>Y >0
-Hz= Y= (H-20) @)

where
CBRy = in situ CBR of laterite subbase as a func-

tion of depth Y;
CBRy, = CBR on surface of laterite subbase mate-

rial, i.e., for Y =0 (or over an 8-in
single layer of subbase, as shown in Fig-
ure 2);

CBRg = CBR of subgrade; and
H = thickness of laterite subbase, which is
thickness of pavement (see Figure 2).

Equation 2 is valid only for 0 < Y < H. When
Y > H, CBRy is actually equal to CBRg.

Finally, the results by Wiseman and Zeitlen (9)
are expressed by the following equation:

S=A-CBR )

where S is the shear strength of the material and
A is the material constant.

DEVELOPMENT OF DESIGN CRITERIA FOR EARTH PAVEMENT

The models from material cited for pavement design

Table 1. In situ CBR results.

Thickness of CBR of CBR in Middle of CBR on Surface of
Granular Layer Subgrade Granular Layer Granular Layer
(cm) (%) (%) (%)

15.0-17.0 9 25-40 >80

14.5-16.0 12 28-44 >80

Note: 1 cm=0.39in.
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of unsurfaced roads are empirical. Such a model
(10), is given below:

Log CBRg =- 1.574 55 +0.581 14 log P+ 0.490 26 log p
+0.171 90 Iog N - 0.001 23 log CBR;, - 0.654 71 log H
-0.382 51 log SN @)

where SN denotes the "shape number," i.e., the geo-
metric dimensions and deflection of the tires, and
the other variables are as previously described.
For this case--a single-layer earth road without a
subbase cover--the design model must include the
following design parameters: P; pi N, where
CBRg = CBRp, = CBR.

For a given wheel size (a given contact area),
the following relationship can be ohtained hy par-
tial differentiation of Equation 4 between the CBR
and the tire pressure (which is, in the first ap-
proximation, equal to the contact pressure hetween
the tire and the earth):

[(2 10g CBRY/(3 log p)} = {[(2 log CBRY/(@ log )1} + {((3 log CBR)
+ (3 log )] /[(3 log P)/(3 log p)1 }
=0.580 426 + 0.489 66 = 1.07 ©)

Equation 5 indicates that an approximate linear re-
lationship exists between the CBR and the tire pres-
sure given by the following:

CBR = Cp 6)

where C is a constant obtained by integration of
Equation 5.

Equation 5 is equivalent to Equation 3 and is
compatible with the plastic theory of cohesive me-~
dium, which was used successfully by Greenstein and
Livneh (7) for pavement design of a base course
covered by surface treatment. Therefore, the con-
clusion under discussion is that it 1is possible to
adopt Equation 5 as a submodel.

The relationship between CBR and N (coverages to
failure) is obtained by partial derivation of Equa-
tion 4, i.e.,

(8 log CBR)/(3 log N)=0.1716 Q)

According to Womack (4) and Brabston and Hammitt
(5), the values of this factor [(3 log CBR)/3
lgg N)] are 0.17 and 0.14, respectively. Brabston
and Hammitt (5) deal with a subbase pavement covered
by a thin asphalt membrane. Therefore, for unsur-
faced pavement, the CBR is expected to have higher
sensitivity to N. In other words, [(3 log CBR)/
(3 log N)] > 0.14. Thus, for this study, Equa-
tion 7 is compatible with the empirical results
found by Womack (4).

Figure 2. Variation in CBR value with depth, CBR=F(Y) PAVEMENT
Y=01 CBR, i
(H-20 em)=—yaps-20 |
T TER'
max 20 cm = | CORyY it L—~H LATERITE
SINGLE LAYER
YEH-‘ i l(=H e
CBRg~
Y SUBGRADE
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Table 2, Test results on earth pavement.

In Situ Test Results

Calculated Values from

CBR Tire No. of Equation 6
In Situ ESWL Pressure Coverages —
Source (%) (1bf 000s) (Ibf/in?) to Failure K CBR N?
Unpublished data 6.3° 27 70 8 -2.831 6.6 6.0
from Livneh 7.9 36 90 11 -2.882 9.3 4.2
and Greenstein 7.9¢ 27 70 21 -2.804 7.8 22.6
7.9° 27 70 18 -2.793 7.6 22.6
Womack (4) 3.7 23 60 1 -2.834 3.9 0.7
7.5 23 60 40 -2.802 7.4 44.6
3.7 29 40 1 -2.806 3.7 1.0
7.5 29 40 70 -2.816 1.6 64.7
7.5 29 60 16 -2.792 1.2 20.3
37 23 40 3 -2.830 3.9 2.3
Turnbull and Burns 4.0 10 40 40 -2.780 3.7 60.8
(1) 4.5 10 100 3 -2.730 3.7 8.8
8.3 10 100 27 -2.628 5.5 313.0
7.5 10 200 2 -2.625 4.9 24.0
15.5 10 300 30 -2.600 9.5 519.0
4.0 25 40 10 -2.906 5.0 2.3
4.5 25 100 2 -2.930 5.9 0.4
10.5 25 100 40 ~2.930 9.9 55.6
11.5 25 200 20 -2.842 12.4 13.1
18.3 25 200 147 -2.789 17.4 195.8
17.0 25 300 75 -2.857 18.9 40.1
12.5 50 100 30 -2.863 14.1 14.7
19.5 50 200 120 -2.921 281 27.2
22.5 50 300 35 -2.853 24.8 19.6
K = -2.8102. bsite 1 Csite 2.
Figure 3. Distribution of in situ CBR. Figure 4. Distribution of K;-values (according to Equation 8).
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In conclusion, the solution of Equations 5 and 7
is given in the following:
0.489 66 log p + 0.580 426 log P+ 0.1716 log N -log CBR+K =0 ®)
respectively. The ESWL was 27 kips and the tire

where K is a constant parameter determined by the
site investigation presented in the following
section.

EVALUATION OF IN SITU INVESTIGATION (EARTH PAVEMENT)

A summary of empirical in situ test results is given
in Table 2 (4,11). The parameters included in Table
2 are subgrade CBR, ESWL (P), tire pressure (p), and
number of coverages to failure (N). For example,
tests were run on three sites that had a silty-sand
subgrade classified A-2-4 by the BAmerican Associa-
tion of State Highway and Transportation Officials
(AASHTO). The distribution of the in situ CBR for
the three sites is shown in Figure 3. This figure
shows that in situ CBR corresponds to the 50th per-
centile, is 6.3 percent on site 1, and 7.9 percent
on sites 2 and 3. The earth pavement failed after
N =8, 21, and 18 coverages on sites 1, 2, and 3,

pressure was 70 1bf/in? (see Table 2). Another
study (4) was carried out on uncompacted sandy sub-
grade (CBR = 3.7 percent) and on silty subgrade
(CBR = 7.5 percent). In this case, the earth pave-
ment failed after N = 1 and 40 coverages (by ESWL =
23 kips and p = 60 1bf/in?), respectively.

The experimental data given in Table 2 enabled us
to study the reliability of the model developed in
the previous section (Equation 8) and to determine
the K-values. The results of this computation are
given in Table 2. For example, in the experiment
carried out on site 1 with a subgrade CBR of 6.3
percent, the calculated K-value is K; = -2.83l.
The distribution of K; (according to Equation 8)
is given in Figure 4. This distribution has a stan-
dard deviation of 0.0879, which is an indication of
the reliability of the developed model. Finally,
the value of K in Equation 8 is based on the Kj-
values given in Table 2, i.e.,
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24 24
K= %‘ K;/24= %(log CBR; - 0.489 66 log p; - 0.580 426 log P;
- 0.1716 log N;)/24 ©)
where

CBR; = in situ CBR of each study i (according to
Table 2, 24 studies exist),
P;, pj = ESWL and tire pressure in each study i
and
N: = number of coverages to failure in each
study 1i.

Substituting the calculated Kj-values (shown in
Table 2) into Equation 9 gives K = -2.8102. Substi-
tuting this value into Equation B8 enables the deter-
mination of the required CBR (or coverages for a

Figure 5. Relationship between calculated CBR (Equation 10) and measured
CBR in situ.
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given ESWL, p, and N or CBR). The results of this
calculation are given in Table 2. For example, in
the investigation carried out on site 1 (subgrade
CBR = 6.3 percent; ESWL = 27.000 1b; p = 70 1hf/
in?; N = 8), the calculated CBR (by using Equation
8) is 6.6 percent. The relationship between the in
situ measured subgrade CBR and calculated CBR by the
model developed in this study is a statistical test
of this model's reliability. This statistical cor-
relation (linear regression) is given in the fol-
lowing:

Calculated CBR =-0.63 + 1.09CBR in situ R?=0.89 (10)

Equation 10 is plotted in Figure 5, which con-
tains the measured and calculated CBR values. The
important conclusion derived from Figure 5 is that
in the practical range of the in situ CBR (3-30 per-
cent), Equation 10 coincides with the line of equal-
ity of in situ CBR and calculated CBR. This is
additional proof of the validity of the model de-
veloped for this study.

Relative lower correlation (which is expected for
the number of coverages to failure, R? = 0.77) is
obtained for the calculated and measured coverages
(Figure 6). 1In this case also, the correlation line
(Equation 11) coincides with the line of equality
(calculated log N = in situ log N):

log N (calculated) = 0.95 log N in situ + 0.0688 a1

DEFINITION OF METHODOLOGY FOR LATERITE SURFACE
PAVEMENT

Studies by the U.S. Army Corps of Engineers and
others (3,6,12) have shown that the maximum practi-
cal covera_ges per lane to failure for a soil-
aggregate surface are in the region of 10 x 10 to
15 x 10° equivalent standard axles (ESA), which is
equivalent to approximately 25 000 applications of
ESA. Therefore, since it 1is normal practice in
Thailand to reconstruct the surface annually or
every two years, the most economical pavement sec-
tion should have the minimum thickness required to
carry the estimated traffic through this period and

Figure 6. Relationship between calculated N (Equation > 500
8) and N measured in situ. E
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Figure 7. Stress distribution beneath surface of flexible pavement,
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Figure 8. Equivalent wheel factor (a) versus depth of pavement.
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less than 25 000 applications of ESA per lane.

As stated in the section on basic assumptions,
the plastic theory was adopted for this study for
the analysis of the pavement design. In other
words, Equations 2 and 8 (with K = -2.8102) are the
basic equations that govern the pavement design for
laterite roads. Therefore, in this case (two-layer
analysis), an equivalent CBR of the two-layer system
must replace the CBR of the one-layer system given
in Eguation 8. This equivalent CBR is defined in
the following equation:

CBReq = (1/h) J' CBR,dy (12)
where

CBRyq = equivalent CBR of two-layer system (sub-
grade and subbase), which replaces sub-
grade CBR of one-layer analysis in Equa-
tion 8;

CBRy = in situ CBR of pavement system as a func-
tion of depth y (see Figure 2 and Equa-
tion 2); and

h = depth of pavement that supports standard
axle load (9000 1b, dual-wheel assembly).

In this study, it is assumed that h is the depth
beneath which the vertical stress is less than 15
percent of the tire contact pressure. Therefore,
based on Figure 7 [adapted from Martin and Wallace
(13)], h = 14 in.

Finally, the use of Equations 8 and 12 for the
18 000-1b axle load (p = 70 1bf/in?) vyields the
following equation for the pavement design of unsur-
faced subbase roads:

-2.8102 + 0.489 66 log (70) + 0.580 426 log (a x 18 000)
+0.1716 log (N) = log CBR =log [(1/35) [2° CBR,dy] 13)
where a denotes ESWL, i.e.«, a (axle load) =

ESWL, and o is a function of the type of axle and
pavement depth. For the dual assembly, the values

E‘ of o are given as a function of the depth of pave-
= ment in Figure 8 [modified from Liwvneh, Ishai, and
§ 05 Uzan (14)].
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By entering the tire pressure and ESWL (as shown
by the arrows in Figure 3), the number of coverages
to failure for any given subgrade CBR design value
can be determined. The example in Figure 9 shows
that a subgrade that has a CBR of B8 percent permits
1000 coverages of 9000-1b equivalent wheel loads
with a tire pressure of 70 1bf/in?.

Unsurfaced Subbase Roads

The nomogram shown in Figure 10 is used for the ap-
plication of the model (Equation 13) developed in
this study for unsurfaced subbase roads. In this
figure, Equation 13 has heen solved for a range of
subbase thicknesses, subgrade CBR values, and numbher
of applications (5000-25 000 applications of ESA,
which is equivalent to 2500-12 500 coverages) for an
18 000-1b axle. Therefore, for a given subgrade CBR
design value, the required subbase thickness can be
determined. For example, for a CBR value of 4 and
estimated loading of 15 000 ESAs, the required sub-
base thickness is 10 in (see Figure 10).

It is important to note that the conclusions from
Figure 10 are compatible with the up-to-date experi-
ence in Ecuador (3). According to Greenstein and
Garcia (3), an unpaved gravel road 8 in thick on a
silty-sand subgrade (CBR 6~7 percent) carried about
25 000 ESAs (18 kips) per lane until reconstruction
of the surfacc was required- This is an indication
of the reliability of the developed model.

An additional indication of the validity of this
model is the local experience in Thailand for rural
roads, according to which a minimum pavement depth
of 6 in is used over silty subgrade (CBR & 5-6
percent) for approximately 5000 ESAs, which is
nominally the minimum design traffic load.

The following three limitations should be ob-
served when Figure 10 is used:

1. Figure 10 can be used for local laterite sub-
base with a CBR design wvalue that ranges between 20
and 40 percent.

2. For subbase CBR values greater than 40 per-
cent, the required thickness may be reduced by ap-
proximately 30 percent to a practical minimum of 5
in.

3. For subgrade CBR values greater than 15 per-
cent, local subgrade can be used as the pavement
layer.
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Lime-Soil Mixtures for Low-Volume Road Construction

in Egypt

Some experimental research findings on the application of hydrated lime to
the superficial soils of the valley and delta of the Nile River for the purpose
of low-volume road construction are described. Eight soil samples and one
type of commercial lime were included in the experimental program. Statis-
tical techniques were used to analyze the effects of lime content, curing
temperature, curing time, and soil type on the increase in the unconfined
compressive strength of lime-soil mixtures. Suggestions and guidelines for
the use of hydrated lime to improve the properties of local soils and nearby
paving materials are given in the conclusion.

The construction of low-volume, low-cost rural roads
is receiving growing emphasis among the transporta-
tion officials in Egypt as part of its national de-
velopment policy. These roads are planned and de-
signed to encourage the economic development of
rural localities, improve the mobility of rural
residents, and help redistribute the population in
order to relieve the severe urban problems that
exist in large cities. Because of limited capital
funds for road construction programs, highway engi-
neers have sought the use of available low-cost
stabilization materials to improve the properties of
local soils and the nearby paving materials. The
fact that limestone is an abundant resource in Egypt
made hydrated lime a desirable stabilizing material
in low=volume road construction.

This paper presents some experimental research
findings on the application of hydrated lime to the
soils of the valley and delta of the Nile River.
The potential improvements in strength, plasticity,
volume changes, durability, and workability that
result from the addition of small amounts of lime to
almost any fine-grained soil have been the subject
of extensive research efforts and are reviewed and
summarized elsewhere (1-3). However, the effects of
applying lime to a particular soil cannot be exactly
predicted without testing the individual soil in
question. This is particularly relevant to the
alluvial soils of the Nile River, which have experi-
enced extensive advanced weathering during the trip
from mideast Africa to the Mediterranean.

Four reactions are reported in the literature to
explain the mechanisms of lime-soil stabilization
(4,5). These are the cation-exchange, flocculation,
carbonation, and pozzolanic reactions. The first
two reactions influence soil plasticity, volume
changes, and workability, whereas the pozzolanic
reaction 1is responsible for strength increase
(4,5). Soil properties that affect the rate and
magnitude of the pozzolanic reaction include clay
mineralogy, organic carbon, percentage of clay frac-
tion, exchange-complex characteristics, soil pH, and
amounts of silica, alumina, iron oxide, free car-
bonates, free sulfates, and sodium enrichment
(6-10). Other factors that influence the strength
increase of 1lime-soil mixtures are lime content,
curing conditions, and mixture density (2-4,11).

MATERIALS, TEST SPECIMENS, AND EXPERIMENTATION

Eight soil samples that represented the superficial
soils of the Nile valley and delta were included in
this study. The samples were taken from a depth of
approximately 1 m (3.3 ft) below the ground surface
and shipped to the laboratory in sealed containers
to permit evaluation of the natural moisture con-

tent. Soils were air dried, hand crushed, sieved to
finer than 4.75 mm (0.2 in) (no. 4 sieve), and
stored for subsequent analysis. The engineering and
mineralogical properties of the different soil sam-
ples are summarized in Table 1, and the chemical
properties are presented in Table 2.

The lime used is a commercial-grade, high-calcium
hydrated lime manufactured by the Cairo Sand Bricks
Company. BRnalysis of the single lime batch used in
this study showed 70.41 percent available calcium
oxide and a maximum particle size of 0.037 mm (0.001
in) (no. 400 sieve).

Three levels of lime content--3, 5, and 7 percent
by weight of the dry soil--were used in the experi-
mental program. Test specimens from the natural
soils and lime-treated soils were prepared by using
a mold 10 cm high by 5 cm in diameter (4 by 2 in).
Natural soils were thoroughly mixed with the appro-
priate amount of water and molded. Lime-treated
soils were mixed in the dry state, and mixing con-
tinued while the proper amount of water was added.
All specimens were compacted at optimum moisture
content determined in accordance with ASTM C593.
Compacted specimens were sealed and cured in a
constant-temperature cabinet at 21°C and 60°C (70°F
and 140°F). Curing periods were 3, 7, 14, 21, 35,
and 56 days.

At the end of each curing condition, the speci-
mens were tested for unconfined compressive strength
by wusing a Farnell compression-testing machine.
Loads were applied at a constant rate of deformation
of 0.12 cm/min (0.05 in/min), and the maximum load
was recorded for each specimen. The unconfined
compressive strength was estimated by the average
strength of a series of six specimens.

RESULTS AND DISCUSSION

Table 3 summarizes most of the results of tests for
unconfined compressive strength for the eight soil
samples used in this study. Soils II, IV, V, and
VII showed remarkable increase in strength with the
addition of lime, whereas soils I, III, VI, and VIII
were not reactive to lime. The major clay minerals
in soil types II, IV, V, and VII are kaolinite and
montmorillonite, whereas in soils I, III, VI, and
VIII the predominant minerals are illite, chlorite,
and quartz.

To investigate the statistical significance of
lime content and soil type on the unconfined com-
pressive strength of lime-soil mixtures, a random-
ized complete block design was used that had three
percentages of lime (3, 5, and 7 percent) that rep-
resented the treatment levels and four lime-reactive
soils that formed the blocks. Only lime-reactive
soils (types II, IV, V, and VII) were included in
the analysis, since strength is not a major factor
in determining the appropriate treatment for non-
reactive soils. Results of the analysis of variance
indicated that lime content has a significant effect
on the average strength of lime-reactive soils at
the 0.05 level of significance. Soil type, on the
other hand, was found to be not significant at the
same level. In general, for a given soil type and
set of curing conditions the relationghip between
lime content and strength peaks at a certain optimum
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Table 1. Engineering and mineralogical soil properties.
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Atterberg Limits (%)

Moisture-Density

. Classification —_—— Clay Major
Soil Liquid Plastic Plasticity ——e—e ouuo-— Specific 4 max <2 um Clay
No. Drainage Limit Limit Index AASHTO Unified Gravity (t/m?) Wopt (%) (%) Minerals®

1 Poor 55 34 21 A-7-5 (15) MH 2.67 1,52 24 0 AF,Q

11 Poor 55 28 27 A-7-6 (17) CH 2.69 1.54 23.5 22 KM, Q

11 Poor 44 25 19 A-7-6 (13) CL 2.75 1.59 22.7 14 1,C,G,Q
v Mode- 70.5 42 28.5 A-7-5 (19) MH 2.63 1.42 28 23 K,.M,1,Q
rate

\'% Mode- 54.4 28.7 257 A-7-6 (16) CH 2.71 1.64 18.3 27 K.M,Q

rate
VI Poor 73.5 34.5 39 A-7-5 (20) CH 2.5 1.47 25 8.5 LC,AQ
VII Poor 9.5 33 46.5 A-7-5 (20) CH 2,75 1.48 275 20 KM,Q
VIII Poor 48 30 18 A7 (13) ML 2.61 1.52 25 0 LA,G,Q
Note: 1 ton = 0.9 Mg.
48y mbols used are as follows: A= albite, C = chlorite, F = feldspars, G = gibbsite, T = illite, K = kaolinite, M = montmorillonite, Q = quartz.

Table 2. Chemical soil properties.

Cation
Organic Exchange Exchangeable Cations (meq/L) Exchangeable Anions (meq/L)
Soil Carbon Capacity
No. pH (%) (meq/100g) Ca Mg Na K Total CO;, HCO3 CL S0, Total
I 6.0 1.60 38.0 8.9 2.5 8.4 0.2 20.0 0 1.8 10.0 8.2 20.0
11 7.7 0.25 28.5 75,5 369.0 960.0 0.2 1404.7 0 1.4 1314.0 89.8 1405.2
11 6.7 1.16 42.5 31.6 57,2 120 0.3 101.1 0 0.5 82.0 18.7 101.2
v 8,2 0.00 53.5 19,2 30.2 250 03 74.7 0 0.7 12.0 62.0 74.7
v 8.9 115 44.5 6.8 11,9 34.0 1.0 §3.7 0 0.9 10.0 42.8 53.7
VI 35 1733 34.0 4.7 7.7 50.0 1.0 63.4 0 1.8 37.0 24.6 63.4
Vil 8.0 0.52 38.0 50.7 544 230.0 3.0 338.1 0 1.2 245.0 91.9 338.1
VilI 7.9 1.80 18.0 33.0 212 45.0 1.0 100.2 0 1.8 36.0 69.4 100.2

Note: 1 L =0.264 gal; 1 g = 34 oz.

Table 3. Results of tests for unconfined compressive strength.

3 Percent Lime (kg/cm?)

5 Percent Lime (kg/cm?)

7 Percent Lime (kg/cmz)

21°€¢ 60°C 21°C 60°C 21°¢ 60°C
Natural
Soil Soil 7-  35- 56- 7-  35- 56- 7-  35- 56- 7-  35- 56- 7- 35 56- 7-  35- S56-
No. (kg/cm?) Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day
1 22.4 11.9 21.0 19.5 19.8 22.7 23.0 10.8 19.7 21.3 1755 21.5 2138 10.1 14.7 17.2 13.0 17.6 18.2
I 4.4 5.7 12.3 13.9 11.7 17.5 18.9 14.5 28.2 319 26.8 43.3 44.0 11.1 21.6 23.4 19.9 31.4 32.6
111 13.3 8.3 13.8 14.3 13.5 14.9 15.1 12.1 154 15.9 14.1 16.0 16.2 7.9 103 11.7 10,1 12,9 132
v 8.8 6.9 19.8 22.4 17.8 28.7 30.9 7.2 30.0 34.1 29.5 46.1 41.3 5.7 16.5 18.5 154 22,7 25,2
v 21.1 14.2 23.5 25.8 22.3 343 35.8 22:6 27.5 32:6 26.1 41.3 45.7 9.3 129 143 12.1 19.4 23.7
VI 15.7 8.9 15.2 16.9 13.9 17.1 17.9 55 82 8.8 9.1 13,0 153 5.1 7.4 8.1 3.6 114 129
Vil 9.1 9.5 24.2 26.6 22.1 35.2 37.7 12.6 20.1 23.7 19.0 30.2 32.4 54 153 17.4 13.5 20.9 27.8
VIII 16.0 9.7 163 17.1 14.5 17.5 18.1 9.9 18.0 19.3 16,9 18.7 18.9 9.4 169 18.2 15.1 17.3 1732

2

Note: 1 kg=2.2041b;1cm”= 0,155 in2;1°C= (t°F - 32)/1.8.

lime content. Increasing the percentage of lime
hbeyond this optimum level not only results in no
additional increase in strength but also may reduce
the strength to that below the strength at optimum
lime content.

Figures 1, 2, and 3 depict the effects of the
percentage of organic carbon, percentage of clay
fraction, and soil pH on the increase in strength of
lime-soil mixtures. BAs expected, organic carbon has
a negative impact on the strength gain because it
retards the long-term pozzolanic reaction (4). The
results of Figure 1 indicate that soils that con-
tained more than 1 percent organic carbon do not
react satisfactorily to lime. In Figure 2, it may
be noted that soils that have a clay fraction that
exceeds 20 percent are the same soils that showed a
remarkable increase in strength due to lime treat-
ment. The c¢lay fraction of a soil is the major
source of silica and alumina, which react with lime
to form cementing agents such as calcium silicate

and calcium aluminate. The estimated coefficient of
correlation between the clay fraction and the
strength increase is 0.70 based on the results of
Figure 2.

Soil pH, an indicator of the degree of weather-
ing, varied from 5.5 to 8.9 for the natural soils
used in this study. As the amount of absorbed
hydrogen ions increases, the soil pH decreases,
which implies a weathered soil. 1In general, a high
pH value indicates that soil silica and/or alumina
are available for the pozzolanic reaction. Examina-
tion of the results of Figure 3 reveals that soils
that have a pH value greater than 7.0 are 1lime-
reactive soils. The estimated correlation coeffi-
cient between soil pH and strength gain is 0.56
based on the data in Figure 3. Similar values of
thils correlatlon coefficient were found by Thompson
(4) and by Harty and Thompson (9).

The analysis-of-variance techniques were also
applied to study the separate effects of curing
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Figure 1. Effect of organic carbon on strength increase.
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Figure 2. Effect of clay fraction on strength increase.
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temperature and curing time on the strength increase
of lime-soil mixtures. Two curing temperatures,
21°C and 60°C (70°F and 140°F), represented the
treatment levels in the first randomized block de-
sign, and three curing periods--7, 35, and 56 days--
made up the treatment levels in the second random-
ized block design. In each design, soil types II,
IV, V, and VII formed the blocks. The effects of
curing temperature and curing period on the strength
increase were found to be statistically significant
at the 0.05 1level. Figure 4 shows representative
plots of the unconfined compressive strength of soil
type IV treated with 5 percent lime at different
curing conditions.

CONCLUSIONS

The purpose of this research was to establish design
criteria and guidelines for applying lime stabiliza-
tion to the soils of the Nile valley and delta. The
following conclusions and suggestions are based on
the test results and analyses presented in this
paper.

1. The basic data required by the highway engi-
neer to evaluate the potential applicability of lime
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Figure 3. Effect of soil pH on strength increase.
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Figure 4. Relationship between compressive-strength results and curing
conditions.
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stabilization to a particular soil are soil pH,
organic carbon content, percentage of clay fraction,
and characteristics of the cation-exchange complex.

2. Remarkable increase in the strength of a
lime-soil mixture can be expected if the following
conditions are met: (a) The percentage of organic
carbon is less than 1 percent, (b) the soil pH is
greater than 7, and (c) the amount of clay fraction
is more than 20 percent.

3. For a given lime-reactive soil, the relation-
ship between lime content and strength peaks at a
certain optimum lime content, the wvalue of which
ranges in general from 3 to 7 percent. The optimum
lime content for a soil that has a relatively low pH
value is greater than that required for a soil that
has a high pH value. Increasing the percentage of
lime beyond this optimum level not only results in
no additional increase in strength but also may
reduce the strength to that below the strength at
optimum lime content.

4. The strength of a lime-treated soil 1is
directly influenced by both curing temperature and
curing time. In general, most of the strength gain
takes place during the first five weeks at tempera-
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tures of approximately 20°C to 25°C (68°F to 77°F).
Higher curing temperatures help accelerate the in-
crease in strength.
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Polymer Stabilization of Sandy Soils for Erosion Control

RAZI A. SIDDIQ! AND JOHN C. MOORE

The usefulness of a number of polymeric materials in increasing the resistance
of cohesionless sandy soils to wind and water erosion was studied. Erosion re-
sistance, compressive strength, and permeability of treated soil samples were
measured. Film properties of individual polymers were also studied. These
properties were then related to the performance of the polymer in controlling
erosion. The optimum dilution of polymer with water and the quantity of
polymer required to provide a nonerosive surface were determined for three
different soils. A copolymer of butadiene-styrene is suggested as an ideal
polymer for controlling erosion without significantly reducing the permea-
bility of the treated soil. Other polymers such as polyviny!| acetate and

acrylic polymers were found to be water sensitive in various degrees and conse-
quently did not perform well. From a practical viewpoint, the application of
polymers to soils by spraying has an obvious advantage over mechanically
mixing polymers and soils. In the study it was found that less polymer is
required to provide a nonerasive surface if spraying is used. In addition,
aqueous-base polymers have numerous advantages over solution-base polymers.

Various materials and methods have been proposed for
controlling erosion of agricultural lands and other
terrain surfaces such as highway cut=-and-fill
slopes. The common methods of erosion control are
the application of asphaltic products or portland
cement, the establishment of vegetative cover, or
the provision of riprap. All these methods and ma-
terials have limited usefulness and require frequent
maintenance, which increases the total cost of a
project. Bnother possibility is the use of poly-
meric materials, which have great potential for use
as soil stabiliZers for erosion control and for
other purposes. Some of these polymeric compounds
have already been used in the field and have been

found quite successful (1-6). In this study, the
usefulness of this versatile group of materials for
application in soil stabilization has been evaluated
and some of the fundamental properties and charac-
teristics related to their performance have heen
identified. A full account of the studies reported
here has bheen made by Siddigi (7).

MATERIALS

Ten different polymeric products were studied by
using three different soils. The soils were essen-
tially noncohesive sands of varying fine (< no.
200-sieve) content obtained from different locations
in Oklahoma. The pattern of results for the three
soils is quite similar; consequently, the results
for only one of the soils are presented. Figure 1
shows the grain-size analyses of the soils. Table 1
presents general information about the polymers used
in the study. All but one of these polymers were in
the form of a liquid that can be diluted with water
as desired. BAltak 59-50, a solution-base polymer,
was included in the study for comparison purposes.
This polymer requires MEK peroxide for curing and
styrene as thinner.

EXPERIMENTAL PROCEDURE

Some samples for the study of erosion control and
permeability were prepared by spraying the diluted
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Table 1. General information on

polymers used. Name Manufacturer

Type of Polymer 1977 Cost ($/L)

Petroset SB Phillips Chemical Co. Butadiene styrene copolymer 0.63
Aerospray 70 American Cyanamide Polyvinyl acetate 0.63
Terra Krete Kingman Chemical Co. Fermented extract of malt and 2,12
vanilla (wort) and citric acid
+ metallic sulfates
NeoCryl 601A Polyvinyl Chemical Industries Viny! polymer 0.53
Rhoplex H-8 Rohm and Has Acrylic polymer 0.54
Altak 59-50% Alpha Chemical Corp. Polyester in styrene
Corexit 7730 Exxon Chemical Co. Partially neutralized polyamide 0.93
Norlig 41 American Can Co. Calcium lignosulfonate
Orzan GL-50 Crown Zellerbach Corp. Ammonium lignosulfonate
Latex XP-4026 Hooker— Ruco Division Polyurethane latex 3.36

Note: 1 L = 0.264 gal.
aSolution-base polymer.

polymer solution on the soil surface and others by
mechanically mixing the polymer with the soil. The
sprayed samples were prepared in molds that had a
diameter of 134 mm (5.3 in) and a depth of 50 mm
(2.0 in). The molds were open at one end and per-
forated at the other to permit flow of water through
the sample. Mechanically mixed samples were pre-
pared in molds that had a diameter of 71 mm (2.8 in)
and a depth of 25 mm (1.0 in) and were open at both
ends. Samples were removed from the molds immedi-
ately after compaction. Samples for the study of
unconfined compressive strength were prepared by
mechanically mixing the soil and polymer and com-
pacting the mixture in Harvard miniature molds by
using a standard American Association of State High-
way and Transportation Officials (AASHTO) compaction
effort by means of a drop hammer. All samples were
cured at 35°C (95°F) for seven days before being
tested.

The effects of 10 freeze~thaw cycles and 10 wet-
dry cycles were investigatea. In the former, the
samples were subjected to alternate freezing at
-10°C (14°F) for 16 h and thawing at 25°C (77°F) for
8 h in an ambient relative humidity of 100 percent.
Before the first freeze, the samples were immersed
in water for 24 h. The wet-dry cycles consisted of
B h of soaking at room temperature and 16 h of dry-
ing at 35°C (95°F).

The effects of exposure to ultraviolet light were
also investigated. Samples half-covered with a 2-mm
(0.08-in) aluminum plate were placed 254 mm (1 ft)
below a 275-W sunlamp. Samples were first exposed
for 8 h in a dry condition, soaked in water for 24
h, and then exposed again to the light for 8 h.

Following this, the samples were further soaked for
24 h and then subjected to water-erosion testing.
Total exposure was roughly equivalent to two months'
exposure to sunlight.

Resistance to wind erosion was evaluated by sub-
jecting dried samples to wind velocities of 72 km/h
(45 miles/h) produced 50 mm (2 in) from the dis-
charge snout of a blower. The velocity was measured
by a pendulum anemometer that had been calibrated in
a wind tunnel. The sample was positioned to simu-
late a horizontal wind striking a IV:2H slope with a
velocity of 72 km/h.

Resistance to water erosion was measured by sub-
jecting the soaked samples to a uniform water
spray. The spray applicator produced jets that had
a diameter of 0.6 mm (0.02 in) and were spaced 6.0
mm (0.24 in) apart. The jet velocity was maintained
at 3.1 m/s (10 ft/s). The energy supplied by the
water jets per unit area of sample surface was about
four times that of a natural storm (1).

Film properties of the polymer were investigated
by using a film formed by drying 20 mL of a 1:1 mix-
ture of polymer and water in Pyrex glass dishes 89
mm (3.5 in) in diameter. Film properties such as
cohesion, adhesion to the substrate (Pyrex glass) or
to another layer of the same polymer or to a differ-
ent one, brittleness, and swelling due to soaking in
water were observed quantitatively. Some of the
polymer films could be peeled from the glass by
using a fingernail, whereas others required a knife
blade. It was noted whether the £film could be
peeled intact from the glass or whether it came off
in fairly large pieces or small flakes. If pieces
were large enough, they were flexed and folded to
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Table 2. Quality of spray-treated

Suitability of Polymer for Erosion Control®

surface.
Rate of Solid Cost of

Dilution Application Polymer Treatment Quality of
Name Ratio (L/m?) (kg/m?) (1977 $/m?) Treatment
Petroset SB 1:9 9.00 0.35 0.52 Excellent
Aerospray 70 k12 9.00 0.34 0.47 Good
Terra Krete 1:19 9.0 0.37 0.95 Good
NeoCryl 601 A 1:5 9.0 0.40 0.79 Fair
Rhoplex H-8 1:7 9.0 0.42 1.16 Fair
Altak 59-50 1:4 4.5 0.36 0.60 Fair
NeaCryl 601 A and Aerospray 70 1:12 9.0 0.26 0.42 Good
Terra Krete and Acrospray” 1:19 9.0 0.20 0.74 Good

Notes: 1 L/m2 = 0.264 gal/yd2; 1 kg/m2 = 2.2 Ibjyd2; 1 m2 = 10 ft2.

Excellent = no surface or internal erosion, flexible surface; very small reduction in permeability.

Good = no surface erosion, hard surface, significant reduction in pern_leabilily.

I'air = no surface erosion and significant reduction in permeability, but internal erosion is possible; or polymer is difficult to apply.
aSpray treatment for 38-mm (1.5-in) layer of soil.

b(1:1) by volume,

Table 3. Permeability of spray-treated surface.

Permeability of Soil (cm/s)

Before Spray After Spray

Name Treatment Treatment
Petroset SB 2.0x 1072 1.3x 1073
Aerospray 70 2.0x 1073 31x107*
Terra Krete 2.0x 1073 5.5x107%
NeoCryl 601 A 2.0x 1072 48 x 1074
Rhoplex H-8 2.0x 1073 32 %107

evaluate pliability and brittleness (socaked films
were dried before flexure).

The optimum proportion of water to polymer in a
solution to be used for spray applications and Lhe
minimum amount of solution needed to provide a non-
erosive surface were determined by trial and error
for each polymer. A fixed quantity of the polymer
was mixed with varying amounts of water for the
trials, and each batch was sprayed onto a sample of
the soil. The samples were allowed to dry and were
then cut into a few pieces to permit the depth of
penetration to be ohserved. In early trials, dye
was used to facilitate this observation, bhut since
the filtering effect of the fine granular soils per-
mitted the dye to penetrate farther than it did in
the polymer, this procedure was abandoned. The ef-
fective penetration depth was finally taken as
thickness of the surface layer that remained intact
after the samples had been gently tapped. The opti-
mum dilution for the polymer was considered (perhaps
somewhat arbitrarily) to bhe that which provided a

i, M
Tne

38-mm (l.5~in) effective depth of penetration. If
the solution was too dilute, greater penetration was
obtained, but the treated layer was too weak to sur-—

If the dilution was less
than optimum, the intact layer was less than 38 mm
in thickness, although it was stronger than that
corresponding to the optimum dilution. The thinner
but stronger surface layer was rejected as unaccept-
able because its permeability was too low and bhe-
cause the risk of internal erosion of the soil below
it, with consequent loss of support for the treated
layer, was deemed too great.

vive the tapping test.

RESULTS

For the soils and polymers used in this study, the
quantity of polymer required to prevent wind erosion
was invariably much less than that required to con-
trol water erosion. It was also found that 10
cycles of wetting and drying affected erosion resis-
tance more adversely than did 10 freeze-thaw

cycles. Consequently, test results are presented
only for those polymeric materials bthat provided
significant resistance to water erosion after 10
wet-dry cycles. Petroset SB, BRerospray 70, Terra
Krete, Rhoplex H-8, NeoCryl 60l1A, Altak 59-50, and
two combinations of the foregoing are of that cate-
gory. The two—polymer combinations were tried with
the idea of either suppressing some of the undesir-
able properties of one polymer with the help of
another or reducing the cost of an expensive polymer
by incorporating a cheaper one without sacrificing
the quality of treatment. The other polymers stud-
ied were found to be unsuitable, either because they
did not make the soil resistant to erosion or be-
cause any benefits gained were lost after the poly-
mers had been soaked in water.

The samples treated with Norlig 41, Orzan GL-50,

and Corexit 7730 showed very poor resistance to
water erosion and fell apart when immersed in
water. Neither Norlig 41 nor Orzan GL-50 formed a

film but changed into powder after drying and dis-
solved immediately when immersed in water. Simi-
larly, Corexit 7730 did not form a dry film after
curing but remained in the form of wviscous liquid
that was easily leached away by water. Only those
polymers that formed water-resistant films were
found to be suitable for erosion control.

The optimum dilution and minimum quantity of
polymer solution required to provide a nonerosive

surface for soil II are given in Table 2. It was
found that 9 L/m? (2 gal/yd?) is sufficient to
provide a treated surface layer 38 mm (1.5 in)

thick. The 1977 cost of the material is given in
the same table. Although the cheapest treatment is
a combination of NeoCryl 601R and Rerospray 70, the
quality of treatment is best for Petroset SB, and
the reduction in permeability 1is also the 1least.
Permeability of spray-treated samples is given in

Table 3. It may be observed that all the polymers
except Petroset SB reduce the permeability quite
substantially.

The minimum amount of polymer required to provide
a nonerosive surface in premixed samples is given in
Table 4. It may be observed that the cost of poly-
mer to provide a nonerosive surface by premixing is
two to three times that of spray treatment. Samples
for compression tests were prepared through a con-
siderable range of polymer content, and the results
of strength tests for soil II are given in Table 4
and in Figure 2. It may be seen that if the object
of polymer treatment is to increase compressive
strength, considerable success is possible, although
heavier treatments of polymer may be required than
are necessary for erosion control. Petroset SB,
which seems to be ideally suited for erosion con-
trol, is not very effective in improving strength.

n
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Thus, polymers that may provide good erosion control
do not necessarily provide high strength.

Regarding the water susceptibility of polymer
films, it was observed that, with the exception of
Petroset SB, Altak 59-50, and (possibly) Terra
Krete, the polymer films were adversely affected
when soaked in water for 24 h or more (Table 5).
Either the film swelled, as in the case of RAerospray
70, or it lost adhesion, as in the case of NeoCryl
601A and Rhoplex H-B8. It is concluded that polymers
that provide short-term protection from erosion do
not necessarily provide long-term protection. Sur-
face characteristics of the spray-treated soil must
also be considered. If the surface is very hard and
rigid, it would inhibit the growth of vegetation.
This could be an undesirable result from an esthetic
point of view. For this reason, polymers that form
flexible or rubberlike films may be more suitable
for erosion control.

The investigation of the effect of environmental
factors on these polymers was limited in scope.
However, the brief exposure to ultraviolet radiation
produced no observed effects on any of the polymers,
and those listed in Table 2 were not intolerably
damaged by the 10 freeze-thaw cycles or the 10 wet-
dry cycles. It is possible--even probable--that
more-extensive degradation would occur during ex-
tended field conditions. It is believed, however,
that the effectiveness of the treatment may be re-
stored from time to time, as may be required, by an
additional 1light application of the polymer. A1l
those in Table 2 exhibited satisfactory adhesion not
only to the soil substrate but also to dried films
of the same polymer. The susceptibility of these
materials to biological degradation was not ad-
dressed in this study.

DISCUSSION

There are numerous polymer products available on the
market that have the potential to stabilize soils.
However, many of these products would be more suit-
able for use in soil stabilization if the material
were modified to some extent. For example, most of
the solution-base polymers are initially manufac-

Table 4. Cost of mechanically mixed polymer-treated surface.

1977
Compressive Strength Cost of
Solid Polymer  (N/m?) 38-mm
for Nonerosive Treated
Name Surface (%) Dry Soaked Layer (3)
Petroset SB 1.92 0.062x 10° 0.0275x 10%  1.32
Aerospray 70 1.20 3.792 x 10 0.165 x 10° 0.64
Terra Krete 0.72 2.447 x 106 0.1723 x 106 1.60
NeoCryl 601A  1.44 2758 x10% 0.1722x10®  1.27
Rhoplex H-8 1.57 3.310x 10®  0.075 x 10° 0.97

Note: 1 N/m2 = 0.224 1bf/yd2; 1 mm = 0.04 in.
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tured by a process called emulsion polymerization.
Later, the water is removed from the emulsion and
replaced by a solvent. These solution-base polymers
are not only 1less suitable for soil stabilization
hut are also more expensive. They require special
equipment for spraying, pollute the atmosphere, and
are a fire hazard in storage. Aqueous-base polymers
are less expensive, easier to apply, and generally
better soil stabilizers.

Common polymers that are relatively inexpensive
and can be manufactured as an emulsion or latex are
acrylic polymers, polyurethanes, and copolymers of
butadiene-styrene and butadiene-acronitrile. Most
of the acrylic polymers and their derivatives are
water sensitive and consequently have 1limited use
for soil stabilization. Vinyl polymers are less
water sensitive but lack adhesion. It has been ob-

Figure 2. Effect of polymer content on unconfined compressive strength of
soil in dry and soaked conditions.
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Table 5. Adhesive properties of
polymer films.

Adhesion to Glass

Before After 24 h After 36 h After
Name Soaking of Soaking of Soaking Redrying
Petroset SB Good Good adhesion, no swelling Good adhesion, no swelling Good
Aerospray 70 Good Weak adhesion, swelling No adhesion, slight swelling Good
Terra Krete Good Good adhesion, no swelling Weak adhesion, no swelling Good
NeoCryl 601 A Good Poor adhesion, no swelling Poor adhesion, slight swelling ~ Weak
Rhoplex H-8 Good Weak adhesion, swelling Poor adhesion, high swelling Weak
Altak 59-50 Good Good adhesion, no swelling Good adhesion, no swelling Good
NeoCryl 601A and Aerospray 70 Good Good adhesion, no swelling Weak adhesion, no swelling Good
Aerospray 70 and Terra Krete Good Poor adhesion, no swelling Weak adhesion, no swelling Good
Latex XP-4026 Poor Poor adhesion, no swelling Poor adhesion, slight swelling  Poor
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served that lack of adhesion is a major deficiency
in a polymer that is to be used for soil stabiliza-
tion. Adhesion between polymer molecules and a
polar substrate such as the quartz surfaces of most
sandy noncohesive soils depends, among other things,
on the flexibility and polarity of the polymer mole-
cules. Water, a polar material, spreads on gquartz
surfaces very quickly. Similarly, natural rubber,
which has very flexible molecules, is a very good
adhesive. Thus a polymer that is relatively flexi-
ble, like an elastomer, and is also polar has good
properties for stabilization for erosion control.
Due to the polarity of molecules, there will be a
strong electrical force between them and the polar
substrate. This will give rise to strong adhesion.
In addition, if the molecules are flexible, a large
area of contact and better adsorption will result.
This will increase the van der Waals forces, which
in turn will improve adhesion. Flexibility in a
polymer can bhe increased by incorporating a suitable
plasticizer. Similarly, polarity can be induced or
increased by combhining an acid group in the polymer
molecule. These functional groups can be incorpo-
rated, even after polymerization, by treating the
polymer with carboxylic acid, alcohol, or amine.
The resulting modifications are indicated below:

Polymer + RCOOH —Polymer —T1— OCOR
OH
Polymer + ROH —Polymer —5— OR
OH
Polymer + RNH2 —Polymer —71—NHR
OH

The main disadvantage to adding an acid group is
that il makes the polymer more sensitive to the ef-
fects of water.

Most of the elastomers, such as butadiene-styrene
and butadiene-acronitrile, have quite flexible mole-
cules and consequently are good adhesives. These
copolymers are also less water sensitive. If such
copolymers can hbhe made polar, their adhesive and
cohesive strength can be further increased. The
most common acid group that can make these elasto-
mers more polar is the carboxylic group (COOH). By
incorporating this group into an elastomer, a strong
and good adhesive polymer can be produced. The
amount of carboxylic group in the elastomer will
affect the overall properties of the polymer. It
has been reported (8) that the addition of up to 20
percent of an acid group in an elastomer increases
both the adhesion and the cohesive strength of the
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polymer because of the increased intermolecular and
intramolecular forces. When the acid group exceeds
20 percent, the polymer becomes rigid and its ad-
hesive properties decrease. Moreover, it becomes
somewhat water sensitive. Thus, for controlling the
erosion of noncohesive sandy and silty materials, a
carboxylated elastomer of butadiene-styrene or
butadiene-acronitrile in the form of latex or emul-
sion, which is dilutable in water, would be a prom-
ising polymer.
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Pore-Size Distribution and Its Relation to Durability and

Strength of Shales

M. SURENDRA, CW. LOVELL, AND L.E.WOOD

Shale durability is measured by resistance to slaking in a standard laboratory
test. All slaking mechanisms (namely, air-pressure breakage, differential
swelling, and dissolution of cementing agents) require that water penetrate the
pore space of the shale pieces. Since it is now possible to measure the magni-
tude and size distribution of these pores by mercury intrusion, correlation of
slaking and pore-size distribution is feasible. Testing of slake durability, pore-

size distribution, and point-load strength was undertaken on eight Indiana
shales of varying durability and strength. It is proposed that the shales be
classified as to performance in compacted embankments by slake-durability
and point-load-strength indices and that either index can be estimated from
parameters of the pore-size distribution. Parameters from the poresize dis-

tribution study ( ly, lative p ity, median diametar, and spread
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factor) were correlated with the slake durability and the point-load strength

by linear regression. These Indiana shales were then classified into performance
categories based on durability and strength values predicted from the mea-
sured pore-size parameters. Thus, the pore-size measurements appear to have
both conceptual and practical value with respect to the design and construc-
tion of compacted shale embankments.

Use of excavated shale from cuts and borrow areas in
Indiana for compacted embankments as a rock f£ill [in
lift thicknesses of about 1 m (3 ft)] has led to
various problems, namely, excessive settlement and
slope failures. This initiated an extensive re-
search program at Purdue University through the
Joint Highway Research Project to study the behavior
of Indiana shales. Deo (1) proposed a classifica-
tion system that is currently being used by the
Indiana State Highway Commission (ISHC). Chapman
(2) investigated additional laboratory classifica-
tion tests. Bailey (3) and Hale (4) investigated
the factors relating to degradation of shales during
the compaction process, and van 2yl (5) prepared a
statistical analysis of the data provided by ISHC
for the shales tested in their laboratory. Abeyese-
kera (6) investigated the stress-deformation and
strength characteristics of compacted New Providence
shale, and Witsman (7) investigated the effect of
compacted prestress on compressibility of compacted
New Providence shale. Surendra (8) investigated the
potential for stabilizing compacted shales by using
salts and lime. He also measured pore-size distri-
butions of shale aggregates and developed statisti-
cal relationships among pore-size distribution
parameters, slake durability, and point-load
strength (PLS). The latter relationships suggest a
new engineering classification for midwestern U.S.
shales for use in compacted embankments.

LITERATURE REVIEW

Slaking Tests

Slaking is defined in the dictionary of geological
terms (9) as follows: "Loosely, the crumbling and
disintegration of earth materials when exposed to
air or moisture. More specifically, the breaking up
of dried clay when saturated with water, due either
to compression of entrapped air by inwardly migrat-
ing capillary water, or to the progressive swelling
and sloughing off of the outer layers." Slaking is
measured in the 1laboratory by the percentage of
weight retained or lost through a given sieve as a
result of soaking the specimen in water. A number
of tests following this concept have been developed
by various investigators. A description of some of
these slaking tests has been presented by Surendra
(8).

Slaking Mechanisms

Terzaghi and Peck (10, p. 146) attributed the slak-
ing phenomenon to the compression of entrapped air
in the pores as water entered these pores. This air
entrapped in the pores exerts tension on the solid
skeleton, which causes the material to fail in
tension. The behavior can be recognized in the case
of soill aggregates and poorly cemented (i.e., com-
pacted) shales and mudstones. Moriwaki (11) found
that slaking of compacted kaolinite can be attrib-
uted to this mechanism. There have been cases
(12;13, pp. 1-14) in which this mechanism did not
satisfactorily explain the observation.

Clay surface hydration by ion adsorption has been
suggested as the second mechanism that causes slak-
ing through swelling of illite, chlorite, and mont-
morillonitic clays (14). Differential swelling due
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to hydration or osmotic swelling is reported to be
the main cause of slaking in expansive materials
(11). Tschebotarioff (15, p. 102) defines slaking
as a surface phenomenon in the following way:
"...the clay layer at the exposed surface swells
first and therefore expands more than the adjoining
inner layers; the induced relative displacements are
liable to detach the surface layer and cause it to
disintegrate and slough away. The process can then
be repeated and gradually progress from the surface
inward."

Removal of cementing agents in the case of
shales, siltstones, and mudstones by the dissolving
action of the moving groundwater is considered to be
the third mechanism that causes slaking (11,12).
The pH of the percolating groundwater and the pres-—
ence of oxygen, carbon dioxide, and other minerals
in the shales control the slaking due to this mech-
anism.

No single mechanism can be considered the domi-
nant cause for slaking of shales. A combination of
the above-mentioned mechanisms 1s most likely,
either by one triggering the other or by each oc-
curring independently. The composition and the
environment in which the shale is placed determine
the principal mechanism that causes the failure.

Shale Classification

Earlier classification systems were based on visual
observation of physical features, namely, fissility
and breaking characteristics of shales in situ and
of hand specimens in the laboratory (16-18). The
more~recent classification systems take into consid-
eration the results from durability tests and ob-
served field behavior (1,18-22). These classifica-
tion systems may also employ test results in the
form of Atterberg limits, pH's, rate of slaking
values, and PLS. A classification system proposed
by Morgenstern and Eigenbrod (23) used the uncon-
fined compressive strength of soaked specimens. A
discussion of these classification systems has been
presented by Surendra (8). A summary of these
classification systems and their tests is presented
in Table 1.

The principal features needed in a shale-classi-
fication system are (a) a measure of durability
(i.e., resistance to environmentally induced slaking
cycle during service) and (b) a measure of strength
or hardness (i.e., resistance to construction degra-
dation in the field, which determines the ease with
which it can be placed in an embankment).

Classification systems thus developed use mea-
sured properties in the laboratory to predict field
behavior. The slake-durability test is normally
used to distinguish durable and nondurable shales.
Additional tests for durability are sometimes neces-
sary (_22.3@_,&). Visual observation of the material
at the end of the slake-durability test is also
useful (2,20). ISHC uses the classification system
developed by Deo (1).

Indiana shales may be placed in three categories,
namely, hard and durable, hard and nondurable, and
soft and nondurable, as shown in Figure 1 (8). 1In
Figure 1, the durability is rated from the slake-
durability test and the hardness from the PLS test.
It can be seen that increasing durability is gen-
erally associated with increased PLS. The proper-
ties of shales represented in Fiqure 1 are given in
Table 2.

In the slake-durability test, the specimens
(discrete pieces of shale) are subjected to a joint
effect of abrasion caused by the tumbling action of
the rotating drum and softening by water. The shale
may be cycled in this test by removing the retained
material from the drum, oven-drying it, and rein-
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Table 1. Summary of classification tests.
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Test
Classification
System Durability Strength Other Comments
Gamble (18) 200-revolution, two-cycle - Atterberg limits ()

slake-durability test
Deo (1) 500-revolution, one-cycle, -
wet and dry slake-durability
test; slaking test; modified
soundness test
Morgenstern and Eigenbrod (23) -

Unconfined compressive —

Loss of strength on soaking

strength test

Hudec (19) 200-revolution, five-cycle -
slake-durability test
Strohm, Bragg, and Zeigler (20) 200-revolution, two-cycle =
slake-durability test;
slaking test; rate-of-slaking
test
200-revolution, two-cycle
slake-durability test

Andrews and others (21)

Franklin (22)
slake-durability test (Id;)

200-revolution, two-cycle PLS

pH; Atterberg limits  Visual observation of fragmented
(Ip) material in slake-durability test

pH; cationic exchange Preliminary classification based
capacity (CEC) on pH and CEC determines
need for any durability test
Atterberg limits (1) For Idy > 80, PLS is nceded;
for [dy < 80, 1, is needed

Figure 1. Variation of PLS with slake-durability index.
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serting it in the drum. The breakdown is increased
by increasing the number of cycles, as shown in
Figure 2 [data from thesis by Gamble (18)]. Drying
the sample prior to the slake-durability test does
increase the degradation. Varying reasons for this
are supplied by Nakano (13) and by Bailey (3).
Degradation is also a function of the number of
revolutions of the drum as shown in Figure 3 (data
from ISHC).

LABORATORY TESTING
Materials

Table 3 gives a brief description of all the shales
studied and the investigation during which these

Table 2. Properties of shales shown in Figure 1.

Slake-

Durability PLS Plasticity
Shale Index Iy (MPa) Index I
New Providence 58.0 17.25 11
Mansfield 66.0 12.4 10.6
New Albany 99.1 22.3 5.6
Attica 82.1% 16.8 5
Palestine 51:7 14.5 52
Lower Hardinsburg 9.8 8.30 15

Note: I MPa = 145 Ibf/in2,
aSecond-cycle slake-durability index was estimated | from Abeyesekera
and Lovell (25)].

shales were sampled. The slake-durability, PLS, and
plasticity-index values were given in Table 2 for
six of the shales studied.

Slake-Durability Test

The slake-durability index was determined according
to the procedure of the International Society for
Rock Mechanics (26, pp. 32-36}. The slake-dura-
bility apparatus, developed by Franklin (27), con-—
sists of a drum that has a screen opening of 2 mm
(0.08 in) (no. 10 sieve). The drum is rotated by an
electric motor in a bath of slaking fluid (usually
water) at a constant rate (20 rpm). The slaking
samples consist of 10 equidimensional pieces of
shale that each weigh about 50 g (1.5 oz) and are
oven dried at 110 * 5°C (225 * 10°F), cooled to
room temperature, and placed in the drum of the
apparatus. The drum is immersed in the tub that
contains the slaking fluid and is rotated for 200
revolutions. At the end of the test, the material
retained in the drum is oven dried and weighed. The
retained material is then subjected to another cycle
of slaking in the rotating drum. The slake-dura-
bility index (Id;) is calculated at the end of the
second cycle as follows:

Idy; = [(oven-dried weight of material retained at
end of second cycle)/(oven-dried weight of sample
before test)] x 100.

At least four tests were run for each shale, and
average values are reported. The slake-durability
indices presented in Table 4 are the average of six
tests.
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Figure 2. Influence of number of cycles on slake-durability index.
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Figure 3. Influence of number of revolutions of drum on slake-durability index.

Or LEGEND 0
Siltstone ’-
Shale i
" Clay Shale" L © New 'rov-donco
20 Mudstone ~ 20 Mansfield

b % g 4 New Albony

b~

& = b

> 40 .,:_i 40

3 38

g S8

5 60 dg

o Ly

s )

¥ 8o nN o

|m, 5. - 100/ 1 =T i 3
o 1 2 3 4 5 100 200 . 300 400 500
Number of Cycles Number of Revolutions of the Drum

Table 3. Description of shales studied.
ISHC
Laboratory Deo's Physical
No. Shale Classification (1) Nature Study
75-55731 New Providence Soil-like Hard and nondurable Abeyesekera (6)
79-55198 Hale (4)
74-54684 Mansfield Soil-like Soft and nondurable Chapman (2)
74-54621 New Albany Rocklike Hard and durable Chapman (2)
79-55199 Osgood Soil-like Hard and nondurable Hale (4)
75-55564 Attica Soil-like Hard and nondurable Bailey (3)
74-54716 Palestine Soil-like Soft and nondurable Chapman (2)
79-55204 Hale (4)
73-51703 Lower Hardinsburg Soil-like Soft and nondurable Chapman (2)
75-55315 Klondike Rocklike Hard and durable Chapman (2)

Table 4. Durability and PLS properties. Figure 4, Side view of PLS test apparatus.

Slaking Slake-
Index Durability Deo’s PLS
Shale (SI) Index (Id;)  Classification (1) (MPa)
Guide Plate Press Fitted i
5 Leading R

New Providence 50.81 58 Soil-like 16.18 fo Loading Rom 4 DAL rom

Mansfield 40.78 66 Soil-like 9.32

New Albany 0.14 99.1 Rocklike 23.68 Ring Slide Bearing

Ring Slid
Note: 1 MPa = 145 Ibf/in2. N 82‘:3’5"9' o
[ I
E—T _D Upper Conical

PLS Test -1 Platen

A diagram of the PLS test apparatus is shown in

Figure 4 [dat.a from reports .by Bailey.' (3)]1. The okt o _.473_""1‘:;3:"“0

load was applied by an electrically driven compres- “l  Base Plate

sion-testing machine at a constant rate of deforma-

tion of 0.254 mm/min (0.01 in/min). The load was

monitored through a 22.24-kN (5000-1bf) capacity,

SR4-type load cell. The initial dial gage reading Lower Conical

indicates the height of the guide plate, and from Base Plate Platen

this the sample thickness (D) can be obtained. The

sample of shale consisted of platy pieces approxi-

mately equidimensional for the plan area. The
sample was loaded perpendicular to the bedding
planes and the initial sample thickness of the
shales tested varied from 2.56 to 13.41 mm (0.10-
0.53 in). The samples were oven dried to constant
weight at 110 * 5°C and cooled to room temperature
before testing (i.e., all the samples were tested at
near-zero moisture content). The PLS index was
computed by taking the ratlo of maximum compressive
load (P) to the square of the initial sample thick-
ness (D). Table 4 presents the PLS of the New
Providence, the Mansfield, and the New Albany shale
samples; these are averages of several tests.

Pore—-Size Distribution

The procedure used in this test, the assumptions

]

made in the study, and the appropriate precautions
and corrections have been described by Surendra
(8). The determination of pore-size distribution is
described briefly below.

The oven-dried sample of shale (sometimes con-
sisting of two to three discrete pleces) is ini-
tially evacuated and surrounded by mercury, the
pressure 1is raised in small increments, and the
volume of mercury that enters the sample after each
increment is recorded. With each pressure incre-
ment, the mercury is forced into the accessible
pores in the sample of a diameter larger than or
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Figure 5. Differential and cumulative pore=ize distribution for Mansfield, New
Providence, and New Albany shales.
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Table 5. Pore-size parameters for shales studied.

1+ 1 + Median
Cumulative Diameter Spread
Shale Porosity (um) Factor
New Providence 11.83 71.43 2.00
11.30 71.43 2.14
Mansfield 11.09 62.5 1.56
11.16 52.63 1.42
New Albany 52.55 114.94 2.64
55.09 100.00 3.00
Osgood 14.86 50.00 10.25
14.94 83.33 2.58
Attica 9.29 37.04 1.52
9.06 38.46 1.54
Palestine 8.12 3,57 293
5.57 8.33 4.00
Lower Hardinsburg 12.67 125.00 1.75
12.41 108.70 1.96
Klondike 7.69 22.20 1.78
6.33 27.03 2.38

equal to that calculated by the Washburn (28) equa-
tion:

P=(4T; cos#)/d (€9)
where
P = absolute pressure required for intrusion,
Tg = surface tension of intruding liquid,
6 = contact angle between solid and liquid, and
d = limiting pore diameter.

The volume of pore space between pressure incre-
ments is recorded, and from this the limiting pore
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Figure 6. Estimated slake-durability index (1d2) from pore-size parameters
versus measured values,
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diameter is computed and the pore-size distribution
is generated. The pore-size distribution is pre-
sented in the form of differential-distribution and
cumulative-distribution curves for this study.
Figure 5 provides these curves for the three shales
given in Table 4.

RESULTS AND DISCUSSION

Pore-Size Distribution

Pore-size studies were made on eight Indiana shales
(Table 3) as described in detail by Surendra (8).
The intrusion constant (Equation 1) used in this
study was taken from Kaneuji (29) to be 160 (mea-
sured in microng times pounds force per square inch)
or 1103.2 (measured in microns times kilonewtons per
square meter). The same value was used for all the
shales. Two tests were run on each shale. The
parameters from these distributions used for corre-
lation with the slake—-durability index were as
follows:

1. Cumulative porosity: ratio of intruded pore
volume to the volume of the sample,

2. Median diameter: diameter of the pore corre-
sponding to the 50th-percentile value of the in-
truded volume, and

3. Spread factor: ratio of pore diameter corre-
sponding to the 25th-percentile value of the in-
truded volume to the median diameter.

The above parameters from the cumulative pore-
size distribution curves for the shales studied are
given in Table 5. The three parameters from the
pore-size distribution study (except those for the
Osgood and the Klondike shales) were successfully
used in a linear regression to correlate with the
slake-durability index, and a value of R? = 0.8146
was obtained. It can be seen from Figure 6 that the
slake-durability index can be estimated with good
reliability from the pore-size parameters.
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PLS

PLS was determined in the laboratory as described
earlier for six Indiana shales. All the samples
tested were 6.6 mm (0.26 in) thick; they were oven
dried prior to testing. The results of this test on

Figure 7. Estimated slake-durability index from pore-size parameters versus
PLS index.
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Figure 8. Estimated PLS index from pore-size parameters versus measured PLS
index.
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the shale samples investigated are presented below
(1 MPa = 145 1bf/in?):

PLS
Shale (MPa )
New Albany 22.30
Mansfield 12.40
New Providence 17:25
Attica 16.80
Palestine 14.50
Lower Hardinsburg 8.30

SUMMARY--NEW SHALE CLASSIFICATION

Parameters from the pore-size distribution study--
namely, cumulative porosity, median diameter, and
spread factor--were correlated with the slake-dura-
bility index by linear regression. The R2?-value
for six shales was 0.8146. The results of this
regression were presented in Figure 6.

When the predicted slake-durability index was
plotted against the PLS index (Figure 7), it was
found that most of the shales plotted in a narrow
range of strengths and had wvarying durabilities.
The implication is that durability is more sensitive
to pore-size distribution than is strength.

PLS indices are plotted against the measured
values in Figure 8. Durable shales plot above the
diagonal line and nondurable shales fall below it,
except in the case of the New Providence shale. The
R?2-value is low, approximately 0.7. An arbitrary
strength (indicated by the field behavior) can be
selected to designate the shale as hard or soft. 1In
this case, a value of 15 MPa (2175.5 1bf/in?) is
used. The results from this classification and
those of Deo (1) are given below (we found the New
Providence shale to be nondurable since it has a
slake-durability index of less than 80 from a two-
cycle test):

This Deo's

Shale Classification Clagsification
New Providence Hard and durable Soil-like
Mansfield Soft and nondurable Soil-like

New Albany Hard and durable Rocklike
Attica Hard and durable Soil-like
Palestine Soft and nondurable Soil-like
Lower Soft and nondurable Soil-like

Hardinsburg

Thus, the parameters from the study of the pore-
size distribution of shales~-namely, cumulative
porosity, median diameter, and spread factor--can be
used to predict the durability of these Indiana
shales. The pore-size parameters and the PLS index
can be used to classify the shales with regard to
durability and strength, respectively (Figure 8).
Correlation with field performance is of course
needed.
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Eccentrically Loaded Surface Footing on Sand Layer

Resting on Rough Rigid Base

BRAJA M. DAS

Laboratory model-test results are given for the ultimate bearing capacity of an
eccentrically loaded rough rigid strip surface footing on sand that has a rough
rigid base located at a shallow depth. For centrally loaded footing, the modi-
fied bearing-capacity factors calculated from the experimental ultimate loads
are compared with the existing theory as presented by Mandel and Salencon.
When the ratio of the depth of the sand layer to the width of the footing is
smaller than 0.6, the experimental bearing capacity is somewhat lower than
that predicted by theory by using the direct shear angle of friction. However,
if the experimental variation of the bearing-capacity factor for the centrally
loaded footing is assumed to be correct, Meyerhof’s effective-area method
may be used to estimate the bearing capacity of eccentrically loaded footing.

The ultimate bearing capacity of a shallow con-
tinuous footing in a homogeneous soil subjected to
centric loading is generally expressed by the fol-
lowing equation:

qy = cN¢ + gNg + %yBN,, )
where

qy = ultimate load per unit area of
footing,

cohesion of soil,

soil unit weight,

width of footing, and

= bearing-capacity factors.

< W= a
[}

N, Ng- and N,

For a footing placed at the surface of a cohe-
sionless soil, c¢ = 0 and g = 0; hence, Equation 1
will transform to the following form:

Qu = %yBN, @

A number of solutions for the variation of the
bearing-capacity factor N with the angle of
friction of the soil have been proposed in the past
by such investigators as Terzaghi (1), Meyerhof (2),
Caquot and Kerisel (3), and Lundgren and Mortensen
(4).

If a rough rigid continucus surface footing that
rests on a sand layer is subjected to a uniformly
distributed load of magnitude gq,, bearing-capacity
failure will take place, and the slip lines will ex-
tend to a depth H,, as shown in Figure la. How-
ever, if we consider a condition in which a rough
rigid base is located at a shallow depth H so that
H < Hoy, (Figure 1b), the development of the slip
lines at failure will be somewhat affected. Mandel
and Salencon (5) have developed a theoretical solu-
tion for the ultimate bearing capacity for such
cases, and it can be given by the following equation:

qu = %YBNY 3)

where NYI is the modified bearing-capacity fac-
tor.

According to Mandel and Salencon (5), for H >
H,, the wvalue of N/ ' becomes equal to N,
as determined by Lundgren and Mortensen (4). On the
other hand, for H < H,, the modified bearing-

capacity factor increases with the decrease of H/B.
The theoretical variation of N.' with H/B is
shown in Figure 2 (5,6) for several wvalues of the
soil friction angle 4;_-

Experimental studies in the laboratory have been

conducted by Meyerhof (6) and by Pfeifle and Das (7)
to compare the experimental values of the modified
bearing-capacity factor with the theoretical values
presented in Figure 2. This study is not a repeti-
tion of any previous work by Das (7).

The purpose of this paper is to present some
small-scale laboratory model-test results for the
ultimate bearing capacity of eccentrically 1loaded
rough rigid surface footings on sand that have a
rough rigid base located at a shallow depth as shown
in Figure 3 and to evaluate whether the effective-
area concept as suggested by Meyerhof (8) can be
used in this case. It must be pointed out that
Meyerhof's effective-area concept was originally
suggested for conditions in which the rough rigid
base is located at great depths (i.e., H/B >
Ho,./B). According to the effective~area concept,
if a load is applied on a strip footing that has an
eccentricity e measured from the center line, it can
be assumed to be equivalent to a strip footing of
width B' = B - 2e that has the load applied along
the center line as shown in Figure 4.

EXPERIMENTAL PROCEDURE

Model tests were conducted in a box that measured
0.915 m x 0.3048 m x 0.457 m (3 ft x 1 ft x 1.5
ft). The walls of the box were reinforced by steel
channels against possible yielding during tests.
The bottom of the box was a wooden plank 50.8 mm (2
in) thick. In order to make the bottom of the box
rough, a sand-glue mixture was spread over a mason-
ite panel. This was allowed to dry for several days
and was then attached to the bottom of the box by
means of wood screws. The sand used for the sand-
glue mixture was the same sand used for the model
tests.

Figure 1. Bearing-capacity failure for rough rigid surface footing on sand.

e B —

A Ay b ~ LY Y Ay * A A2
ROUGH RIGID BASE



42

Figure 2. Variation of N," with H/B and ¢.
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Figure 3. Geometric parameters for bearing-capacity tests with eccentric
loading and rough rigid base at shallow depth.
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The sand used for the test had 100 percent
passing through a no. 10 sieve, 52 percent passing
through a no. 40 sieve, and 4 percent passing
through a no. 200 sieve. For the model tests, the
sand was compacted in small layers in the test box
to the required depth to an average unit weight of
16.0 kN/m® (101.8 1bf/ft?). This yielded an
average relative density of compaction of 80
percent. At this compaction, the triaxial angle of
friction was determined to be 39° and the rdirect
shear angle of friction was 42°.

The model footing was made of a 12.7-mm (0.5-in)
steel plate that measured 101.6 mm x 304.8 mm (4
in x 12 in). The bottom of the model footing was
made rough by spreading a similar sand-glue mixture
as that used for the bottom of the box and allowing
i1t to dry.

Vertical load was applied to the model footing by
a hydraulic jack through a steel shaft 38.1 mm (1.5
in) in diameter. The bottom of the shaft was en-
larged and rounded. Semicircular grooves into which
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Figure 4. Equivalent-area concept for
eccentrically loaded strip footing.

LINE OF
LOAD
APPLICATION

the bottom of the shaft would just fit were cut on
the top of the footing. This allowed free rotation
of the footing during failure. These grooves were
cut parallel to the center line of the footing at
distances of e = 0, 12.7 mm (0.5 in), and 19.05 mm
(0.75 in). During the model tests, the load was
measured by a proving ring. The deflection along
the center line of the footing was measured by a
dial gauge. Tests were conducted at various values
of e/B and H/B. Some grain crushing occurred during
the tests at lower values of H/B.

MODEL-TEST RESULTS

Diagrams of typical load per unit length versus set-
tlement of footing for the model footing at H/B =
0.375 determined from the laboratory tests are shown
in Figure 5. The ultimate load per unit length of
the footing at failure Q, was determined from
these diagrams. Figure 6 shows a plot of Q, ver-
sus H/B for all the tests conducted in this program.

For tests in which the loads on the footing were
centrally applied (i.e., e/B = 0), the modified
bearing-capacity factor can be given by Q, =
qu(B)(1) = 1/2YBzN'Y (Equation 3), or

N, = Qu/(0.5vB?) @

By using the experimental values of Q,, (for the
tests in which e/B = 0) given in Figure 6, the val-
ues of NY‘ were determined and are shown in
Figure 7. For comparison purposes, the theoretical
values of N_' (from Figure 2) for ¢ = 39°,
42°, and 43° have been plotted in Figure 7. A com-
parison of the experimental and theoretical values
shows the following:

1. The experimental values of N_' are higher
than those presented by theory with ¢ = 39°, which
is the triaxial angle of f£riction. However, for
tests of continuous footing, the plane strain fric-
tion angle should be used. The experimental results
of NY‘ are fairly close to those predicted by
using friction angles determined from direct shear
tests up to a value of H/B > about 0.6. In the
region of H/B between 0.6 and 0.4, the experimental
values are lower than those of the theory (by using
direct shear angle of friction).

2. The experimental values of Ny' for H/B <
0.4 are lower than those predicted by theory by
using the triaxial friction angle of 39°. There can
be several factors that would cause the type of ex-
perimental results obtained here and their deriva-
tions from the theory for the zone of H/B < 0.6.
They are as follows: (a) the sand-placement tech-
nique makes the sand anisotropic; (b) although a
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Figure 5. Typical plot of load per unit length of footing versus settl t.
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Figure 8. Q, versus H/B obtained from laboratory tests.
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quantitative evaluation was not made, some grain
crushing did occur during the tests; and (c) there
was curvilinearity of the Mohr-Coulomb failure en-—
velope at very high pressures.

However, an evaluation of the model-test results
shows that, if the experimental wvariation of N_'
versus H/B is assumed to be correct, the ultimate
bearing capacity of the eccentrically loaded footing
can be evaluated approximately by using the effec-
tive-area concept presented by Meyerhof (8) for
footings in which H/B > H,,./B. Hence,

B’=B-2e ®)

where B' is the effective width.
For surface footings, the ultimate load per unit
length can be expressed as follows:

Qu = %YBNY(B')(1) = %yB?N/,
N’y = Qu/(0.5YB?) = Q,/[0.5¥(B - 2¢)°] )

Note that Ny' is now a function of H/B'. For
centrally loaded footings, H/B' = H/B. By using the
values of Q, and e given in Figure 6 and by using
Equation 6, the experimental values of NY' for
all tests have been determined and are shown in
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Figure 7. Comparison of experimental Ny' with theory (e/B = 0).
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Figure 8. Variation of experimental ny’ with H/B.
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Figure 8. The average experimental plot of N_°'

versus H/B shown in Figure 7 is also replotted in
Figure 8 for comparison. It can be seen that, al-
though there is some scattering, the average NY'
versus H/B' plot is the same for all tests.

CONCLUSIONS

Laboratory model tests have been presented for the
ultimate bearing capacity of rough rigid continuous
surface footings on sand that have a rough rigid
base located at a shallow depth. Based on the
model-test results, the following conclusions can be
drawn:

1. For centrally loaded footings (i.e., e/B =
0), the experimental modified bearing-capacity
factor N_' compares reasonably well with the
theory (with the assumption that the direct shear
angle of friction is wvalid) only in the range of
H/B > 0.6. For H/B < 0.4, the experimental
values of N_ ' are lower than those predicted by
theory, even by using the triaxial friction angle.
Grain crushing, curvilinearity of the Mohr-Coulomb
failure envelope at high normal stress, and possible
anisotropy in sand due to the placement technique
may be responsible for such results.

2. If the experimental wvariation of N_ ' with
H/B' for centrally loaded footings is assumed to be
correct, the wultimate bearing capacity of eccen-
trically loaded surface footings can be reasonably
estimated by using the concept of effective area for
continuous footing, @y = 1/2y(B - e)?N,'.
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