
Checking up on Vertical Sand Drains 
WILLIAM S. HOUSEL, Professor of Civil Engineering, University of Michigan 
and Research Consultant, Michigan State Highway Department 

• VERTICAL sand drains, or sand piles 
as they are sometimes called, have been 
more and more widely used in recent 
years. They represent an attempt to 
augment the consolidation of unstable sat
urated soils by providing vertical drain
age outlets for the water presumed to be 
squeezed from the soil by the weight of the 
surcharge or f i l l . The objective of con
solidation by such artificial means is to 
develop increased soil resistance and sup
port for superimposed loads, usually con
sisting of earth f i l l s in highway or airport 
construction. 

Whether or not sand drains are actually 
effective and do produce the results rep
resented by the theory has been a debated 
question. The writer has always been 
skeptical of the theory of consolidation in 
principle and little impressed with its 
attempted application In practice. The 
consolidation theory conceives that settle
ment is caused by squeezing water out of 
the voids of a saturated soil under the ap
plied pressure. This theory postulates that 
the movement of moisture is caused by pore-
water pressure or a differential hydro
static pressure as distinguished from the 
pressure components acting on the soil 
mass as a whole which results in shear
ing stress. It Ignores the fact that ad
sorbed moisture in fine-grained soils 
frequently exceeds the solids in volume 
and that the same molecular forces which 
must be overcome in order to force out 
the water are the source of cohesion or 
shearmg resistance of the soil. Under 
the situation most representative of sat
urated soUs in which the solid particles are 
dispersed in a semifluid medium, it has 
always been difficult for the writer to 
understand how the water could be forced 
out without carrying the solid particles 
with i t . In other words, in such soil 
masses as encountered in practice without 
artificial confinement, it would seem that 
displacement or shearing failure would 
take precedence over consolidation. 

The consolidation theory as formulated 
cannot be applied to unsaturated soils in 

which settlement, as observed in practice, 
differs only in magnitude from that taking 
place in saturated soils. Some of the un
certainty involved in its application to 
saturated clays are discussed by its fore
most proponents who recognize some of 
its shortcomings (1.). In discussing an 
apparent lag in the reaction of clay to ap
plied loads characteristic of plastic solids, 
it is stated in the reference that: 

These delays in the reaction of clay to a 
change in stress, like the secondary time ef
fect and the influence on cy (coefficient of con
solidation) of the magnitude of the load in
crement, cannot be eiqilained by means of the 
simple mechanical concept on which the theory 
of consolidation is based. Their characteris
tics and conditions for occurrence can be in
vestigated only by observation. 

Its inaccuracy in application to practical 
conditions is likewise recognized as in 
the following statement: 

It is obvious that the results of a settlement 
computation are not even approximately correct 
unless the assumed hydraulic boundary con
ditions are in accordance with the drainage 
conditions in the field. Every continuous sand 
or silt seam located within a bed of clay acts 
like a drainage layer and accelerates the con
solidation of the clay, whereas lenses of sand 
and silt have no effect. If the test boring records 
indicate that a bed of clay contains partings of 
sand and silt, the engineer is commonly unable 
to find out whether or not these partings are 
continuous. In such instances the theory of 
consolidation can be used only for determining 
an upper and lower limiting value for the rate 
of settlement. The real rate remains unknown 
until it is observed. 

The extension and elaboration of this 
uncertain theoretical concept to the design 
of a roadway f i l l or airport runway in
volving sand drains includes the calcula
tion of several definite quantitative com
ponents of the completed facility. These 
include the spacing of sand drains, the 
height of surcharge required to produce a 
required degree of improvement, a spec
ified consolidation period, and finally, a 
completed f i l l with a definite safe load. 
To the uninitiated client or to the con-



tractor who bids on the job, the precise 
evaluation of these items in plans and 
specifications as quantitative requirements 
or objectives to be accomplished not only 
implies but gives assurance that the whole 
subject of sand drains has been established 
beyond any reasonable doubt. Critical 

In the few instances in which the writer 
has had the opportunity to investigate the 
effectiveness of sand drains on an actual 
construction project, the results have been 
definitely negative. Perhaps these were 
unfortunate coincidences, but this ex
perience only reinforced some rather 

Figure 1. F i l l settlement and s i 
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examination of such evidence as has been 
presented indicates that application of the 
principles involved has scarcely pro
gressed beyond an experimental stage and 
that the claims of successful application 
are seldom supported by more than frag
mentary and inconclusive evidence. 

Occasionally one hears of failures in 
connection with sand-drain installations, 
and if these failures are exhaustively in
vestigated, they are seldom, if ever, so 
reported for public consumption. Ac
counts of supposedly successful installa
tions which are more numerous usually 
presume that the lack of complete sub
sidence or failure has been accomplished 
by the sand drains. Generally, these 
claims are not supported by a factual 
stability analysis to demonstrate that the 
original bearing capacity was clearly 
deficient or that there was a definite im
provement due to consolidation. Settle
ment is classified as consolidation settle
ment, but no clear demonstration is given 
as to how much was displacement and how 
much consolidation. The writer has yet to 
see in a published report a comprehensive 
set of reliable factual data on moisture 
content, soil density, or shearing re
sistance before and after consolidation 
from an actual full-scale sand-drain in
stallation. 

ide planes at north side runway 
45-47. 
strong convictions expressed in this dis
cussion with regard to the theoretical 
background of consolidation. It is possible 
that there are materials and stratified 
soil deposits in which vertical sand drains 
are of material benefit. The writer has 
not encountered such conditions and sus
pects that if they do exist, they are the ex
ception rather than the rule. 

Having a deep interest in the practical 
value of sand drains, the opportunity to 
conduct a comprehensive investigation of 
the results produced by an installation of 
sand drains on a major project came as a 
distinct opportunity. The project with 
which this investigation was concerned was 
the extension of a runway into a marshy 
area at the Norfolk Naval Air Station. The 
investigation was made for the Contractors, 
Ralph E . Mills Company of Salem, Vir
ginia, and Blythe Brothers Company of 
Charlotte, North Carolina, and was made 
with the permission of the representatives 
of the Bureau of Yards and Docks of the 
U. S. Navy. The objective of the investi
gation was to determine the reason for a 
number of difficulties which had been en
countered during the construction. This 
determination boiled down to whether or 
not these difficulties were the result of 
improper construction methods or were 
inherent in the design as presented by the 



Figure 2. F i l l settlement and s i 
Stations 

plans and specifications. 
The difficulties referred to which pre

sented some serious problems to both the 
Navy and the cont;ractor may be described 
briefly as follows: 

First, due to slides and displacement 
of the softer strata near the surface, the 
amount of fill material being required was 
mounting up to.an excessive overrun in
volving increased cost beyond the funds 
which had been provided for this purpose. 

Secondly, the slides and displacement 
destroyed the settlement platforms which 
had been placed for the purpose of deter
mining the final volume of fill and made 
it necessary to establish some other meth
od of determining the final pay quantity. In 

ide planes at north side runway 
45-47. 
other areas, the displacement of the soft 
materials took place as fast as the sand 
fill was placed, and it had been impossible 
to establish a working platform from which 
the settlement platforms could be placed. 

Third, in other, more-stable areas, the 
contractor had been able to place the work
ing platform, drive the sand drains, and 
place part and sometimes all of the sur
charge called for by the plans and speci
fications. However, in several of these 
areas failures developed producing the 
most-extensive slides and mud waves that 
were encountered in the project. It should 
be noted in connection with this problem that 
the plans called for the full surcharge to be 
placed immediately after the sand drains 

Figure 3. Mud waves on taxiway. 



Figure 4. Mud waves on taxiway. 
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had been completed and provided for a 90- in place until it was presumed that the 
day consolidation period. In such areas consolidation had been completed, after 
where it had been impossible to place the which the rest of the surcharge was placed, 
surcharge fill without serious failures de- Fourth, aside from the delays and in-
veloping, the contractor was forced to place creased cost which somebody would have to 
the fill in small lifts which were then left bear, the continued excessive displacement 



raised a serious question as to whether 
there was any consolidation being accomp
lished by the surcharge f i l l and whether a 
useable runway could ever be produced un
der the procedure called for by the plans 
and specifications. 

Fifth, in certain areas after a consoli
dation period of from 2 to 5 months, it was 
presumed that the objectives of the design 
had been accomplished and the contractor 
was instructed to remove the surcharge and 

blanket on top of the sand piles. This 
removal was also required in the final 
operation when the sand surcharge was to 
be removed and spread on either side of the 
finished runway and taxiway to form the 
final cross section. It had been the con
tractor's experience that the continuous 
removal of this mud wave in order to 
maintain temporary ditches continued to 
promote the excessive f i l l settlement and 
displacement. The question which this 
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spread it in flat slopes on either side of 
the runway and taxiway. However, after 
the surcharge had been removed, i t was 
found that the settlement continued in the 
runway at such a sufficiently high rate that 
there was some question as to whether the 
contractor would be able to maintain-final 
grade for the paving operation within the 
tolerances laid down by the specifications. 

Sucth, during the entire operation the 
contractor was required to remove the 
mud waves which had piled up on either side 
of the runway and taxiway and which were 
furnishing a counterweight tending to stabil
ize the f i l l . This removal was being re
quired in order to provide temporary drain
age to carry away the water which was 
supposed to be coming out of the porous 

raised was whether or not this counter
weight could be removed at any time with
out setting off a new series of slides. 

To give some idea of the character and 
magnitude of the f i l l settlement and mud 
waves, there are presented the f i rs t four 
figures, photographs taken in the field in 
the early part of September 1951. Figure 
1 and Figure 2 show the failure areas which 
were first encountered toward the west end 
of the runway. Figure 3 and Figure 4 show 
very clearly the mud waves caused by dis
placement of the soft clay during the placing 
of the working platform and the driving of 
the sand piles along the taxiway. 

Obviously the most-essential part of an 
investigation of the enumerated problems 
was a comprehensive soil investigation. 
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including borings and all of the laboratory 
tests necessary to fully describe existing 
soil conditions. The original boring logs, 
which served as a basis for preparation of 
the plans and specifications, were available 
to the contractor being incorporated in the 
plans. Available data included moisture 
content m percent by dry weight, the dry 
weight per cubic foot in a general de
scription of the soil. The predominant 
material was described as a gray silty 
clay, but there were several areas with 
sand or sandy soil both near the surface 
and at greater depths. 

As a part of the contractor's investiga
tion, there was a total of 45 check borings 
made, 11 of which were deep borings with 
undisturbed samples being taken for testing 
at the Soil Mechanics Laboratory at the 
University of Michigan. The remaining 34 
borings were made primarily to determine 
the depth of penetration of the sand f i l l . 
The borings and undisturbed sampling were 
done by the Raymond Concrete Pile Com
pany under the Michigan specifications re
quiring core samples 1% inches in diameter 
and approximately 7 inches long. A com
plete description of the sampling procedure 
is available elsewhere and wil l not be re
peated in this discussion (2). 

Figure 5 is a location plan which shows 
the general layout of the runway and taxiway 
extension and the location of borings and 
critical soil areas, which wil l be discussed 
further. The open circles alongthe center-
line of the runway and taxiway are used to 
designate the original borings made prior 
to preparation of the plans and specifica
tions. The solid circles designate the 11 
check borings made as part of the con
tractor's investigation from which un
disturbed samples were obtained. Borings 
1, 2, 5, and 6, along the centerline of the 
runway, and Borings 8, 9, and 11, along 
the centerline of the taxiway, were taken in 
areas where the surcharge f i l l of varying 
height had been in place for consolidation 
periods varying from 2 to 5 months. Un
disturbed samples of the saturated clay in 
these areas are presumed to represent the 
condition of the soil after it has been sub
jected to the prescribed consolidation 
periods. Borings 3, 4, and 7, in between 
the taxiway and runway in the open marsh 
area, were taken for the purpose of ob
taining representative samples of the 
original soil in its unconsolidated state. 

Boring 13 was taken outside of the runway 
area to compare with Boring 1 at a point 
where the soil conditions varied substan
tially from those over the greater portion 
of the runway and taxiway extension. 

Selection of the location of the check 
borings was predicated on an analysis of 
the soil conditions as portrayed by the 
original borings. From these original 
data, areas which were presumed to repre
sent the more-critical soil conditions were 
selected and have been designated on Figure 
5 as soil area 1. In this area, the soil 
test data from the original borings indicated 
that there was gray silty clay of high mois
ture content from the surface of the ground 
to depths varying from 50 to 60 feet. This 
soil was originally described as very soft 
to soft silty clay with moisture contents 
varying from 65 to 95 percent by dry 
weight and 60 to 80 percent by volume. 
Tests performed as a part of the con
tractor' s soil investigation indicated that 
the predominant soil was a silty clay con
taining 30 to 35 percent clay and colloids, 
30 to 50 percent silt and 20 to 30 percent 
sand. The plastic limit of this material 
varied from 20 to 30, the liquid limit f rom 
50 to 60, with an average plasticity index 
of approximately 30. In general, the 
natural moisture content of this material 
varied from 10 to 20 percent above the 
liquid l imit , indicating that the soil should 
be classified as a flocculated clay. 

In the vicinity of Borings 1 and 13, 
sand, substantially granular in character, 
was found from the surface to a depth of 
20 to 25 feet, followed by a relatively thin 
body of the very soft silty clay approx
imately 15 feet in depth, underlain again 
by a body of sand which continued for the 
fu l l depth of the boring. In the vicinity of 
Boring 5, similar conditions existed, ex
cept that the depth of the soft silty clay 
between the surface sand and underlying 
sand was approximately 35 feet, some
what more critical than in the case of the 
other sand area but presumably more 
stable than the critical areas designated 
as Area 1. Practically the entire length 
of the taxiway has been designated as a 
critical soil area with the soft silty clay ex
tending from the surface to a depth of 60 
to 70 feet. Near the east end of the wid
ened taxiway in the vicinity of Boring 8, 
the same classification of soil is found 
in the original borings although the natural 
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moisture content is substantially less than 
in the highly saturated clay indicating a 
more stable soil. 

There is also shown (Fig. 5) the areas 
in which the major slides and displace
ments were encountered. In general, 
these areas agree with the classification 
of critical soil areas based upon the 
original soil test data and classification. 
This includes a major slide area in the 
vicinity of Boring 2, another similar 
area in the vicinity of Boring 6 and a 
continuous area of subsidence and dis
placement along the major portion of the 
taxiway from near Bormg 9 to past Boring 
11. 

As has been previously indicated in 
this discussion, the primary objective of 
the contractor's investigation was to ob
tain comprehensive, factual data on the 
moisture content and shearing resistance 
of the saturated clay soil in the critical 
soil areas before and after consolidation. 
This information was required in the f i rs t 
place to determine whether or not the 
unsatisfactory performance was inherent 

in the existing soil conditions and the pro
cedures called for by the plans and spec
ifications and whether it was physically 
possible for the contractor to accomplish 
the objective set forth in these plans and 
specifications. Having accepted a con
tract to produce a completed facility planned 
by others, a contractor is frequently in 
the unfortunate position of having to ac
cept the burden of proof when faced with 
the possible contention that the failure to 
achieve the planned objective is a matter 
of construction methods and his legal 
responsibility. Furthermore, from the 
standpoint of everybody concerned, the 
situation had reached a stage in which it 
was highly essential to establish whether 
it was physically possible to provide a 
completed runway which could be safely 
used by the Navy over a reasonable period 
of years. 

The results of the tests to determine 
the degree of consolidation which had been 
produced by the sand piles and the sur
charge f i l l which had been in place over 
periods varying from 2 to 5 months are 



shown on a series of graphs presented by 
Figures 6 to 12 inclusive. Figures 6 
through 11 present the moisture content 
before and after consolidation for indi
vidual borings. In F^ure 6, the boring 
log from the original boring is shown on 
the left-hand side of the figure and the 
log of the check bormg is shown on the 
right-hand side. At the top of the right-
hand boring log is shown the surcharge 
grade, both as designed and as measured 
at the time the boring was made. The 
thickness and bottom elevation of the sand 
f i l l on the check boring can be compared 
with the ground-surface elevation on the 
original boring to indicate the depth to 
which the sand f i l l has settled. In Figure 
6, the indicated settlement is approximately 
4 feet. 

The primary purpose of Figure 6 through 
11 is to present the moisture content 
measurements in the central chart. Mois
ture contents and solids are shown in 
percent of the total volume with the mois
ture or liquid volume being shown on the 
right as the complementary percentage of 
the volume of solids which is shown on the 

left-hand side of the chart. Results from 
the original test data are shown by the 
open circle, the results from the check 
boring by the solid circle. At the loca
tion of Boring 2 in Figure 6 in the original 
soil below the sand f i l l , moisture contents 
vary from 60 to 70 percent with the vol
ume of solids varying from 30 to 40 per
cent. The moisture content in the sand 
f i l l is approximately 20 percent, corre
sponding to the percentage of voids in 
such a granular material when compacted. 
Particular attention is directed to the 
fact that there is no measurable change 
in moisture content for the entire depth 
of the original soft silty clay under dis
cussion. 

It may be noted, however, that the 
textural classification or description of 
this soil does vary from the original de
scription of a soft, gray, silty clay to the 
textural classification of gray silt shown 
in the check boring. In the latter case, 
the descriptions of soil type are from 
visual examination by the boring crew 
superintendent. It is the practice in the 
Michigan laboratory not to alter the soil 
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description given by the boring contractor 
but to make a separate classification based 
on the meclianical analysis where such 
classification is required. As previously 
noted, the laboratory classification of the 
predominant saturated soil was a silty 
clay in substantial agreement with the 
original classification. A l l through the 

apparent decrease in moisture content 
after the period of consolidation in the 
region from Elevation 0 to Elevation -10. 
However, this apparent decrease in mois
ture content is clearly related to the tex-
tural differences which are shown due to 
the subsidence of the surface layer of sand 
under the surcharge f i l l . 
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Fxgur 
comparative tests in the six figures under 
discussion, similar textural variation 
wi l l be in evidence and where these vari
ations are of any particular significance, 
special comment wi l l be made. 

Figure 7 is a similar chart for results 
from Boring 5. This area has not been 
classified as soil Area 1 although as pre
viously noted the thickness of soft sUty 
clay beneath the surface stratum of sand 
is sufficient to raise some question as to 
the ultimate stability of this area. It may 
be noted that the height of surcharge as 
planned and measured is much less than 
in the previous case and the amount of 
settlement is somewhat less being only a 
little over 3 feet. Again there is no meas
urable change in moisture content in the 
silty clay at greater depth but there is an 

e 11. 
Boring 6 shown in Figure 8 is in another 

critical area where original soil con
ditions indicated more than 50 feet of un
stable soil starting at the surface. There 
is, in this case, a marked difference in 
moisture content before and after con
solidation, but there is also a marked 
textural change in the check boring. The 
reasons for this are quite clear, as the 
coarse, granular material encountered 
at the greater depth is obviously that used 
in the sand piles. Thus, the check bor
ing happened to strike such a pile for 
part of its depth. At the only depths be
low the penetration of granular f i l l where 
the original soil appeared to be present, 
moisture contents are quite comparable 
before and after consolidation. 

Boring 8 in Figure 9 is in the middle 
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portion of the widened taxiway and was 
des^nated as less c r i t i ca l based on o r ig 
inal soil test data. In the check boring, 
the textural classification is even more-
definitely granular near the surface. This 
particular boring was beyond the general 
fa i lure area along the taxiway and the 
check boring indicates a smaller f i l l 
settlement. Moisture contents before 
and after consolidation are remarkably 
close together f o r the entire depth of the 
borings, even though the soil is more 

f r o m above by subsidence of the f i l l . On 
this bormg between Elevation 0 and Eleva
tion -15 is the only evidence of decreased 
moisture content after consolidation which 
is not clearly accounted f o r by a difference 
in soi l texture. However, such a result 
could very easily be produced by the ver 
t ica l displacement f r o m above of soil 
having lower moisture content. Unfor
tunately, no tests were reported f r o m the 
original borings above Elevation 0, a l 
though the trend toward lower moisture 
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granular and presumably more permeable. 
Boring 9 in Figure 10 is at the point of 

transition f r o m the wide to the narrow 
taxiway and is an area designated as c r i t i 
cal and where f i l l fai lures were general. 
In such areas, borings made along the 
centerline were generally in a portion of 
the soil mass and f i l l between the slide 
planes f r o m either side of the taxiway. 
Thus, they do not represent the deepest 
penetration of the f i l l in the actual slides 
but may be an area in which a mixture of 
original soi l and f i l l has been carr ied down 

contents near the surface is indicated. 
Below Elevation -15 fo r the balance of 
the depth in the saturated clay, moisture 
contents are the same before and after 
consolidation. 

Boring 11 in Figure 11 is midway be
tween two of the original borings in one of 
the more-cr i t i ca l areas along the taxiway. 
F i l l settlement is approximately 15 feet. 
Below the f i l l in the depth of soft saturated 
soil above the underlying sand, moisture 
contents are in the same range before and 
after consolidation, although i t must be 
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kept in mind that the original borings are 
somewhat removed f r o m the check boring. 
Any differences in moisture contents at the 
greater depths are definitely related to 
textural changes, with the underlying sand 
being encountered at varying elevations in 
the three borings compared. 

Figure 12 is a composite of the data ob
tained f r o m the individual borings in Figure 
6 to 11 presented to represent the same 
comparison of moisture content before and 
after consolidation on the project as a 
whole. Moisture contents are shown f o r 
the originalborings by open circles . Mois 
ture contents f r o m check borings made out
side the f i l l e d area are shown by a c i rc le 
with a cross and f r o m check borings made 
within the f i l l e d area after the period of 
consolidation are designated by a solid 
c i rc le . An envelope has been drawn i n d i 
cating the range of moisture content in the 
original borings. With the exception of the 
sand f i l l and in the granular materials 
underlying the soft, clayey s i l t , moisture 
contents after consolidation f a l l within this 
envelope with no indication that there has 
been any significant change in moisture 
content before and after consolidation. 

Even more than moisture content, the 
shearing resistance of the soi l before and 
after consolidation should provide direct 
evidence of the degree of consolidation p ro 
duced by the sand drains and surcharge f i l l . 
I f shearing resistance tests were conducted 
i n connection with the original borings, 
these data were not made available to the 
contractor. Consequently, as previously 
noted. Borings 3 , 4 , and 7 were made in 
the open marsh area between the rimway 
and taxiway. Shearing resistance tests 
were conducted in the laboratory on sam
ples f r o m borings used to represent the 
original soi l condition and f r o m the borings 
taken f r o m the f i l l e d area to represent 
shearing resistance after consolidation. 

Following the customary practice at the 
Michigan laboratory, two types of shear 
test were conducted on a l l samples: (1) 
the ring-shear test developed by the U n i 
versity of Michigan Soil Mechanics Lab
oratory and (2) the unconf ined-compression 
test used by a number of other soil mechan
ics laboratories. 

The r ing-sheartest is a measure of what 
may be called the static yield value or 
shear stress greater than which the soil 
w i l l suffer progressive deformation. In 
thest tiests, observations are made of the 

rate of shealring deformation f o r each load 
increment applied. From this may be de
termined, by extrapolation, the actual load 
at which progressive deformation occurs. 
The f ina l results are thus independent of 
dynamic resistance and represent that ap
plied stress which may be sustained m 
static equil ibrium. 

The shearing resistance, as determmed 
by the unconfined-compression test con
ducted in accordance with generally ac
cepted procedures, has not been corrected 
f o r dynamic effects, so the test may be 
termed a rapid shear test. The load is 
applied at a continuous rate unti l fa i lure is 
produced and in a much-shorter period of 
time (5-minute loading period). Over 
several thousands of paral le l tests, i t has 
been found that shear values obtained f r o m 
these unconfined-compression tests are 
close to four times those obtained f r o m the 
ring-shear tests in the case of plastic clays 
of the t ru ly cohesive type or m the case of 
saturated clays. I t has also been found that 
f o r s t i f f clays and f o r materials which have 
granular characteristics the ratio of the 
shear values obtained f r o m these two tests 
is quite errat ic and, in general, higher 
than in the case of plastic clays. In pre-
sent i i^ the results f r o m the unconfined 
compression, i t has been the practice to 
plot these shear values to a scale four 
times greater than is used f o r the r i n g -
shear test, which brings the divergent r e 
sults into close focus in most cases. In 
reportmg the shearing resistance f r o m un
confined compression, i t has also become 
common practice to report the equivalent 
shearing resistance to the reduced scale 
or a quarter of the measured value in the 
rapid shear test. 

In connection with the shearing resist
ance test on this soft, s i l ty clay, one other 
observation should be made. In the borings 
outside the f i l l e d area, the equivalent 
shearing resistance f r o m the vmconfined-
compression test runs generally lower than 
the yie ld value determined by the r i n g -
shear test, a characteristic which has been 
foimd common to flocculated clays of high 
moisture content that have not been dis
turbed or remolded. While the wr i te r can 
offer no well-supported explanation of this 
phenomenon, i t appears to be related to 
the sensitivity of the clay and the fact that, 
af ter remolding, the highly sensitive clay 
seldom, i f ever, regains i ts or iginal shear
ing resistance. While this departure f r o m 
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the usual ratio between shear values f r o m 
these two tests is apparent on most of the 
samples f r o m those borings, i t does not 
hold f o r the samples f r o m borings within 
the- f i l l e d area, where the results f r o m 

in place f o r periods of t ime varying f r o m 
2 to 5 months. Shear profi les of these two 
groups of borings have been combined to 
f o r m a composite shear prof i le f r o m which 
average shear values may be determined as 

COMPOSITE SOIL PROFILE 

BETORE PUKSINS FILL 

F INE SANDY S R W 
SILT 

SHEARING RESISTANCE CURVES 

F I L L , MEDIUM B R O W N 

GRAY SILT, T R A C E FINE 
SAND TO F INE SANDY 

o u t mom C L A Y E Y 
SILT, SOME FINE SANO 

O R S A N I C M A T T E R 

R N E T O M E D I U M C R W 
O R S R E E N S A N O , 
S O M E S I L T T O S I L T Y . 
• O R W a S T O P P E D . 

IfiS 4 0 0 _ j s s n o 

ILBS P * R S O 

A V E A O E . S H E A R I N G <) 

t o o 4 0 0 s o o g o o i q o e 

L B S . P t R 80 

'AVERAte SHEtajNO 

L B S F f e H S O l 

tto 4 0 0 ibo B O O 

T R A N S V E R S E S H E A R I N B R E S I S T A N C E I N L B S , P E R SaFT 

IPOSITE SOtt. PROFILEl 

AFTER PLMMS FILL 

F I L L , M E D I U M 

a M S I L T , T R A C E T O 
S O M E H N E S A N D . 

C R O A N I G M A T T E R . 

F I N E T O M E D I U M 
anW S A N D , T R A C E 
O F S I L T T O S I L T Y . 

O R S A M I O M A T T E R . 

B O R I N B S T O P P E O . 

Figure 13. 
these two tests is close to the usual ratio 
of 4 to 1. In this connection, i t may be 
noted that in borings under the runways 
the soft, s i l ty clay may have been r e 
molded by pile driving and by displacement 
under the weight of the overload f i l l , f r o m 
which i t might be presumed that the un
usual result obtained in the case of the un
disturbed flocculated clay is a function of a 
flocculated structure. 

In connection with the contractor's i n 
vestigation. Borings 3 , 4 , and 7 have been 
selected as representative of soil area 1 in 
i ts original condition before i t has been 
altered by construction operations. Borings 
2 , 9 , and 11 have been selected as repre
sentative of the same soil area imder the 
runway and taxiway after the sand piles 
have been driven and the overload has been 

representative of the soft s i l ty clay under 
discussion. 

The comparison of shearing resistance 
before and after consolidation in terms of 
the transverse shearing resistance or r i n g -
shear test is shown in Figure 13. Com
posite boring logs are indicated on the le f t 
fo r Borings 3, 4, and 7 and on the right f o r 
Borings 2, 9, and 11. The composite shear 
prof i l e fo r the original soi l in Area 1 is 
shown on the left-handportion of the central 
chart and the composite shear prof i le after 
consolidation is shown on the right-hand 
portion of the chart. Average shear values 
at several different depths have been ind i 
cated by the heavy dashed line. These 
shear values are shown to the nearest 5 
lb . per sq. f t . and are based on the a r i t h 
metic average of shear test results f o r the 
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si l ty clay only. A l l shear test results are 
shown on the charts including those f r o m 
samples of sand and m the case of Boring 
7, a more-highly consolidated chalky s i l t 
found only m that boring around Elevation 
-30. Such unrepresentative and exceptional 
test results were not included in the average 
shear curve shown by the heavy dashed 
line. 

For the purposes of the present dis
cussion, a comparison of shear values 
must be l imi ted to the original soi l below 
the depth to which the sand f i l l has pene
trated and which has not been displaced by 
the superimposed load. I t should be noted 
in Borings 3, 4, and 7 on the left-hand 
portion of the central chart that the upper
most layer of clay down to approximately 
Elevation -10 has almost negligible shear
ing resistance and has, in a l l probability, 
been almost completely displaced by the 
sand f i l l . This soft, s i l ty clay sometimes 
would not even support the weight of the 
small steel r ing in the ring-shear test 
(which produces a shearing stress of ap
proximately 4 lb . per sq. f t . ) and this is 
the value that has been reported fo r this 
material in a number of the tests. In the 
case of the unconfined-compression test 
on this softest clay when the 3-inch sam
ples were extruded f r o m the l iner , the 
small cylinder slumped under its own weight 
and i t was impossible to apply any com
pression load. 

Omitting comparisons in the softest clay 
strata above Elevation -10, which has 
largely been displaced by sand f i l l , i t may 
be seen that the average transverse shear
ing resistance in those borings representing 
the original soi l conditions varies f r o m 130 
to 195 lb . per sq. f t . within the depths at 
which these tests were performed. The 
range in the average shearing resistance 
f o r these same depths f r o m the borings 
taken in the f i l l e d area after consolidation 
is f r o m 45 to 125 lb . per sq. f t . indicating 
a measurable loss in shearing resistance, 
due presumably to the disturbance caused 
by pile dr iving or other construction oper
ations and not recovered during the con
solidation period. 

Figure 14 presents a s imi lar comparison 
based upon the results f r o m the unconfined-
compression test. In this case, the un
confined-compression test on samples 
f r o m the borings representing original soi l 
conditions and undisturbed clay gave an 
equivalent shearing resistance f r o m 85 to 

160 lb . per sq. f t . In those borings f r o m 
the f i l l e d area after the consolidation period, 
the equivalent shearing resistance f r o m 
unconfined compression varied f r o m 55 to 
110 lb . per sq. f t . , again indicating a 
definite loss in shearing resistance, pre
sumably due to remolding or other dis
turbance during the construction period 
which was not recovered by consolidation. 
I t should also be noted that the equivalent 
shearing resistance f r o m unconfined com
pression IS measurably less than the trans
verse shearing resistance in Borings 3, 4, 
and 7, representing the original soi l con
ditions and undisturbed clay, but this v a r i 
ation was not established by a s imi lar com
parison for the remolded soi l . 

While the direct comparison between 
moisture contents and shearing resistance 
before and after consolidation were the 
p r imary objectives of that part of the i n 
vestigation being presented in this paper, 
there were several other subjects studied 
in the contractor's investigation which are 
of passing interest in the present d is 
cussion. A stability analysis was made to 
determine the overload ratios imposed on 
the original soi l mass by the proposed 
heights of surcharge called f o r by the plans 
and specifications. This analysis indicated 
that the overload ratios with respect to the 
uppermost layer of softest clay were so high 
that i t was quite obvious that complete d is 
placement could be anticipated before the 
f u l l surcharge could be placed. Overload 
ratios were computed only fo r Area 1 which 
had been judged to be the most c r i t i ca l f r o m 
prel iminary investigations. However, such 
c r i t i ca l classification covered the major 
portion of the length of the taxiway, and a 
considerable portion of the length of the 
runway. In these areas, the marked cor
relation between high overload ratios, 
fa i lure areas, and points of maximum 
settlement lef t no doubt as to the source of 
excessive settlement and subsidence. 

CONCLUSION 

In summarizing the results of the soil 
investigation made by the contractors, the 
following conclusions are presented: 

1. Laboratory tests on undisturbed sam -
pies f r o m borings in the c r i t i ca l fa i lure 
area, designated as Area 1, identified the 
soft, s i l ty clay extendmg f r o m thei surface 
to a depth of approximately 60 feet as a 
flocculated clay of high sensitivity which 
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Figure 14. 

has been foimd to suffer a loss in shearing 
resistance upon being disturbed or r e 
molded. 

2. Shearing-resistance tests on undis
turbed samples f r o m borings outside the 
runway area representing the original soi l 
indicated that the yield value or static 
shearing resistance based on the average of 
three borings varied f r o m 30 to 195 lb . 
per sq. f t . in r ing shear and f r o m 25 to 
160 lb . per sq. f t . in the unconfined-com-
pression test. The flocculated clay on top 
in several cases was so soft that shear 
values were not measurable. 

3. In the group of three borings taken 
along the centerline of the runway and t ax i -
way in soi l Area 1, the softest clay on top 
had been largely displaced by the sand f i l l , 
and the shearing resistance in the lower 
strata, which had been disturbed and r e 
molded by driving of the sand piles, was 
definitely less than in the original state, 
even after having been subjected to periods 
of presumed consolidation by the overload 

f i l l in place f o r periods of 2 to 5 months. 
In this case, the static shearing resistance, 
or yield value, f r o m the ring-shear test, 
based on the average of three borings, 
varied f r o m 45 to 125 lb . per sq. f t . , as 
compared to 130 to 195 lb . per sq. f t . in 
the undisturbed or original condition. 

4. Comparison of moisture contents 
f r o m the present investigation between the 
undisturbed soi l and that which had p re 
sumably been consolidated f o r 2 to 5 months 
under the overload f i l l indicated that there 
had been no measurable change in moisture 
content due to consolidation. This con
clusion was also confirmed by the com
parison of moisture contents f r o m the 
original borings, in which there was s t r i k 
ing agreement f o r comparable samples 
betweenmoisture contents before and after 
consolidation. 

5. The stability analysis made as part 
of this investigation showed that overload 
ratios in the c r i t i ca l soi l area investigated 
were fa r in excess of those certain to cause 
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soi l displacement. The coincidence be
tween high overload ratios, fai lure areas 
where subsidence and mudwaves were 
observed, and points of maximum settle
ment leave l i t t l e question that excessive 
f i l l settlement was due to exceeding the 
supporting capacity of the soft subsoil. 

6. Settlement of the f i l l was excessive 
following the consolidation period imt i l the 
f ina l paving was completed in the summer 
of 1952. This excessive settlement has 
continued and in approximately a year has 
amounted to a maximum of 1. 5 feet in the 
more-cr i t ica l areas which coincide with 
those designated by the contractor's i n 
vestigation. As a f ina l testimony to the 
ineffectiveness of the sand-drain piles 
under the soil conditions of the Norfolk 
project and impracticabil i ty under those 

conditions of a design predicated on the 
general theory of consolidation, i t may be 
noted that the Navy, during the past f a l l , 
found i t necessary to arrange fo r the res
toration of the runway extension which has 
been the subject of this discussion. Those 
most fami l ia r with the present status of the 
project anticipate that the maintenance of 
the runway w i l l be a serious problem f o r a 
long time to come. 
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Discussion 

L . A . PALMER, Engineering Consultant, 
Soil Mechanics and Paving, Bureau of Yards 
and Docks, Department of the Navy — 
There have been instances of success in 
deep soil stabilization by ver t ical sand 
drains. A description of a notable i n 
stance of such success in Navy e}q>erience 
is found in the 1949 Transactions of ASCE 
in a paper; "Failure of Quay Wall at Mare 
Is land," by L . C. Coxe. There have been 
other instances of only par t ia l success and 
In a few instances, the installation of 
ver t ical sand drains has been entirely 
fu t i le in accomplishing any noticeable de
gree or extent of deep soil stabilization. 

The Instance described by Housel tends 
to f a l l in the second category. The easterly 
end of the runway extension at NAS Norfolk 
has sunk at least 16 inches, following com
pletion of construction, and indications are 
that the settlement w i l l continue. 

This wr i t e r believes that mud waving 
sheared off a considerable number of the 
ver t ical sand drains in this case and that 
installation of the drains should have been 
accomplished after placing the excess sur
charge over the site and not p r io r to this 
operation. The sequence of operations 
should have includedf i r s t the placing of the 
excess f i l l to drive the water out of the 
mud. This would cause mud waves which 
should have been allowed to reach an 
equilibrium condition and without removal 
of the displaced mud to displace such 

equilibrium. Thereafter, the ver t ical 
sand drains could have been constructed 
without being sheared off by displacement 
of the soft, organic s i l t under pressure 
of the surcharge. 

Any of us can be misled by technical 
publications whibh indicate that the speed 
of consolidation of the soft soi l by the 
sand drains can be predicted with a f a i r 
degree of accuracy. Since estimating the 
coefficient of permeability i n the horizontal 
direction is mostly guesswork, such a 
prediction is not possible. Af te r there is 
f u l l realization of the fact that one usually 
cannot obtain a reliable estimate of the 
rate of settlement after sand-drain i n 
stallation, one tends to proceed with more 
caution and prefers , whenever possible, to 
install the drains after and not before the 
surcharge loads are applied. 

If i t were possible to now locate the 
points where sand drains were Installed 
and covered over with f i l l at NAS Norfolk, 
one could take borings down through the 
sand-drain locations. If this were done, 
i t would l ikely develop that the drains were 
broken off and displaced in shear by the 
flowing mud. 

Usually, the purpose of sand drains is to 
accelerate the settlement and have the 
bulk of i t completed p r io r to construction. 
Where the soft soi l is deeply seated and 
located at appreciable depths below the 
proposed elevations of footings of a struc-
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ture, this is the pr imary consideration. 
But when i t is necessary to build up bear
ing capacity in the soft soi l as wel l as to 
complete its consolidation before con
struction, then one must make a careful 
study of the remolding characteristics 
of the soil to be stabilized by sand drains. 
The disturbance, caused by the installa
tion of sand drains at 8 to 12 feet, on 
centers, may weaken a soil much more 
than its subsequent drainage under load 
into sand drains can strengthen i t . This 
condition was observed by this wr i t e r at a 
proposed warehouse site in the Norfolk 
area that is about 3 to 4 miles f r o m the air 
station. The deep layer of organic s i l t at 
this site proved to be sensitive to remold
ing, and f o r this reason, sand drains were 
not recommended. 

Neither are sand drains efficacious in 
peat soi l . This wr i t e r made an extensive 
study of the settlements of concrete bar
ricades at Port Chicago, California. Here 
sand drains had been installed and over
loaded with extra surcharge which, after 
several weeks, was cut back to finished 
grade with subsequent construction of the 
barricades. These have settled f r o m 4 to 
9 feet or more since 1944. The soil in this 
case is disintegrated (not fibrous) peat 
with an organic content of more than 30 
percent. In consolidation tests, the rate of 
strain was independent of the thickness of 
the sample. In other words, the rate of 
consolidation of peat (not peaty or peat
like soils) is not determined by the coef
f icient of permeability, and hence i t is i n 
dependent of the distance of f low of the 
escaping water. 

A thorough f i e l d investigation of sand 
drains under controlled conditions is long 
overdue. It is not a problem that can be 
worked out altogether in the laboratory. 
Much more basic and practical informa
tion should be made available before one 
can have a reasonable degree of con
fidence in the use of ver t ica l sand drains. 

Basically, the theory of soi l consolida
tion is probably sound. However, there 
is much wrong with its use and application. 
One must be an irresponsible optimist to 
believe in the possibility of precise es t i 
mates of the subsidence of mill ions of 
cubic yards of soil on the basis of the ob
served laboratory behavior of a few pounds 
of the stuff. It is just as detrimental to 
the interest of the public to oversell the 
uti l i ty of soil mechanics as i t is to destroy 

a l l confidence in its use. 
Water held by physiochemical forces 

in fine-grained soi l , r e fe r red to by 
Housel as absorbed water, is probably 
never lost to any appreciable extent by 
normal conditions of loading. Also, the 
bulk of such adsorbed water is retained in 
the soil at the boiling temperature of 
water. But f ree water, lost on a i r drying, 
can and is released by the soil under ex
ternal load application. The release of 
this mechanically held water into pervious 
layers that bound the layers of f ine 
grained soil is adequately described by the 
theory of consolidation, the mathematics 
of which is about identical to that f o r the 
unidirectional f low of heat in an insulated 
metal rod or the diffusion of a salt into a 
solvent. Diff icul t ies aries when one 
idealizes certain conditions, such as 
"previous boundaries," the continuity of 
stresses (due to external load) through 
multiple layers of diss imilar types of 
soi l , and the assumed homogeneity of 
large masses of fine-grained soil wi th 
respect to permeability. The near-ideal 
conditions do sometimes exist, and they 
lead to f a i r l y accurate settlement predic
tions which receive altogether too-much 
publicity. 

W I L L I A M S. HOUSEL, Closure - The 
wri t ten discussion of this paper by Palmer 
was welcome, inasmuch as he had f i r s t 
hand knowledge of the particular sand-drain 
installation under discussion. The author 
was glad to have his somewhat-qualified 
confirmation of the conclusion that the 
sand drains were "entirely fu t i le in ac
complishing any noticeable degree or ex
tent of deep soi l s tabil ization." There 
were also a number of other points brought 
up by Palmer on which the author wishes 
to comment. The question of shearing off 
the sand drains by f i l l displacement is an 
example of only one of the important un
certainties about sand-drain installation 
which are a l l too frequently taken f o r 
granted without any real ef for t made to 
determine the f ina l result achieved. The 
continuity of the ver t ical sand drains is 
largely a matter of speculation, as i t is 
d i f f icu l t to determine by direct observa
tion. It is quite probable that they have 
been sheared off where there has been 
excessive f i l l settlement. However, there 
are other areas where f i l l settlement has 
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not been excessive and, in fact , substan
t ia l ly less than anticipated f r o m assumed 
consolidation. In these areas, there is no 
reason to expect abnormal disturbance 
of the sand drains f r o m subsequent f i l l 
settlement. In locating the check bor
ings, the attempt was made to obtain data 
i n some of these relatively undisturbed 
areas. The moisture content and shear
ing resistance data presented in the paper 
show the same lack of consolidation ef
fects in a l l areas which is the essential 
consideration under discussion. 

Shearing off of the sand drains is only 
one phase of soil disturbance in sand-
drain installations. Disturbance due to 
placing of the sand drains is another 
reality which has been passed over too 
lightly. The steel pipe mandrel used in 
placing the ver t ical sand drains at Norfolk 
was 14 inches in diameter and, in a depth 
of 60 feet, involves a volume displacement 
of approximately 2.5 cu. yd. Years of 
pile dr iving experience has shown that 
piles driven in soft, saturated clay soils 
result in practically complete volume dis
placement. Specifications f o r heave and 
alignments of a l l piles recognize the 
serious nature of this volume displace
ment. Occasional collapse and damage to 
steel shells of cast-in-place concrete 
piles furn ish fur ther evidence of this 
phenomenon. In the light of a l l this ac
cumulated experience, i t is something 
more than optimism not to recognize the 
probable damage to unsupported columns 
of sand without any structural continuity 
whatsoever. In the author's opinion, i t 
is extremely problematical that the ver t ical 
alignment of sand drains is sufficiently 
consistent to produce effective ver t ica l 
drainage aside f r o m a l l other questions 
raised as to their effectiveness. 

Another aspect of soil disturbance due 
to installation of the sand drains which 
does not have to be lef t to speculation is 
the loss of shearing resistance due to the 
remolding effect on flocculated clays of 
high sensitivity. This point was brought 
up in the original paper and also em
phasized by Palmer. The variation in 
shearing resistance before and after con
solidation clearly established the de t r i 
mental effects and more permanent char
acter of remolding under the soi l con
ditions at the Norfolk site. This led 
Palmer to place such soils in the classi
fication in which ver t ical sand drains 

would not be practical. He also adds peat 
to the soils not benefited by ver t ical sand 
drains which would appear to the author to 
leave only a restr icted range of rather ex
ceptional so i l conditions f o r their effective 
use. 

Palmer cites two sand drain projects 
in his discussion; the quay wal l at Mare 
Island, California and f i l l construction at 
Port Chicago, California, both in the San 
Francisco Bay area. By strange co
incidence, the author was asked to investi
gate both of these projects during the 
period in which he was stationed in this 
area while serving with the Navy, Both 
projects were in some diff icul ty and the 
assignment was to make an evaluation of 
them and submit any suggestions which re 
sulted to the off icer i n charge. 

It has always troubled the author to see 
Port Chicago included among the ex
amples of sand-drain installations which 
are presumably cited as successful ap
plications. ^ His evaluation of i t at the 
time of construction was not much d i f 
ferent f r o m that of the present Norfolk 
project, except that the f i l l displacements 
were not as extensive. No change in pro
cedure was suggested as the project was 
then nearing completion. As now re 
called, the author summarized this p r o j 
ect as an unsuccessful attempt to make 
the so i l behave in accordance wi th a theory 
which did not represent a realistic con
cept of soil behavior. The results of the 
study which Palmer made some years 
later is rather surprising confirmation 
of this previous evaluation. 

The quay wal l at Mare Island was only 
one of several perplexing problems in a 
di f f icul t area that was then under develop
ment. The author made no special study 
of i t , although i t was included under a sug
gested program of investigation which i n 
cluded undisturbed samples, shearing re 
sistance tests, and complete stability anal
yses. The author had no fur ther contact 
with these problems or knowledge of the 
quay wal l unti l the f ina l results were r e 
ported by Commander L . C. Coxe as part 
of the "Symposium on Lateral Earth Pres
sures on Flexible Retaining Walls" in the 
1949 Transactions of the American Society 
of C i v i l Engineers. The essential phases 
of this project may be summarized as f o l -

' "Vertical Sand Drains Speed Consolidation "( Soft Water-
Beanng Subsoil", Engineering Mews Record, 1941, Vol. 138 
p. 386. 
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lows: The quay wal l and dock f i r s t fa i led 
under a superimposed load which exceeded 
the supporting capacity of the underlying 
"plastic clay mud. " I t was then rebuilt 
with certain changes in design which i n 
cluded both an anchorage system and 
ver t ical sand drains. As described in the 
ar t ic le , "Concrete anchors supported by 
wood, ver t ical and batter piles and con
nected to the quay walls by steel t ie rods 
2 inches and 2. 5 inches in diameter were 
not included in the original design but were 
installed after fa i lure of the wal l . " Af te r 
the t ie rods were connected, there was 
s t i l l "appreciable movement" and sand 
drains were installed. The exact sequence 
of these several steps is not entirely clear 
and the "appreciable movement" was also 
influenced by the load of a s i n k i i ^ tug 
moored to the dock. 

At any rate after the installation of both 
anchorage system and sand drains was com
plete, the movement was reduced to a 
more-acceptable magnitude. Data given 
in the paper up to 1946 indicate a maximum 
of additional ver t ical settlement of 0.43 
feet or about 5 inches in 42 months p r i o r to 
that date. Graphs indicate a continued 
progressive settlement at some points of 
approximately a uniform rate of 1. 5 inches 
per year. There are several interesting 
statements in this connection which deserve 
special attention and may be quoted as 
follows: 

The action of the sand drams and surcharge 
was very effective although no actual data as to 
the reduction in pore pressures are available. 
This method of stabilization combined with the 
anchored tie rods completely checked any fur
ther motion of the quay wall and effective sta
bilization was realized In December 1942, ap
proximately two months after the sand drain 
installation was completed. 

The statement that the movement of the 
quay wal l was "completely checked" is not 
borne out by subsequent data taken up 
unti l 1946 and noted in the previous par
agraph. That the relative improvement 
was due to reduction in so-called pore 
pressure was an assumption unsupported 
by factual data. Without going into the 
hypothetical ramifications of pore pres
sure, i t might have been just as reason
able to suppose that the anchorage system 
that was added was the more responsible 
factor i n the reduction in movement of the 
wal l . 

In the paper presented by the author. 

the statement was made with respect to 
sand drains "that the claims of success
f u l application are seldom supported by 
more than f r ^ m e n t a r y and inconclusive 
evidence." Af te r careful consideration of 
the description of the Mare Island quay 
wal l , i t would seem that i t might serve as 
a f a i r example of the fragmentary and i n 
conclusive evidence re fe r red to and in the 
author's opinion, this would be a very 
generous evaluation of that project. 

Aside f r o m these areas of substantial 
agreement, there are several points brought 
up by Palmer which require either f u r 
ther c lar i f icat ion or represent points of 
some difference. Understanding that the 
pr imary purpose of ver t ica l sand drains 
is to permit the gradual consolidation of 
soft unstable so i l deposits without d i s 
placement, i t would seem that placing of 
the surcharge f i l l f i r s t would defeat the 
declared purpose of the sand drains. If as 
stated in the discussion the displacement 
under the surcharge f i l l was "allowed to 
reach equi l ib r ium," there would no longer 
be any point in having the ver t ical sand 
drains. In connection with this same dis
cussion, i t would appear to the author that 
Palmer does not clearly differentiate be
tween "p l ac i i ^ the excess f i l l to drive the 
water out of the mud" which is consolida
tion and allowing the mud waves to reach 
an equil ibrium which is clearly a function 
of shearing displacement. 

In the original paper, the author de f i 
nitely questioned the validity of the theory 
of consolidation and would continue to hold 
that viewpoint. Actually, the difference 
in viewpoint is not too great when Palmer 
says, "Basically, the theory of consolida
tion is probably sound" and the author 
would say, "Basically, the theory of con
solidation is probably not sound." Both 
positions leave room f o r an adjustment of 
ideas as additional evidence is presented. 
In supporting the negative position, the 
author would f a l l back on the definition of 
theory as a description of the results of ob
servation and experiment and the conten
tion that when theory andpractice disagree, 
the theory must give way. I t is certainly 
in this area that the theory is being ques
tioned and the experimental data presented 
in the original paper are capable of stand
ing on their own feet. 

In the closing part of his discussion. 
Palmer brings up the important subject of 
adsorbed water and the conditions and 
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forces involved in its removal f r o m the 
soi l . His differentiation between f ree and 
adsorbed water by evaporation at the b o i l 
ing point would seem to be an over-s im
plif icat ion not liable to c la r i fy the con
fusion and misconceptions which may arise 
in a discussion of these phenomena. The 
author, on the other hand, would regard 
a l l moisture in a soft, saturated clay as 
being adsorbed to a varying degree, de
pending upon the magnitude of the forces 
of molecular attraction with which i t is 
held. Much of the water in such physical 
combination, sometimes called the water of 
placticity, may be subject to evaporation at 
the boiling point of water. The most-
closely held water sometimes considered 
as chemically combined would be f a r be
yond the effects of ordinary physical pres
sure and temperature less than the boiling 

point of water. 
In the original paper, the attempt was 

made to be quite specific on the probable 
range of consolidation effects involving ap
plied pressure and its relation to shearing 
resistance which controls mass displace
ment. The only amplification of the view 
presented which appears to be required at 
this point is to acknowledge that pressure 
concentration which may be applied within 
the l i m i t of shearing displacement does 
represent a range of actual consolidation 
which might be achieved under practical 
conditions. To the author, this represents 
the only range within which the consoli
dation theory may be considered val id. 
It is f e l t that within this range, consolida
tion is too long and too l i t t l e to be of more 
than negligible value under practical con
ditions in the types of soil under discussion. 


