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rock units are used in a classification program. The classification program includes
characterization of rock units based on tests on intact samples and on evaluation of in
situ rock properties. Classifications can be modified for particular types of projects,
and use tables can be developed for the evaluation of rock units for use in specific pur-
poses. A computerized system for the storage and retrieval of information has been
developed. Data for inclusion in the information bank are derived from laboratory and
field testing and from monitoring rock behavior during construction and subsequent op-
erations of completed facilities. Current study efforts are directed toward verifying
and improving the methodology set forth in this preliminary development of the rock
evaluation program. It is hoped that development of this program will be significantly
helpful to individuals engaged in rock engineering and, in particular, to individuals
concerned with the planning, design, construction, and maintenance of transportation
facilities in and on rock.
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PRELOADING BY VACUUM: CURRENT PROSPECTS

Robert D. Holtz, Purdue University; and
Oleg Wager, Swedish Geotechnical Institute, Stockholm

The concept of using atmospheric pressure to apply a precompression load
for accelerating the consolidation of foundations for embankments con-
structed on soft clay soils was first described by Kjellman in 1952. The
method, although theoretically sound, was impractical then because the
plastic sheets that covered the sand filter deteriorated rapidly in field use,
and consequently the vacuum could not be easily maintained. Recently, new
plastic and fabric materials have been developed that promise to make the
Kjellman vacuum preloading method practical. The materials are cheap,
strong, and resistant to deterioration by sunlight and weather. Practical
applications and several specific advantages of the vacuum method are
described, and factors affecting the costs of highway and other preloading
construction are given. Depending onthe relative costs of the fill materials
and the plastic membranes, the vacuum method can be significantly cheaper
than conventional preloading using sand or gravel surcharge fills.

°IN 1952, Walter Kjellman (1), then director of the Swedish Geotechnical Institute,
described a new method for using atmospheric pressure to apply temporary surcharge
loadings for precompressing clays under highways and buildings. In the method, a
plastic or rubber membrane is placed over a sand or gravel filter layer and sealed to
the clay below the ground water table. Then a vacuum pump is connected, and the air
is pumped out of the porous filter (Figure 1), The vacuum ic maintained at the desirved
preload pressure, and a pressure difference of 0.6 or 0.7 atm (60 to 70 kPa), which is
equivalent to about 16 ft (5 m) of sand fill at typical unit weights, is practical. Kjellman
(2) intended the method to be used in conjunction with his paper drain wicks for ac-
celerating the consolidation of clay soils, but it could be used with any type of deep
drainage or simply to apply a surcharge without deep drainage.

The Kjellman method was tried at four test sites in Sweden in the late 1940s. At
two of the sites, Kjellman paper drains were installed to a 16-ft (5-m) depth before a
0.9-ft-thick (0.3-m) sand fill was placed as the filter layer. At three sites, the mem-
brane used was a 0.01-in.-thick (0.3-mm) polyvinyl chloride (PVC) plastic sheet, which
unfortunately became brittle and developed leaks after just about 1 month. Apparently
the deterioration of the plastic was caused by sunlight. A fourth test was tried using
strips of rubberized fabric pasted together at the joints, and, although this material
resisted deterioration better than PVC, it was not entirely satisfactory because of
problems of sealing the joints and its high cost. No further tests were tried then, and
as far as is known the method was never applied on actual construction projects in
Sweden or anywhere else.

RECENT DEVELOPMENTS

During the past few years, skyrocketing construction costs have forced highway engi-
neers to consider alternative solutions to many geotechnical problems that previously
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were rather easily solved by conventional means. For example, in the case of pre-
loading and surcharge fills, the cost of fill materials increases about 10 percent per
year or more because of increasing transportation costs, increasing cost of placing
and then removing the surcharge materials, and, in some cases, the depletion or
absence due to geologic factors of sand and gravel resources located near population
centers. These developments and the fact that the most economic application of the
precompression method is at sites where subsurface conditions are particularly poor
and where the loadings are relatively light but cover large areas make the vacuum
method increasingly attractive and economic.

In addition, since Kjellman's early experiments, significant advances have been
made in the development of plastic materials and man-made fibers. Available today
are vinyl and other types of plastic sheets that are often reinforced with woven polyamide
(nylon) and other fabrics. These materials make an excellent air-tight membrane that
is both strong, tough, and resistant to weathering and deterioration by sunlight and
ideally suited for the vacuum preloading process. These materials are used for air-
supported structures (e.g., warehouses and indoor sports halls), temporary environ-
mental protection, reservoir liners, and the like. They are supplied in lightweight
rolls that are easily handled in the field. Depending on the material, joints can readily
be made by field welding by a hot air or a radio-frequency gun, field sewing, or special
adhesive tapes. Costs, which depend on the thickness, strength, and weather resistance
of the material, vary from 3.5 to about 25 cents/ft* ($0.38 to $2.70/m?).

PRACTICAL APPLICATIONS

The geology and geotechnical properties at a given site must be suitable for using the
precompression method, and the design and economics would govern whether or not
the method would be used with deep drainage. Precompression theory and design,
which are independent of how the preload is actually applied, have been covered in an
excellent article by Johnson (3) and need no elaboration here. This section will de-
scribe some of the practical considerations associated with the application of the
vacuum surcharge method itself using the new membrane materials.

Kjellman's sketch (Figure 1) showing the principal features is still applicable today.
The filter layer should be a coarse sand or sand-gravel mixture about 12 to 20 in.
thick (30 to 50 ¢m), and the membrane would be placed over it in sections, the joints
welded, and the entire membrane sealed around the edges. If there is no dry crust and
if the water table is close to the ground surface, then sealing can be made by simply
piling some soil on the membrane around its periphery (Figure 2). If the dry crust is
not too thick and the water table is high, a shallow ditch can be dug around the area,
the membrane placed over the filter and down into the ditch, and then the ditch backfilled
over the membrane (Figure 3).

Selection of the vacuum pump must consider the size of the area to be preloaded,
the thickness of the filter, the desired magnitude of the preload, length of time it is to
be applied, and presence of water. The size of the pump required is surprisingly
small. For example, at two recent demonstrations of the method in Sweden, areas
about 26 ft (8 m) square were effectively surcharged with about 0.8 atm (80 kPa) by a
small pump driven by a Yi-hp (0.18-kW) motor. For larger areas, vacuum pumps with
a 20-in.-thick (50-cm) filter are available that can easily maintain a vacuum of 0.6 to
0.7 atm (60 to 70 kPa) continuously for an area of 5,000 yd® (6000 m®) [for example, a
highway section 100 by 660 ft (30 by 200 m)]. To protect the pump, the vacuum line
should be brought into a tank so that any water that collected could be periodically
drawn off. To reduce pumping costs a vacuum switch could be connected to the pumps
so that they would turn on when the vacuum reached, say, 0.6 atm (60 kPa) and would
turn off at 0.8 atm (80 kPa).

Application of the preload in steps is generally unnecessary with the vacuum method
because with typical preloads the chance of a bearing capacity failure of the surcharged
area, or even a local slide, is greatly reduced. This is because there are no large
shearing stresses on the base of the embankment that would occur with a granular fill
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Figure 1. Principle of Kjellman’s Swedish vacuum Figure 2. Kjellman method used where there is no
method. dry crust and high water table.
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and that contribute to local instability. The presence of the vacuum at the surface of
the clay also increases the efficiency of the surcharge because it provides an additional
gradient over and above that caused by the increase in total stress due to the atmo-
spheric pressure acting on the filter layer. With these two advantages of the vacuum
method, it may be possible to greatly decrease the time required for preloading and

at the same time avoid the expensive instrumentation, careful inspection, and delays
that are often necessary with stage construction of large surcharge fills on weak founda-
tions. An additional factor in favor of the vacuum method is that the time required for
removal of the surcharge is negligible in comparison with the time required to remove
and dispose of large masses of sand fill.

Another practical consideration is that the cost of the membrane material is usually
so cheap that it probably is not worth the cost to remove it. In this case, it is sugoested
that initially the filter layer can be a minimum thickness, say 1 ft (0.3 cm), and, after
preloading is complete, additional fill can be placed directly on the membrane to bring
the embankment up to desired grade. The advantage of this isthat, for very soft ground,
the final height of the fill can be constructed after the soft soils are stabilized; of
course the rest of the embankment need not be pervious material but can just as well be
compacted earth fill. Depending on moisture considerations, such as frost action and
swelling, an impervious membrane may be desirable in the fill; otherwise the mem-
brane may be easily punctured with a harrow or other tool that is pulled behind a
tractor. In addition, the membrane left in the fill can provide some reinforcement to
the embankment, which is an added factor of safety.

COSTS

The many factors that enter intothe design of preloading systems make cost comparisons
between conventional surcharge fills and new techniques such as the vacuum method
difficult. Cost of delays, cost and availability of suitable materials for the fill, and
potential instability of the fill are but a few of the more important factors that must be
considered in the design (3). Since the vacuum method has yet to be applied in any
full-scale field situation, it is difficult to accurately estimate special costs associated
directly with the method, for example, the cost of placement and sealing the joints and
pumping costs. These costs must include a realistic consideration of any labor cost
arising from operating union contracts and other labor regulations. In any event, as
the cost of the surcharge materials increases relative to the cost of the membrane,
the more economical the vacuum method becomes. For typical highway preloading
situations, the difference can be 50 percent or more.

For the case of preloading large rectangular areas, water as an alternative surcharge
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method can be competitive but would generally be impractical for ordinary highway
construction. Cost estimates were made for the project described by Tozzoli and
York (4), and the vacuum method probably would have been somewhat cheaper than the
water method. Certain problems experienced with the water method probably would
not have occurred with the vacuum method, for example, wave erosion of the retention
dikes and damage of the PVC liner by birds (some materials described earlier are
strong enough to resist tearing by birds). In addition, the surcharge could have been
instantly removed, but about 3 months were required to pump the water from the
preloading ponds. Additional advantages of the vacuum method for this project include
the elimination of the problem of low stability of the retention dikes and an increased
consolidation gradient so that the time required for preloading with the vacuum method
would have been significantly less.

PROSPECTS

The use of the Kjellman vacuum method for preloading highway and other fills is cur-
rently feasible, practical, and probably quite economic, especially as the cost of con-
ventional surcharge materials increases. For typical highway preloading projects the
cost difference could be 50 percent or more, depending on the cost of surcharge ma-
terials. Other advantages of the method include immediate rather than stage construc-
tion; instantaneous removal of the surcharge; avoidance of failures due to the reduction
of the shearing stresses under the embankment; an increased gradient and consolidation
rate; some additional reinforcement in the embankment; and, if desired, a free moisture
barrier in the embankment.
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CONSOLIDATION OF
RANDOMLY HETEROGENEOUS CLAY STRATA

Eduardo E. Alonso, Escuela Técnica Superior de Ingenieros de Caminos,
Canales y Puertos, Universidad Politécnica de Barcelona, Spain; and
Raymond J. Krizek, Technological Institute, Northwestern University

A simulation procedure is used to analyze the influence of a randomly
varying coefficient of permeability on the one-dimensional consolidation
settlement of clay layers. The method of analysis involves (a) simulating
of soil profile when the basic characteristics of the homogeneous random
function describing the soil permeability are known, (b)making the govern-
ing field equation discrete by means of an implicit finite difference scheme,
and (c) statistically analyzing the resulting sample population when the
simulation has been performed a sufficient number of times. When com-
pared with results determined by the classical deterministic approach, the
application of this analysis to a specific case shows significant differences
and allows the use of standard procedures in significance testing, rather
than the single estimate provided by the deterministic case, to make deci-
sions at a given significance level.

oTHE classical theory of consolidation incorporates two constitutive relations in its
derivation: Darcy's law, which governs the flow of water through the pores of the soil,
and Hooke's law, which governs the deformational behavior of the soil skeleton. In the
one-dimensional situation, each of these relations involves one material parameter,
the coefficient of permeability k. in the case of flow and the coefficient of volume change
my in the case of deformation; both are usually assumed to be constant. However,
Alonso and Krizek (1) have shown that the parameters defining the soil behavior vary
randomly in space and are conveniently described by a random function of spatial
coordinates. In this paper the process of one-dimensional consolidation of randomly
heterogeneous strata subjected to a constant load is studied. Only the effect of a
random variation will be considered because the effect of deterministic heterogeneity
has been studied elsewhere (_5_). An approach of this kind will enable us to (a) con-
veniently describe the complexity of the heterogeneous variation in soil properties; (b)
formulate the problem by considering, in an unambiguous way, the random variation

of the soil; and (c) provide probabilistic answers that indicate a range of possible
values with an associated confidence level, rather than a single deterministic estimate.
This will be demonstrated by studying the dissipation of pore-water pressures and the
increase in the degree of consolidation for a consolidating clay layer.

CONSOLIDATION EQUATION

Generally, k, and m, are both functions of position and the effective vertical stress
within the consolidating layer. However, under the hypothesis of small strains, little
error is obtained by considering k, and m, as functions of only the spatial coordinates.
Therefore, the increment of volume change undergone by an element of soil can be
explained solely in terms of the time-dependent changes in the void ratio e, and the
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continuity equation for the flow of pore water can be written as

3 | kx)d _d
% ["%s‘?]% ey

where u. denotes the excess of pore-water pressure, and ¥ is the unit weight of water.
Considering the definition of my, equation 1 becomes

30 (2)
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where G represents the effective vertical stress, which can be readily expressed in
terms of the total applied stress 0, and u. as ¢ = 0 - u,. If time-dependent variations
of the externally applied load are not considered, equation 2 may be expressed as

12 [sw]-mwl ®)

which, in terms of the coefficient of consolidation, c:(x) = k«(x)/mx(x)ys, becomes

2
3, 1 di(x) due 1 due @)

ax®  ke(x) dx 3x ci(x) at

If k«(x) and c.(x) are assumed to be random functions K(x) and C(x) of the space coordi-
nate x, the differential equations given above become random differential equations

for the excess pore pressure. Such equations are analytically untractable mainly be-
cause of the nonlinearity in the random component of the equation, and the only suitable
approach currently seems to be the use of a simulation procedure in conjunction with
some numerical technique and a digital computer. Although this approach can be costly
if an extensive parameter study is undertaken, the answers for the specific cases
studied here are complete in that the full probability structure of the solution, including
first and second moments, is a natural output of the procedure. The first step toward
the solution requires a method whereby random processes can be generated from basic
characteristics.

SIMULATION OF RANDOM COEFFICIENTS

If k«(x) and m«(x) are considered to be random functions, there is usually a positive
correlation between them, and any simulation procedure must account for this fact if
rather conservative results are to be avoided. To simulate multivariate processes,
Shinozuka (6) proposed methods that depend on a knowledge of the cross-spectra func-
tion between the two processes. This situation presents a major difficulty in this prob-
lem because no data are available to find such a cross-spectra function between the
coefficient of permeability and the coefficient of compressibility. Two continuous or
quasi-continuous records of soil permeability and compressibility would be required in
the same location, provided both processes can be shown to be homogeneous in the
stochastic sense.

However, when the type of soil does not change much with depth, the changes in
permeability can be associated with similar changes in the coefficient of volume change
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(5). In such cases, ¢, in equation 4 can be considered constant. As a matter of fact,
the condition of homogeneity of records (in the slochuslic sense) is nol really salisfied
if rather different types of soil are included in the same record, and the homogeneity
condition must be invoked to enable the randomness of soils to be analyzed in some de-
tail. This also implies that there is no significant change of soil type within the layer
undergoing consolidation, and little error is introduced by considering cx as a constant
instead of as a random function. Therefore, equation 4 reduces to

2
3 | 1 dK(x) d3u, _ 1 du. (5)

3x° K(x) dx 3x cx ot

where cx is now a constant and independent of position. When the following changes
are made in the variables,

X = x/H (6)
T =&t (7)
H
U U
YT "% (8)

where H is half of the thickness of the layer, and uo is the initial constant increment
of pore pressure (equal to the total applied stress o), equation 5 becomes

2 *
u 1 dK*X)ou _3u ©)

aX® K*(X) dX 23X T

where K*(X) = K(XH). Equation 9 can be more conveniently expressed as

%u  d 3u _ du
AW e E T R E - 2 0
ax? o dX L (X)] 3X T (10)

which involves the random coefficient ¢n K*(X). If the properties of the random process
defining the permeability in the soil are known, the main concern is now directed to-
ward the simulation of ¢n K*(X).

A homogeneous normally distributed process Z(x) can be represented as (6)

1y N
Z(x) = 0; (%)/2 kzl cos (wex - @) (11)

where o; is the standard deviation of the process, N is a large positive integer (to en-
gure normality), w: is a random variable that is distributed with a density function
Si(w)/0% [where S;(w) is the two-sided power spectra of the process as a function of the
frequency in terms of cycles per unit of spatial length w], and ¢, is a random variable
that is uniformly distributed in the interval 0 to 2r. This representation can be used
for the permeability of the soil if the conditions of homogeneity and normality hold.
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[Although more efficient techniques for the simulation of multidimensional processes
have been proposed for the case in which the spectral distribution is not obtainable in
closed form (7), the present problem, which involves a one-dimensional process with
a simple power spectra function, can be adequately handled by equation 11 and requires
relatively little computation.]

Since we are dealing with statistically homogeneous layers, the first condition is
generally satisfied; however, there are important reasons why a normal representation
of the coefficient of permeability is not realistic. For example, a negative permea-
bility makes no sense physically, and its logarithm is undetermined mathematically;
this gives rise to difficulties in the process of simulation. However, if permeability
is thought to be governed by the pore-size distribution, a log-normal representation
seems more appropriate: The most salient features of a log-normal distribution are its
positive skewness and definition for positive values only. Physical substantiation for
this concept is provided by the process of particle breakage, whichleads to alog-normal
distribution of particle sizes (3, 4). However, when the coefficient of variation of a
log-normal distribution becomes small, it resembles a normal distribution.

Since the logarithm of a log-normal distribution is a normal distribution (referred to
random variables), it is worthwhile to investigate the possibility of a representing
K* (X) in the form given in equation 11. Consider a two-dimensional random vector,

W = (W1, W2), of two jointly distributed and correlated normal random variables and
define the transformation

(Y1,Y2) =Y = W) = [g:1(W1, W2), g2(W1, W2)) (12)
where

Y = g1(Wy, Wa) = explWi] (13)

Yo = g1 (Wi, W2) = explW.] (14)

Since the transformation given in equations 13 and 14 is monotonic and one-to-one,
the joint probability density function of Y; and Y. can be written as

fvl, vz(yl, YZ) = fwl, wz[hl(yh Y2), hz(Y1, Yz)] |J| (15)

where h = (hy, h) denotes the inverse transformation of g = (g1, g2) and |J| is the
Jacobian of the h transformation:

3hy 3hy
3y1 9ye
1
Jl = = 16
3] = (t6)
dy1 9Oyz

However, since W; and W» are jointly correlated and normally distributed, we can
write
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where p12 is the correlation coefficient between W; and W; and is defined by

Ciz 1
J102 0102

EL(W, - 1) (We - p2)] (18)

where Ci2 is the covariance between W; and W2. Consider now that W: and W; are two
specific random variables, which are defined at points x; and x; from a normal sta-
tionary random process W(x). Since W(x) is assumed to be stationary, the mean and
variance of the process are constant along x, and the probability density function of the
random vector Y, given by equation 15, can be written as

1 1

N T—— e T -
y1y22m0Y1 - p? Pl 21y T

£y Vz(yl’ y2) N
- 200nyy - ) nys - p)+(ny: - u)zlf (19)

where p, ¢°, and u represent the correlation coefficient, variance, and mean of the

Assume now that the transformation g is defined in a continuous manner for the en-
tire process W(x), and thus a new process Y(x) is originated by the relationship

W(x) = o Y(x) (20)

Then, the autocorrelation function of Y(x), defined as the expected value of the product
Y,Y. of two random variables of the process Y(x) for any two points 1 and 2, becomes

[ =] (o]
Rv(1,2) = ELY1Y:] =f0 fO yiyefvy, vo(y1, yo)dyidye (21)
Using equation 19 with equation 21, we get

ELY.Y.] =f;° 0 __4y,dys exp; S S y1 - w)f

- 2p@ny. - p)lny, - p) + (ny. - u)"’]f (22)

Note that, if W(x) is a homogeneous process, p is only a function of the distance between





