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Abstract
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While the Charles Hayden Memorial Library was under con-
struction in 1948, thirty two settlement observation points
were placed throughout the basement, and ten piezometers were
installed in the foundation clay stratum. The primary objec-
tive of this investigation is to correlate observed settle-
ment and pore water pressure data with results of laboratory
consolidation tests and existing theories for computing set-
tlements and foundation stresses.

Since the plezometer installatlon is the first of its
type In the foundation soil of a buillding, emphasis is given
to the use of pore pressure data for determining the stress-
strain time properties of the clay stratum during loading.

A viscous flow consolidation analogy model has been used to
study the speed at which the settlement and pore pressure
dissipation have occurred. Results of this investigation
show that the compressibility of the Library foundation clay
is one fifth to one tenth that which would be estimated from
consolidation tests on small samples. Consolidation of the
clay stratum and hence settlement of the bullding have pro-
gressed fifteen to eighteen times as fast as laboratory tests
would indicate. These discrepancies are largely due to the
Library's small net load, to radial flow of water in the clay
gtratum, and to misinterpretation of consolidation test data.
The importance of the net building load and a comparison be-
tween the Library settlement and that of the main M.I.T.
buildings are discussed in some dGetail,

A second part of this investigation describes the re-
sults of a unique group of laboratory consolidation tests on
large and small clay samples with pore water pressures meas-
urecd at the center of the specimen during the test. Results
of these tests on undlisturbed Boston blue clay, have thrown
new light on present consolidatiocn theories. In addition
they have shown that the true coefiicient of consolidation
generally lies midway between values given by the log time
and square root of time fitting methods. A part of the dis-
crepancy between the two fitting methods has been found to
be a result of sidewall friction.

It was concluded that the settlement and pore pressure
predictions based on theory are very undependable when the
net pressure increase is as small as occurred in the case
studied; a heavier building might have shown an action in
better agreement with theory and permitted more definite con-
clusions,
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I
INTRODUCTION

An Important phase of the foundation investigation
for any large building is a settlement analysis, which is
based on bullding loads and characteristiecs of the founda-
tion soil. Before the final selection of a substructure
is made the amount and rate of settlement for preliminary
designs should be estimated. In order to estimate the set-
tlement of a building founded above a thick stratum of clay,
for example, data are required from laboratory tests on
undisturbed samples of the clay. A common procedure is to
place a small sample in a eylindrical container and apply
increments of load, recording for each increment the amount
of compression and the time rate at which it occurs. The
degree to which this test approximates the mechanical prop-
erties of the ciay in the field is probably the most impor-
tant single conslderation in any settlement analysis.

To ascertain the validity of laboratory data in rep-
resenting field performance and to check existing methods
for computing settlements, observation points are occasion-
ally placed throughout the building for periodic settlement
readings. Although such observations have given valuable
data, a great many factors still cannot be explained by

present theories and hypotheses.



When construction was started at the Charles Hayden
Memorial Library at M.I.T., 32 ssttlement observation
points were placed in the basement of the building. In ad-
dition, 10 water pressure measuring devices (piezometers)
were Iinstalled in the GO0-foot-thick layer of Boston blue
clay which underlies the structure. The purpose of this
installation, the first of its type in the foundation soil
of a building, i1s to record the water pressure variation in
the clay during and following the construction of the build-
ing.

According to a comnonly accented theory developed by
K. Terzaghi(lé)*, the water in the volds of the foundation
clay initially carries the total weight of the building.
Plezometers in the clay should show this phenomenon by re-
cording an increase in water pressures as the building is
constructed, This excess pressure gradually dissipates as
water flows from the volds of the clay, allowing the build-
ing to settle, According to the Terzaghi theory this dis-
slpation and settlement follow certain time laws which de-
peid on the physical and mechanical properties of the clay.
These properties, in turn, can be predicted from consolida-
tion tests.

(12)

A more recent theory s developed by D, W, Taylor

and called Theory B, accounts for certain variables not

* Numbers in parentheses refer to the Bibliography in Ap-
pendlix I.



considered in the Terzaghi theory. The possibility of a

part of the building load being transferred directly to the
intergranular structure of the s0il mass without causing an
inerease in the pore water pressure 1s recognized. In addi-
tion, the theory accounts for plastic resistances during con-
solidation.

The primary purpose of this investigation is to corre-
late the piezometer readings and the settlement observations
at the Hayden Library with data obtained from consolidation
tests and with existing theories and hypotheses for predict-
ing settlements and pore water pressures.

In the past the Terzaghl consolidation theory has been
used almost exclusively to interpret and apply results of
laboratory consolidation tests. When the pliezometer installa-
tion at the Hayden Library was planned it was hoped that the
record of pore water pressures in the clay during and after
construetion would give an indication of the validity of
Theory B. Unfortunately the installation was not as ideal

as expected, for the following reasons:

1, It was not possible to iInstall the piezometers
until the foundation for the building had been completed.
Therefore, initlal water pressures in the clay and the vari-
ation in pressure throughout the excavation and early load-
ing period are not known. Since the stress release due to

excavation occurred rapidly and its magnitude is easily



estimated, this period would have been ideal to estimate the
proportion of the stress release initially registered by the

pore water in the foundation clay.

2. Because of changes in the original Library design
and the small magnitude of the present book load, the net
load (building load minus load release due to excavation) is
very nearly zero throughout the clay. For this reason, at
least in part, a majority of thelsettlement and pore pressure
dissipation occurred during the relatively slow construction
of the building. If any of the load was initisally carri ed by
the intergranular structure of the clay, it was masked by
the speed at which consolidation took place., Finally, after
the plezometers were installed no load of appreciable magni-
tude was applied suddenly enough to give a measurable sudden

increase in pore water pressure.

Even though there may be bonds and plastic resistances
not considered in the Terzaghi theory, it 1is impossible to
evaluate their magnitude from piezometer and settlement data
at the Library. Thus, Theory B will not be presented in de-
tail in this investigation but qualitative effects of the
factors which i1t recognizes will be mentioned.

The availability of pore pressure data makes this
investigation unique among those correlating laboratory

data and field data for a building foundation. Because of



this, considerable weight will be given to the value and use
of pilezometer readings in estimating field compressibility
and consolidation characteristics. These characteristics
will be compéred with results of laboratory consolidation
tests on samples of the undisturbed foundation clay.

The four distinet types of data which have been gath-
ered In this investligatlon are discussed in Chapters II
through V. In Chapter II the physical and mechanical char-
acteristies of the clay are presented. These are determined
from exploratory borings and from laboratory consolidation
tests on undisturbed samples. Data on the sequence of con-
struction activities and records of the magnitude of build-
ing loads and their distribution are given in Chapter III.
Chapter IV is a resumé of the procedure for taking settle-
ment observations and a presentation of the Library settle-
ment data. The plezometer readings and installation proce-~
dure are discussed in Chapter V. (Considerable emphasis 1is
given to this chapter since the piezometer installatlon is
of primary importance in this investigation. VI and VII are
devoted to a review of the standard settlement analysis
procedure and a fairly thorough presentation of the many
important variables affecting the settlement analysis, in
particular as they may affect the Library correlations which

follow in VIII and IX.



Chapter VIII is an analysls of the magnitude of the
Library settlement and a determination of the compressibil-
ity characteristics of the clay. Chapter IX deals specif-
ically with a correlation of the time-settlement character-
istics with other Library data and a determination of the
consolidation properties of the foundation soil using
piezometer data.

These chapters comprise Part I of this thesis.

During the course of this Investigation there was
considerable question regarding the small magnitude of the
pore pressures at the Hayden Library., The plezometers re-
corded a maximum excess pressure head of about 2 feet while
the average building load ap»lied to the top of the clay
during the same period was about 0.35 tons per square foot
which corresponds to over 11 feet of head.

For some time 1t was thought that intergranular
bonds recognized in Theory B were accounting for a large
portion of the buillding load. Because of this, the writer
undertook a program of laboratory consclidation tests with
attending pore pressure measurements in order to develop a
further understanding of bond phenomena in undlsturbed soil.
Up until this time pore pressure research reported by D. W,

Taylor(lz) and others(IB)(lu) had been conducted primarily

on remolded soil.



It became apparent, however, that the small plezom-
eter readings at the Library were caused by rapid consoli-
dation rather than by bond phenomena. Therefore the objec~
tives of this special research were altered somewhat to a
study of the coefficient of consolidation utilizing pore
pressure data,

Part II of this thesis is a presentation iIn some de-
tall of the apparatus and techniques developed for obtain-
ing pore pressures during cohsolidation. (They differ from
those used in previous research.,) In addition, preliminary
results and observations are given for a group of 6 tests
with pore pressure measurements taken at the middle of the
sample. Three of these tests were run on samples 9,55
inches in dliameter and three are on standard size speci-
mens lj. 25 inches in diemeter. These preliminary tests did
not show the pronounced structural plastie resistance to
compression that Professor Taylor found in remolded clay.
Nevertheless, sore bond did exist in certain loading incre-
ments.

Although the results of these tests are not used
quantitatively in the analysls of Part I, they are pre-
sented with the hope that they will stimulate further
interest in pore pressure research, directed especlally
toward a study of bond and plastic phenomena in undis-

turbed clay.



PART I

ANALYSIS OF PIEZOMETER READINGS AND SETTLEMENTS

II
FOUNDATION EXPLORATION, SAMPLING AND TESTING PROGRAM

The foundation exploration, sampling and testing
investigation for the Hayden Library was carried out during
the spring and summer of 1946. A summery of the results of

this program is given in a report by W. Enkeboll(l).

A. EXPLORATION AND SAMPLING: Numerous "dry sample" bor-

ings were made by B, F, Smith & Company, Inc. of Boston

and by the Gow Division of the Raymond Concrete Pile Com-
pany of Boston. The boring logs and geologic sections are
given on Hayden Library blueprints 1203-F-1 to 1203-F=l in-
clusive,

In addition to the "dry sample" borings, one three-
ineh diameter undisturbed boring, called boring No. 11, was
made by the Gow Company in May, 19&6 using the fixed piston
type sampler designed by M. J. Hvorslev and described in
Reference (2). Samples from this boring were used for the
laboratory testing program. The foundation plan of Figure
1¥ indicates the location of boring No. 11 in relation to

the library proper and the piezometers.,

#% All figures and tables are presented consecutively at
the end of this thesis.



The geologie section in Figure 2 has been prepared
to show the average conditions revealed by the boring data.
Borings indicated fairly similar soll profiles above the
¢lay but there was considerable variation below the clay.
Most of the borings showed soft clay to a depth of about
125 feet, Figure 2, with either hard clay sand and gravel,
hardpan, or rock indicated at this depth. However, the
undisturbed boring log, Flgure 3, shows soft clay to a
depth of 108 feet. It is important to note at this time
that the deepest piezometers (depth approximately 125
feet) do not indicate a completely free drainage surface
at this elevation. The pilezometer curves described in V
show a small response at this level to applied building
loads. Nevertheless, in this Investigation the blue clay
will be considered to have free drainage at its top and
bottom surfaces and 1ts depth will be assumed equal to 90
feot.

B, TESTS ON UNDISTURBED SAMPLES:

General: W. Enkeboll(l) described the quality of the
undisturbed samples as good with the exception of one
sample which was disturbed, when the sampler struck a
rock., It is the writer's impression that the soil tests
were carried out with unusual care and that the results

are for the most part very good.
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A summary of the clay properties as determined by

Enkeboll from boring No. 1l is reproduced in Figure 3.

Consolidation Tests: Twelve consolidation tests were

fun on samples from boring No. 1ll. These tests were per-
formed on specimens 2.75 inches in diameter and 0.85 inches
thick using standard loading procedure, Reference (2), of
doubling the previous load at 2li-hour intervals. Figures
ba, 4b and lic are reproductions of Enkeboll's void ratio

vs pressure (log scale) curves computed from the consoli-
dation test data. The results of test 11-5-46,6 will not
be used since the sample was considerably disturbed.

Table I has been prepared to show a summary of the
most important consolidation data which include the initial
void ratio, maximum past pressure, coefficient of consoli=-
dation and compression index. Notes at the bottom of the
table explain the notation used. Further explanation is
given in VI.

A study of the summary table shows that the clay
stratum may be convenliently divided into two layers called
the "upper foundation clay" and the "lower foundation
clay.”" The shaded areas of Figure 5 indicate the range of
the coefficient of consolidation and compression index
values as a function of pressure for these two layers.

These values are typical for Boston blue clay.



Curve 1 of Figure 6 shows an estimate of the present
overburden intergranular pressure as a function of depth.
Curve 2 is the maximum past pressure determined from con-
solidation tests using the Casagrande graephical construc-

(3)

tion and curve 3 is an estimate of the actusl preconsol-
idaticn pressure, The latter curve is based on the follow-
ing reasoning, If curve 2 were extrapolated to the bottom
of the clay i1t weculd indicate a preconsolidation pressure
nearly 1 ton per sq ft lower than the overburden pressure,
curve 1. The most probable explanation for this phenomenon
would be the exlistence of artesian pressures at the bottom
of the clay. This hypothesis has, as a matter of fact,
been proposed ia several cases where similar phenomena have
been found., However, in this case, piezometers at the bot-
tom of the clay show that the pressure there 1is actually
somewhat less than hydrostatic. J. PF. Gould(h) found simi~-
lar conditions at the Logan airport. In this case then the
only explanation is that the graphical construction has
given values of maximum past pressure which are too small,
A minimum value at the bottom of the clay then is renre-
sented by the overburden pressure at that point. HFrom
this point curve 3 has been drawn whose abscissas are ap-
proximately 1 ton per sq f't greater than those of curve 2.
The stiff upper foundation clay is generally be-

lieved to be a result of surface drying thousands of years

11



(5)

ago when the clay was above water. 1I. B. Crosby states
that "most, if not all, of the clay (Boston 3asin) wag de-
posited at the close of this glaciation (the last one)."
"At the time of the ice retreat the sea stood a little
higher than at preseant, and then the land rose until sea
- level was at least 70 feet lower than at present. During
this period of lower sea level the clay was eroded and wea-
thered and peat was formed in places. Then the sea level
rose, and silt was deposited upon the clay and peat."

Evidence to support the erosion and surface drying
as described by Crosby are the gullies, some of which are
50 feet deep, and the fact that the stiff upper clay is
often yellow., "The lowest known elevation of the yellow
clay, 62 feet below low tide, is in Hverett (Mass.) and
here the yellow clay has been reported as 50 feet thick."

Accompanying the capillary pressures at the surface
of the clay during drying 1s a consolidation pressure which
may be many tons per sq ft. The adjusted maximum past
pressure line of Figure 6 then is further evidence of the
effect of surface drying in the Boston Basin area, It ap-
pears that the effects of surface drying following the
glacial retreat extend nearly to the bottom of the clay in
the M.I.T. area.

An important contribution of the consolidation test

data then is to point out that the clay stratum is in a

12



state of varying precompression in which case the field
consolidation follows a recompression curve which involves
considerably smaller settlements than if no precompression

existed.

13



1

ITI
LIBRARY CONSTRUCTION AND LOADING DATA

A. GENERAL DESCRIPTION OF LIBRARY: The Charles Hayden

Memorial Library is a steel frame building supported for
the most part by concrete calssons (see Figure 2) which
transmit the load to the coarse sand and gravel stratum
overlying the Boston blue clay. Creosoted wood piles,
driven to the coarse sand, support the exterior stairways,
terrace and passageway to Building 2.

Except for a heavy reinforced conerete slab, 3 1/2
feet thiek, 26 1/2 feet wide and extending the length of
the building as shown in Figure 1, the basement floor con-~
gsists of a §9 or 10~inch reinforced slab which transfers
its loads to the caissons by reinforced concrete beams,
Superstructure loads are carried by steel columms directly
to the tops of the calssons except In the heavy slab area
where each column load is distributed to several calssons.

The Library above the basement level may be conven=-
lently divided into 5 areas as shown in Figure 8. As far
as load is concerned the bullding is essentially U-shaped,
the heaviest areas being the north, east and south wings
which have 3 or li floors.

Voorhees, Walker, Foley and Smith of New York,

architects and engineers for the Library, designed its
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superstructure as lightweight as possible, Most'of the
stesl framing is covered with vermiculite plaster while
lightweight concrete (105 pounds per cu.ft.) was used for
the floor slabs above the basement. A majority of the in-
terior partitions were buillt of cinder block.

Moran, Proctor, Freeman and Mueser of New York acted
as consulting foundations engineers for the Library, and
Thompson-Starrett Company, Inc. was awarded the construe-

tion contract.

B, CONSTRUCTION SCHEDULE: Excavation for the library

started April 7, 1948. This date will be referred to as
the start of construction and most of the time curves in
this Investigation will use the abscissa "days since the
start of construection."

Before the calssons were constructed the excavation
was surrounded by well points which lowered the water
table 26 feet to the coarse sand and gravel. The well
points were functioning for about L months. Construction
progressed rapidly from the time steel was erected in
November and December 1948 to the summer of 1949 when of-
fices in the north wing were occupied, The English and
History Library moved in during November 1949 while books
in the basement and Dewey Library were brought in the

latter part of January and the first of February, 1950.
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Figure 7 has been prepared to show a summary of the
construction schedule of the Hayden Library. The majority
of the information used for this plot has been taken from
H. de R. Gibbons'(®) "The Losds Effective in Causing Con-
solidation at the Hayden Library." For the ordinate the
writer has used the average net intensity of load over the
area of the Library basement'projected to the elevation of
the top of the sand. This elevation was selected since
all bullding loads are applied at this level by the cais-
sons. The pressure release due to excavation 1s the aver-
age release over the building area projected to the top of
the sand. For this release and for the Increase in pres-
sure intensity causing consolidation due to the drawdown,
there are effective loads outside the projected area |
which must be considered when estimating the stress change
at a given point in the clay stratum. Figure 7 shows that
the average net Intensity of load at the top of the clay
for the present building is slightly above zero.

The progress photographs in Appendix II are in-
cluded so the reader may more readily visualize the build-

ing layout and construction progress.

C. LOADS: Careful records of the building loads were kept
by Gibbons(é) through April, 1949. From that date to the

present, T. Jordan of the Department of Bulldings and Power
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at M,I.T. has kindly supplied the writer with data he has
not kept himself,

Figure 8 shows the caisson plan and numbering sys-
tem, Beslde each caisson are two numbers - the first is
the calsson design load used by the foundation engineers,
Moran, Proctor, Freeman and Musser (from blueprint
1203-F=-5, revision 7). The second is an estimate of the
existing total dead and live load as of April 1, 1951,
This estimate is based on design dead column loads used by
Seelye, Stevenson and Value, consulting structural engi-
neers (blueprint 1203-32, revision 12) except in the court
area where actual dead loads were computed. Design loads
call for future expansion in the court area., To the dead
colum load the weight of basement slabs, basement walls
and other details not included in the Seelye, Stevenson
and Value figures has been added, To obtain total loads,
existing live loads (books primarily) were added to the
dead loads. A more detailed discussion of the load analy-

(7)

sis is presented by C. H. Spaulding who worked inde-
pendently of the writer but used essentially the same pro-
cedure.

Appendix III givesall pertinent data for each cais-
son including bell diameter, thieckness of sand, and design

and present loads.
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SETTLEMENT OBSERVATIONS

A. LOCATION AND DESCRIPTION OF OBSERVATION POINTS: During

the early stages of construction on the Charles Hayden Memo-
rial Library, 32 settlement observation points were placed
throughout the basement of the building., Figure 9 shows the
location plan of the observation points and a detail of
thelr construction. Pointé on the interior columns are 3/h"
d bolts which have been welded to the flange of the steel
column. On the exterior walls or pilasters the bolts were
cast Into the reinforced concrete. In general the face of
the bolt is flush with the face of the finished columm or
wall,

A 1/8" ¢ hole has been drillecd in the center of the
bolt into which a brass pin is inserted. All slevations of
settlement observation points refer to the elevation of the
top of the brass pin at a point along the pin either on line
with the face of the column or wall, or at the face of the
bolt, whichever sticks out further.

Two bolts were’welded to each of the 9 interior
colums selected for observation points (Hayden Library blue-
print 1203-F-1l;). Settlement readings were taken on both
bolts until eonstruction of partitions rendered many bolts

inaccessible. At the present time readings are taken only



on the more accessible point of each column. The table of
Figure § indieates which of these two points has been used
for the settlement data described later.

In order to obtain settlement readings as soon as
possible, temporary reference points, in the form of inden-
tations made with a center punch near the edge of the bolt
face, were established before the 1/8" holes were drilled.
After the holes were drilled the elevations of the tempo-
rary points were tled in with those of the tops of their
corresponding pins. Elevations of the tops of the pins
were then backfigured and recorded as if the pins had been

used from the start.

B, MEASUREMENT OF SETTLEMENTS:

General: The first set of readings on the temporary
settlement points was made on December li, 1948. At this
time most of the structural steel was at the site and about
half of it had been erected. An engineer's level was used,
first to carry elevations into the basement of the bullding
and then to establish elevations of the center-punch inden-
tations. Beginning with the March 17, 1950 readings the
aqualevel, which is described in a later section, has been
used to determine the difference in elevation of the tops
of the pins once the correct elevation of one pin has been

established with the level.
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Methods and Techniquesa: USCGS elevations are carried

from the M.I.T. Benchmark (El., 49,551 ft.) between Building
1l and Memorial Drive to a temporary benchmark which has
been established near the Library at Building 2, From this
temporary benchmark, elevations are carried into the base-
ment of the Library using the doorway and staircase near
the exhibition room in the west wing. Backsights and fore-
sights were estimated to the nearest 0.001 foot on a rod
graduated to 0,01 foot and reruns were made until eleva-
tions were checked to within 0.002 or 0.003 feet.

To obtain the elevation of the center-punch indenta-
tion on the bolt face a special rod was bullt as shown in
Figure 10a. When taking a reading the rod was plumbed by
eye with the point of the pin in the center-punch hole.
This rod was not satisfactory, however, because extremely
large errors resulted when the rod was tilted only slightly.
As a result it was necessary to take several readings in
order to obtain a satisfactory elevation,

Another special rod, Figure 10b, was built early in
1949 to be used with the engineer's level to obtain the
elevation of the brass pin., This rod gave more satisfac-
tory readings than did the previous one since it was easler

to read and could be plumbed easily against the face of the

column or wall,
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The present procedure used to obtain a set of settle=-
ment readings involves first rechecking the elevation of the
temporary benchmark at Building 2 using an engineer's level
and a Boston rod with target and level bubble, After this
elevation has been established to within 0,002 feet, eleva-
tions are carried to settlement point 12 using the level and
Boston rod. For the final foresight to point 12 the tri=-
angular rod of Figure 1l0b is used, The difference in eleva=-
tion between this point and the remaining settlement points
in the basement of the Library 1is determined by means of the

aqualevel.

The Aqualevel: In the latter stages of construction

it became exceptlonally tedlous to obtain settlement read-
ings using the engineer's level because of obstructions in
the Library basement. In addition, it became evident that
more precise observations were desirable., For these rea-
sons, a precision water level device, which the writer calls
an aqualevel, was built in February, 1950. The agualevel,
built by C. M. Stahle of the M.I.T. Soils Laboratory, is
based on a design originally presented by K. Terzaghi<8).

It is a differential leveling device based on the fundamental
principle of the tendency of connected bodies of water to
seek the same elevation.

One unit of the aqualevel, Figure 11, 1s hung on the

pin at one observation point; the other, which is connected



to the first by a length of heavy rubber tubing, is hung on
an adjacent point. After the two valves shown in the figure
are opened, each unit is leveled by means of a small circu-
lar level bubble and several minutes are allowed for adjust-
ment to be reached., A pointed brass rack which is attached
to a vernier is brought into contact with the water surface.
The rack is raised and lowered by a small pinion gear which
is turned by a thumbscrew. Contact with the water surface
is noted easlly when a meniscus forms suddenly on the point
of the brass rack. HReadings at both units are taken to the
nearsst 0,01 inches and the difference computed. The units
are then reversed and a second difference is determined.

An average of the two differences indlcates 'he true differ-
ence in elevation between the gsettlement points. The writer
has had no difficulty In closing a circuit of 6 or 8 settle-
ment points to within 0,02 inches.

A noted earlier, each unit of the aqualevel is pro-
vided with a circular level bubble to assure the operator
that the unit is truly vertical. A thumbscrew immedilately
above the level bubble is used to level the Instrument In a
vertical plane perpendicular to the column or wall, At
several observation points the leveling device cannot be
hung from the pin becavse of obstructions in which case the
agqualevel may be mounted above the pin by using the knife-

edge and thumbscrew provided at the bottom of the unit.

22



23

C. SETTLEMENT RTADINGS: Settlement observations were taken

frequently during the early stages of construction in order
to obtain enough points to define the settlement curves
which were changing rapidly. In addition, the accuracy of
the initial readings was low for reasons already discussed.
A summary of the settlement readings which are based
on the USCGS elevation of the M,I.T. Benchmark of +9,551 feet
is given in Appendix IV. Contours of the Library settlement
to date are shown in Figure 12. These contours are based on
settlements determined by drawing a smooth line through the
time~-settlement curve of each observation point. The ini-
tial elevation of the points has been estimated by extrap-

clating the smooth curve back to December 1, 1GL8,
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PIEZOMETER INSTALLATION AND READINGS

A. INTRODUCTION:

General Background: It is common for settlement ob-

servation points to be placed in a building for the purpose
of checking predicted settlements., Many papers have been
written on such installations and vast amounts of valuable
date have been collected and analyzed. On the other hand,
the writer believes that the piezometer (water pressure
measuring device) installation at the Hayden Library is the
first of 1its type in a burlied clay stratum below a bullding.

The value of water pressure measurements in earth
materials has been recognized for many years and installa-~
tions in earth dams and below masonry dams are not uncom-
mon. A. Casagrande(g) and J, P. Gould(h) write about an
installation at the Logan International Airport in Boston
where a wide area of clay fill was iInvolved.

Knowing surfsce load intensities, which may be
caused by bullding loads, and using any of several load
distribution theories the s0ils engineer is able to esti-
mate the vertical stress intensity at any point in the
foundation soil below a building. On the basis of the
comnonly accepted Terzaghi theory of consolidation for

fine grained cohesive soils, the water in the voids of



the c¢lay initially carries the stress increment caused by
the builéing loads., In other words, the pressure in the
pore water at a given point in the clay is expected to in-
crease an amount equal to the stress increment for that
point., As consolidation of the clay takes place and the
building settles, this excess water pressure dissipates as
water flows both vertlcally to drainage surfaces, and hor-
izontally to cause a swell in the c¢lay surrounding that
immediately below the building. The rate at which this ex-
cess pressure dissipates depends on properties of the soil,
notably the thickness and 1ts coefficient of consolidation.
To date no check has been made on the magnitude of
this excess pressure caused by building loads and the rate
at which it dissipates. For this purpcse then, ten plezom-
eters in two groups of five were installed at the Charles

Hayden Memorial Library in October of 1948.

Description of Piezometer: The piezometer used for

this installation is a non-metallic type developed by A.
Casagrande(g). It consists of a 1 1/2 inch diameter Norton
porous stone ecylinder, 2 feet long with a 1/ inch wall,
surrounded by a pocket of sand and connected to a 1/2 inch
diameter Saran tube standpipe which extends to the base-
ment of the Library. Figure 13 shows a section through

the piezometer assembly drawn to a greatly exaggerated
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horizontal scale. As shown in the figure the porous stone
cylinder, caelled the porous point, 1is effectively sealed
off from water inside the steel casing by layers of benton-
ite which have been compacted above the porous point be-
tween the Saran tube and casing.

Readings of the elevation of the water surface in
the Saran tube gstandplpe are taken by means of an elec-
trical sounding device. The water pressure at the piezom-
eter location 1s given then by the vertical distance be-
tween the water surface in the standpipe and the mean ele-

vation of the sand pocket.

Location of Piezometers: Figure 1 shows the location

in plan of both groups of piezometers with respect to the
Library as a whole. Figure 1l gives the numbering system
adopted and a more detailed location of each piezometer,
and Table II shows a summary table of elevations of the
important components of each plezometer. Plezometers A-l
and B-l are located in the coarse sand above the clay
while A=-5 anc B-5 were placed as deep as possible, presum-
ably at the bottom of the clay. Figure 1l and Table II do
not agree with Hayden Library blueprint 1203-F-1l since
the drawing was not revised to show the existing location

and numbering of the piezometers.
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B. PIEZOMETER INSTALLATION:

v

General Information: Ten pilezometers were installed

at the Hayden Library during October of 1948 by the Boston
Gow Division of the Raymond Concrete Pile Company of New
York, Funds for the installation were made available by
M.I.T. at the request of D. W. Taylor and with the cooper-
ation of W. H. Mueser of the firm, Moran, Proctor, Freeman
and Mueser, Consulting Engineers. The writer supervised
the installation and personally assisted the placing of

each of the 10 porous points.

Installation Procedure: A complete description of

the pilezometer and installation procedure is given in Ap-
pendix V. This appendix, based primarily on the Iinstalla-
tion procedure presented by A. Casagrande(g), incorporates
the writer's experience gained from installing piezometers
at the Hayden Library and helping plan an installation at
the Union Falls Dam in Maine.

Hayden Library blueprint 1203-F-1l gives an ab-
stract of the original installation specifications. As
noted earlier the drawing does not show the correct loca-
tion and numbering of the plezometers. Figure 1l and
Table II should be referred to for these data.

The deepest piezometer, number 5 of each group,
was installed first, followed by the next to deepest and

so on up to number 1, which is located in the coarse sand
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above the clay. Since the piezometers in each group are
fairly close together this sequence was followed in order
that porous points already installed would not be damaged
by subsequent borings. In addition to this precaution sach
casing was driven with a slight batter away from the group
as a whole in an effort to avoid striking casings already
in place. Furthermore this scheme tends to remove the por-
ous point assembly from the viecinity of soil disturbed by
casings passing near it.,

In general the installation procedure outlined in
Appendix V was followed with these exceptions. According
to the boring foreman, the casing for piezometer B-2
struck one of the other casings during driving. Since the
casing had not been driven as deep as planned, a 3 1/2-
foot sand pocket iInstead of § feet was used to keep the
mean elevation of the piezometer as deep as possible.

This piezometer is somewhat less sensitive to pore pres-
sure changes than the average (see Figure 18b) but its
normal functioning should not be impasired, One bentonite
seal of at least 6 inches in length was placed alternately
witk sand between each coupling of the casing from the
plezometer location to approximately elevation -10., This
continuous seal was thought to be desirable because of the
possibility of water leaking from the casing and affecting

readings of a piezometer nearby.
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Shortly after Group B plezometers were installed a
temporary shelter was constructed around the group to pro-
tect it from inquisitive workmen, moving equipment, falling
rivets and other hazards of construction. Figure 15 shows
a photograph of Group B piezometers and the shelter before
the door and roof were constructed., This temporary shelter
gserved until a permanent enclosure of cinder block was
built. No shelter was provided for Group A piezometers

since they are more or less 1solated.

Cost of the Installation: The following statement is

a breakdown of the total cost of the piezometer installa-
tion., It is based on the ststements in the Bursar'ts 0ffice
for Special Account No., 1007.2, and cost records at the De-

partment of Buildings and Power at M, I.T,

I. Expenses incurred by the 30il Mechanles Laboratory
for the construction of the plezometers and installa-

tion equipment:

COMPANY ITEM COST
KAUFMAN HARDWARE CO. 18 ft.#00 N.P.Chain, $ 1.43

2 1/8" Galvanized Thimbles
1 roll #19 Soft Iron Wire

NORTON CO. 10 Norton Porcus Tubes 32.97
1" x 24y, 1/4" wall

SIMPSCON, INC. 2 bags Pea Gravel . 90

BROWN WALES CO. 856 ft.0.5" 0.D.x0,062" 138.12

Saran Tubing



COMPANY

CENTRAL SCIENTIFIC CO.

AUSTIN-HASTINGS CO.
JOHN A.ROEBLING SONS
WESTON ELECTRICAL
INSTRUMENT CORP,
NATIONAL LEAD CO.
OTTAWA SILICA CO.
BOSTON INSULATEZED WIRE

& CABLE CO.

ITEM COST

1 #90250 Pump $ 11,70
10 ft.18202E Rubber Tub*ng
S ft. 18202D oon

1 pe.1 5/8" 0.T.x1/2" wall 7. 30
x 36" long Steel Tubing

150 ££.1/8" diam. 7x19 15.68
Preformed Galvanized Aircord

1 Model 56l Type 3C Volt- 29. 89
Ohmeter

13 1bs,12" x 2 1/2 Sheet 3,27
T.ead

3 bags Ottawa Sand 20-30, 15,00
c-190

300 ft.#22 B&S 7/30 Tinned 3.99
Copper Neoprene Wire

Misc, Supplies and Equipment  7.67
Express Charge 2.85

Labor for congtructing 12. 38
Tamping Hammer

Student labor for filling 51.00
Piezometer Casings with
Sand and Bentonite

TOTAL $334.15

ITI. Expenses incurred by Thompson Starrett Construction

Company in connection with the piezometsr installa-

tion:

A. Subcontract to Gow Division of the Raymond Con-

crete Pile Company for installing piezometers:

Labor for Installation $1162, 50
Insurance, Taxes, etc. 16. 72
Moving tools and squipment to

and from the site 0.72
2" I.D.Strong Pipe Casing L8, 71
Gas and 0il 13.13

Photostats

2,00 $1973.78
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B. Labor and material for installing L" pipe
sleeves through basement floor, construct-
ing temporary shelter for Group B, con-
structing permanent snclosure for Group B
and miscellaneous other labor and mate-

rial $ 1458, 22

TOTAL $2l132. 00

GRAND TOTAIL COST $2766.15

The writer believes that if the cost were to include
the numerous miscellansous items absorbed in the regular
S0il Mechanics Laboratory Account and in the general Thomp-
son Starrett construction costs, the total would be close
to $3000. However, the cost of duplicating such an installa-
tion may be two or more times this figure since it does not
include labor for construction of the porous points and engi-~

neering supervision during Installation.

C. PIEZOMETER READIVGS:

Method of Taking Readings: First piezometer readings

were taken near the end of October, about 220 days after

the start of construction., At this time nearly all of the
basement slab and walls had been poured (see Appendix II).
An electrical sounding device which i1s described in Appen-

dix V under "Equipment for Measuring the Water Level" has
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been used for nearly all observations made to date. B. D.

Zimmerman(lo)

mounted mercury manometers at Gproup B in the
spring of 1950 but difficulties in the form of air bubbles
as alr came out of solution (the water being in tension)
discouraged concentrated efforts to perfect the manometers.
It is possible to take readings with an accuracy of 0,02 *
feet with the sounding device but normally readings were
taken and recorded to the nearest 0,1 of a foot.

Figures 1ba and 16b represent a summary of all pie-
zometer elevations plotted agsinst time in days since the
start of construction. The writer's present impression of
the steady-state readings of the pilezometers in the clay
are shown by dotted lines, Piezometric curves as a func-
tion of depth, sometimes called isochrones, are given in
Figure 17 for 100=-day intervals., These curves ars plotted
from data taken from smooth curves drawn through the pie-

zometer readings of Figure 16.

General Discugssion of Readings: A quick glance at

piezometer curves A-5 and B-5 reveal two important items.
Even though the two piezometer readlngs have never been
more than two or three tenths of a foot apart at any one
time, it may be seen that there is not complete free drain-
age at these locations since the piezometers register a

pattern of water pressure change simllar to that of



plezometers in the clay. A possible explanation is that
the piezometers are located slightly above the true drain-
age surface at the bottom of the clay. On the other hand
there may actually be restricted drainage at the bottom of
the clay. Casings for both A~5 and B=-5 were driven to re-
fusal before the porous point was placed. In the case of
B~5 fine sand was recovered from the bottom of the casing
indicating at least a pocket of sand at this location. By
filling the piezometers with water it was.found that while
B=5 came back to adjustment within 5 minutes 1t required
nearly 12 hours for the excess water in A-5 to flow out.

A seconé item of importance in connsection with
curves A=-5 and B-5 is that they indicate that the total
head (pressure head plus elsvation head) at the bottom of
the clay is 1.5 to 2,0 feet less than the total head at
the drainage surface at the top of the clay. This condi-
tion, which may be thought of as a negative artesian con-
dition, indicates that under normal conditions there is a
steady seepage of water from the top of the clay to the
bottom. If the coefficient of permeability of the clsay
was constant with depth, the equilibrium readings of the
plezometers would lie on a sloping straight line connect-
ing the rsading at the top with that at the bottom in
Figure 17. Actually, however, the equilibrium curve ap-

pears to be located to the right of this line indicating
lower permeability at the bottom of the clay.

33



3k

The sudden irregularity in the readinss of A-1 and
B=1 at about 920 days (see Figure 16) is caused by pumping
from well points at the site of the new Sloan Laboratory
at the corner of Vassar Street and Massachusetts Avenue.
This building 1s approximately 1300 feet from the Library.
A second, more pronounced and prolonged dip at 970 days is
due to pumping from well points at the new John Thompson
Dorrance Laboratory located just 500 feet from the Library.
Studlies relating to this change in boundary condition are

presented in IX.

Sensitivity of Plezometers: A measure of the sensi-

tivity of the piezometers, or the speed at which trey will
record a sudden change in water prsssure, may be obtained
by filling the Saran tube standpipes and noting the time
required for this imposed excess head to be dissipated,

(11) gives the following formula for flow

M. J. Hvorslev
toward a cylindrical shaped well point in an isotrople

homogeneous soil mass of infinite dimensions:

2nLkh (A)

m[—%+ /1+ (%) ]

where
q = rate of flow (em®/sec.)
L = 1length of cylinder (cm)
k = coefficient of permeability (cm/sec)
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fl

h head {(ecm)

D diameter of porous point (em)

Hvorslev also gives the following expression for
the case when a well point is located through a thin perme-

able layer between impervious strata:

ZnLkhh
qQ T —mg—~ "~ T T T - - T ssss-- (B)
i ==
R
where
R = radius of the well point
RO = effective radius to source of supply

Because of continuity the rate of flow, q, as given

'd—E where

" by the above expressions must be equal to (— a dh
"a" is the area of the Saran tube standpipe and (- %%) is

the veloecity of fall at any time (the negative sign signi-

fies a decreasing head with inecreasing time).
Then for expression (A):
dh _ 2nLkh

-aa-— -
e
*‘/1 + (F) }
wiich has a solution:
h 1
= __8 _o L Ly oL . '
tl‘ankmhlm[D*‘/l*(D)t (A1)
-

where tl is the time required for the head to fall from ho

in

w/ [y

to hl'



Formula (B) has a solution:

- 8
tl mknﬁz knﬁlo-t ---------- (B1)

In both cases it may be seen that time tl is propor-

h
tional to in Hg for any given pilezometer, A plot of t vs
1

EQ (log scale) should therefore be a stralght line the slope
1

of which is a measure of the speed at which the piezometer
would record a sudden change in water pressure.

Figures 18a and 18b show plots of this type for the
6 piezometers in the clay. In all cases, with the exception
of pilezometer A-li, 95 per cent adjustment to an imposed head
which averaged 7 feet was reached within 48 hours. Even
though A-lj required a somewhat longer time to return to 1its
original level, the lags are very small compared to the
speed at which pore pressure changes take place in the clay.
It is felt therefore that time lags need not be studied
further insofar as they affect the dependability of the pie-
zometer readings.

Several other points in connection with the pilezom-
eter tests are of interest, however, First it may be seen
from Figure 18 that the curves are not straight lines as
formula (A') and (B') would lead one to expect. Even though
these expressions are admitiedly aprroximate the straight-

line relationship should hold regardless of the formula used
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if the coefficient of permeability remains constant during
the test. Perhaps the reason why ths curves are steeper
initially 1is because of partial saturation in the clay
surrounding the porous point. As the head decreases during
the test, any alir present will increase in volume, tend to
decrease the void area available for flow and hence de-
crease the permeability. In addition, the increase in
water pressure at the piezometer location caused by filling
the standpipe will immediately cause the clay near the por-
ous point to swell somewhat., As the head dissipates, swell
takes place progressively outward and reconsolidation
starts first near the porous space, then extends outward.
The formulae do not recognize any swelling or effects of
partial saturation.

The piezomebter tests show that longer times were re-
quired for adjustment to be reached in the 1950 tests than
in 1948. This may be due to a small amount of fine mate-
rial plugging the porous space as flow takes place back and
forth across the sand-clay interface, Pilezometer B-3 showed
the opposite trend, however, for which the writer has no log-
ical explanation.

The only case where the piezometer tests indicated
that the piczometers were not reading properly occurred at
B=3 on January 31, 1950. The level of the water after the

test was completed was 0.l feet higher than the initial



level., This prompted the writer to draw the water down

(approximately 2 feet) in B-2, B-3, and B-li to check the
elevatlion to which the water would rise. Results of these
tests are shown by dotted curves in Figure 18b, B-=3 rose
to the level it had fallen to in the piezometer test a few
days before.

Since the piezometers, with the exception of B=2,
have essentially the same length and diameter of sand at
the porous point, the slopes of the piezometer test curves
give an indication of the relative permeability of the
clay at the piezometer locations. Both piezometers near
the center of the clay show unusually rapid adjustment in-
dicating relatively high permeablility. The curves of Fig-
ure 17 tend to subgtantiate this fact since the total head
in most cases is fairly constant over a considerable depth
at the center of the c¢lay. Thig indicates small gradients
or high permeabilities.

An evaluation of the coefficient of permeability by
means of expressions (A') or (B') is indeed very crude.
(A') neglects the very important fact that the horlzontal
coefficient of permeability may be 10 to 100 times the
vertical. (B!') assumes that the vertical coefficient of
permeability is zero, which may be reasonable, but the un-
certainty involved in selecting RO makes results guestion-

able. J. P. Gould(u) used equation (A'!') assuming the k is
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the horizontal coefficient of permeabllity, kh’ of an anisgo-
tropic soil., If we make that assumption here and use dats

from the February 1, 1950 tests

i

k 57 x 1079 cm/sec for A=2

h
167 x 10”9 cm/sec for A-3

]

ky

The mean of these values 1s about cne-eighth the permeabil-
ity that Goulc¢ obtained at the Logan International Airport
where preconsolidation pressurcs and overburden pressures

were much lower than at the Library.

Effect of Atmospheric Pressure: The only variable,

other than actuval pore pressure change, which was founé toc
have appreciable effect on the plezometer readings was at-
mospheric pressure, Between October 16 and October 21,
1950, piezometer readings at Group B were taken every few
hours to 0,01 of a foot and compared wlth corresponding
barometric pressures. Figure 19 shows the results of this
special study. During the period, no preciplitation occurred
and no construction was in progress.

Atmospheric pressure change had little or no effect
on the piezometers in the clay but B-1l showed a definite
response and B-5 showed a moderate trend, The dashed
curve in the figure shows what piezometer B-1 would have
read had thers been 100 per cent response to atmospheric

pressure change (13,6 inch cérop per 1 inch rise in
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berometric pressure). The curve is fitted at point A when

the barometer was fairly steady. Actually, piezometer B=-1
responds to about 60 per cent of the pressure change, This
may be seen from a plot of barometric pressure vs B-1 pie-
zometer reading in Figure 20.

The fact that the piezometer reacts to atmospheric
pressure change 1s due, at least in part, to partial satu-
ration in the sand and silt overlying the blue clay. PFur-
thermore the hysteresis loop shown in Figure 20 1s probably
a form of time lag caused by the relatively impervious silt.

To explain the pilezometer variation with atmospheric
pressure change, it will be convenient to use the following

relationship:

O =70+ u+ Pt

a m

or, the total absolute pressure, oa, normal to a horizontal
plane at a point in the scil mass is equal to the sum of the
intergranular pressure, water pressure, anc atmospheric pres-
sure. The water pressure, u, is represented by the height to
which a colurm of water will rise in a piezometer located at
the point. If no seepage 1s occurring, the piezometer level
will indicate the water table elevation.
Consider a volume element of sand, represented by

point A in Figure 21, which has initial pressures given by
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+

Cai Uy + Patm 1

We will now analyze the effect of a sudden inecrease in atmos-
pheric pressure, Apatm’ on the water pressure and intergran-
ular pressure at point A, by first consldering several sim-

plified cases:

Case I. Assume that the soll is saturated below the water
table. If water and soll solids are considered incompressi-
ble, the water table will not change when the atmospheric

pressure 1s increased., Therefore, Ap has no effect on

atm
the water pressure and intergranular pressure at point A, or

i 2 “1 > Pamt T Patm 1 + Apatm

and

Ca T Cag T 0P

a atm

which must hold for all cases.
If this were the case then, piezometer B-1l would not respond

to atmospheric pressure changes,

Case II. Assume that the soil is partially saturated below
the water table, PFurthermore, assume for this case that
the silt and sand have an infinite permeability. If the
latter assumption were valid, Aaatm would cause an immedi-
ate compression of the gas in the sand and s ilt voids.

This compresslon would be accompanied by a sudden drop in

the water table level and piezcmeter reading.
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According to Boyle's Law, the volume of a gas varies
inversely as the absolute pressure if the temperature remains
constant. The magnitude of the pilezometer response will de-
pend, then, on the degree of saturation of the soil and the
change in atmospheric pressure. Under the conditions of Fig-
ure 21 and assuming a degree of saturation of 90 per cent, it
is easy to show that the piezcmeter will fall a few hun-
dredths of a foot only, when the atmospheric pressure in-

creases by 1 inch of mercury. Therefore, we may write
u=u(-) , T =7T(4)
for this case.

Case IIT. Assume now, that the sand and silt are partially
saturated and that the s8ilt has a very small permeability.
These conditions represent the actual case at the Library.

A sudden atmospheric pressure change, Aaatm’ will be
carried partly by intergranular pressure at point A and
partly by water (or gas) pressure, (The silt may be thought
of as an impervious membrane which transmits the load to the
sand,) The proportion of load initially carried by the
intergranular structure depends on the relative compressi-
bilities of the sand and gas, assuming water 1s incompres-
sible. Using the notation shown in Figure 21, the follow-
ing relationship for the volume of gas in element A, after

the application of load, may be derived from Boyle's Law
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Uy * Potm 1

- - - - (a)
g g g ui + patm 1 tk Apatm

where k is the percentage (expressed as a decimal) of the
loead, Apatm’ initially carried by the pore water or gas.

The coefficient of compressibility of sand may be de-

fined as
q = A(void ratio) _ &HS
L (pressure) (1=k) 2p_ ¢
AHg = a(l-k) 4p_4 - - - - - - - - - - - (B)

Combining (A) and (B) we may write:

u, + p

a(l=k) 4p
atm g ui + patm i + kApatm

which can be solved by trial for k.
Immediately after the application of load then, the

intergranular pressure at point A becomes

T =05+ (1-k) Bpgyp
in which case
u =y, - (1=k) Apatm

and‘the riezometer falls a distance equivalent to (1-k) Apatm’
(Agsuming a degree of saturation of Q0 per cent, a void ratio
equal to 0.lL, and a value of a of 0.001 ft? per ton, k 1is
less than 0.1 for an atmospheric pressure change of 1 inch

of mercury. )



Since the water table elevation has not changed appre-
ciably a gradient is immediately established and water begins
to flow from the silt to the sand. If sufficient time were
allowed after the application of AGatm’ equilibrium would be
reached and Case II stress conditions would prevail. A de-
tailed study of the effects of time and a gradually changing
atmospheric pressure has not been undertaken in this investi-

gation.

Piezometers in the clay show no noticeable response to
atmospheric pressure change. This must be due primarily to a
high degree of saturation and very small permeabilities.

It is interesting to note that changes in atmospheric
pressure in this area are equivalent to placing a uniform
load of perhaps 30 or O pounds per sq ft on the clay, then
removing it. The period of the cycle is equal to that of the
atmospheric pressure which may be a week more or less.

Since atmospheric pressure changes affect only those
piezometers at the top and bottom of the clay, no correc-
tions have been made to plezometer readings given in Figures

16a and 16b.
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VI

INTRODUCTION TO SETTLEMENT ANALYSIS PROCEDURE

A. TERZAGHI CONSOLIDATION THEORY: Soil mechanics, which has

been defined as the scientific approach to the understanding
of soil action is generally considered to have been founded
by K. Terzaghl in the 1920's, His presentation of a classical
theory on the consolidation of fine grained soils in 1925(16)
is still considered one of the most outstanding contrlbutions
to soil mechanics to date. This theory forms the basis of
nearly all settlement analyses of buildings founded on or
above compressible clay soils. In 19042 D. W. Taylor(lz) pub-
lished a consolidation theory, called Theory B, accounting
for plastic resistance to compression and another theory ac-
counting for secondary compression has been presented by D.
W. Taylor and W. Merchant(zo). Although both theories recog-
nize phenomena not considered in the Terzaghl theory and ex-
plain some of its.inconsistencies, neither has gained more
than mathematical recognition. This is largely due to theilr
complexity and the lack of correlation based on consolidation
tests on undisturbed clay samples. Some of the important
concepts involved in Theory B are discussed in VII-F and XII.
The writer does not intend to present a detailed dis-
cussion of the Terzaghi consolidation theory since it is

(15)(2) (12)

available in many current publications However,



L6

in order to acquaint the reader with notations used in this
research a summnary will be given at this time.

Consolidation of an element of soil involves a gradual
transfer of hydrostatlc excess pressure, u, to intergranular
pressure, p. This stress transfer "is accompanied by a de-
crease in volume of the element as water flows from its voids.
The basic differential equation governing consolidation at a

point in the soil mass is given by

¢, 8% _du .. . ...eosa (a)
3z°2 ot
where
cy = coefficient of consolidation, a soil property
o%u _
3;; = gpace rate of change of the excess pressure
gradient, -g% , in the vertical direction
g% = time rate of change of the excess water pres-

sure at the point.

A Fourier series solution of the above equation for a

soil sample which has been subjected to a constant initial
(2,p.235)

exce3s pressure may be plotted as a family of curves
These curves show the progress of consolidation at any point
throughout the depth of the sample as a function of a compos-
ite variable known as the time factor, T.

cvt

T=E5— ------------ (B)
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wherse
t = time since the application of the load
H = one half the height of the sample (sample
drained at top and bottom),
The state of the consoclidation process at a point in
the s0il mass at some time t 1s defined as the consolidation

ratio, Uz.

where

e = void ratio at any time t

i

ey initial void ratio

e, = final void ratio
One of the important assumptions in the Terzaghi theory
is that the void ratio varies linearly with intergranular

pressure, p, during the consolidatlion process in which case

g = pP-P _ uy-u
2 P2-Pq Uy
where
u, = initial hydrostatic excess pressure.

When speaking of the average consolidation ratio (that
for the sample as a whole) the subscript z is omitted. A

unique relstionship between T and U for the case of linear

(2,p.237)’

hydrostatic excess pressure is given by curve and
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by Figure 10.11b and Figure 10.12b of the same reference. This
relationship will be used to compute the time-rate of settle-

ment.

B. EVALUATION OF ULTIMATE SETITLEMENTS: The following expres-

sion for ultimate settlement, pu, as a result of void ratio

change may be easily derived
_ thickness

Py = ——T:;I———Ae ----------- (D)
where
e, = initial voild ratio
Ae = change in void ratio during consolidation.

If we define a coefficient of consolidation, a,, equal to %%

(where Ap equals the load increment causing consolidation),

then

= thickness . » _ _ _ _ ____._. (E)

Py I-e1 v°op

The coefficient of consolidation is generally deter-
mined from laboratory tests on undisturbed samples of the
soil., Standard procedure in the M.I,T. Soils Laboratory is
to load the clay by increments, doubling the previous load
every 2L, hours.

Since the results of a consollidation test are genersally
plotted as e vs p (log scale), it is convenient to express Py

be

in terms of the slope of this curve, 5logip ’ at the average
10



L9

pressure,'%(pl+p2), which applies to the given problem,
This slope is known as the compression index, Cc' Making

appropriate mathematical conversion, equation (E) becomes

- g M5,
1 5(p1+pz)
Since Py and p, vary with depth and Ap, Cc, and eq
are likely to vary, it is often desirable to compute the total
settlement by summing the settlements due to small increments

of depth.

C. TIME-SETTLEMENT CURVES: The derivation of equation (F) is

independent of the Terzaghil consolidation theory but the time
distribution of the ultimate settlement is generally based on
equation (B):

THe

v

t =

The coefficient of consolidation c, i1s determined by fitting
laboratory time-compression curves to the theoretical T vs U
curve mentioned in a previous paragraph. These fltting methods
are described in Reference 2, page 238. Once the value of Sy
is determined, time t may be expressed as a function of T.

For any settlement p, assoclated with a given percentage of

pu and hence U, a unique value of T exists which may be used

to determine the time required for p to oeccur.
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VII
EVALUATION OF FACTORS AFFECTING
THE SETTLEMENT ANALYSIS

A, GENERAL: In order to determine the ultimate settlement

and time settlement curves for a building, data from three

sources are required:

1.

Exploratory Borings: Used to evaluate the thiekness

of the compressible stratum, its drainage conditions,
and to determine its depth relative to ground sur-

face.

Consolidation Tests on Undisturbed Samples: For de-

termining the compression characteristics of the
clay, the initial void ratio, 5 and the coeffi-
cient of consolidation, Cye In addition, the con-
gsolidation test results may be used to estimate the
maximum pressure to which the clay has been consoli-

dated in its past history.

Building Loads: To be used with a stress transmis-

sion theory for evaluating the pressure increment,
Ap, causing consolidation. The distribution of the
building loads may be affected by the rigidity of

the structure which should therefore be studied.
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Before the settlement characteristics can be predicted accu-
rately from the above data, the investigator must have a tho-
rough lnowledge of the assumptions made and of the factors
which affect these assumptions.

Assumptions involved in the Terzaghl consolldation the-

(2). Only

ory are well known and have been discussed elsewhere
the most important of these as they affect this investigation
will be discussed here, By far the most critical considera-
tion is the interpretation of data obtained from consolidation
tests, If factors such as sample disturbance, load increment
ratlio, load increment duration and consolidation history are
not well understood, the consolidatlon test may be completely
worthless,

Thus, the purpose of this chapter is to discuss the
most important factors which affect the settlement prediction,

in particular as they affect correlations between field and

laboratory data at the Hayden Library.

B. THICKNESS OF CLAY AND DRAINAGE CONDITIONS: Exploratory

borings at the Hayden Library have shown that an average blue
clay thickness of 90 feet may be assumed (see Figure 2).
Since ultimate settlement varies directly with thickness of
the clay stratum, all other things being equal, a small var-
iation in thickness is relatively unimportant.

According to the Terzaghi theory the time required to

reach a given percentage of the ultimate settlement 1s
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direotly proportional to the square of the length of the long-
est drainage path, H:

The number of free drainage surfaces within the clay, then,
has a pronounced effect on the time rate of settlement. Bor-
ings have indicated and plezometer readings have verified

that there 1s complete drainage at the top of the clay stratum
below the Library and that no free drainage surfaces exist
within the clay. Even though there appears to be restricted
drainage at the bottom of the clay, Figures 16 and 17, it

will be assumed that there is free drainage at this level.
Therefére, in computing time-settlement curves, one half the
thickness, or [i5 fest is a reasonable assumption for H. Actu-
ally, a 10 or even a 20 per cent variation in H from the true
value, 1s small compared to the effects of radial flow and the
questionable value of the coefficient of consolidation deter-

mined from laboratory tests.

C. INITIAL VOID RATIO, e The validity of consolidation

13
test data for ascertaining the vold ratio in the field has

always been a controversial issue, Many solls engineers be-
lieve that with careful undisturbed sampling little or no
swell occurs, in which case the void ratio at zero load in
the consolidation test is equal to that in nature. K. Ter-
zaghi has repeatedly stated that with carefully controlled
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sampling in highly cohesive soils, the water content remains
(3) (17)

practically unchanged. A. Casagrande and M. J. Hvorslev
have also expressed this belief, Expansive soils, however,
especially those which are organic and have absorbed gas in
the pore water, undoubtedly swell considerably after removal

from the ground. G. P. Tschebotarioff(la) has attributed
settlement predictions which are two or three times too large

to swell which occurs after sampling. R. F. Dawson(lg’discuSSion)
has reported that samples of the Southwest clays have expanded
sufficiently in the laboratory humid room to break the paraffin
covering.

Regardless of the school of thought, the value of ey
used has relatively little effect on ultimate settlement com=-
‘putations. However, the subject warrants further discussion
insofar as it affects the determination of maximum past pres-
sure and consequently the value of compression index to be
used.

Volume changes, which are required to effect a change
in the sample void ratio, may occur before the actual sampling
operation, during sampling and during sample storage and prep-
aration for testing.

Let us analyze the effect of careful sampling of a
saturated clay similar to Boston blue clay, by means of a

fixed piston type of sampler, We will start with a consider-

ation of the actual sampling operation itself. According to
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(17)

M. J. Hvorslev » the bore hole, by relieving the over-
burden pressures in the zone to be samples, may cause some
swell at the top of the sample but it generally does not
affect the lower part of the sample, Furthermore, Hvorslev
states that 1t 1is unlikely "that fully saturated soils of
low permeability will be subject to significant volume
changes during the actual sampling when the sampler is
forced rapidly into the soil."

It 1s difficult if not impossible to estimate the
amount of volume change the sample will undergo while it is
stored in the laboratory. If carefully sealed, the over-all
vold ratio will probably remain essentially unchanged even
though some water migration may occur. In the opinion of the
writer then, the problem becomes a matter of determining what
happens to the sample after it is extruded from the sample
tube and during the preparation preceding testing. Whatever
volume change takes place during this period, whether it be
a decrease or increase, will depend on the volume change
tendencies of the soil sample which in turn may depend to a
larée extent on the disturbance which the sample has experi-
enced,

M. J. Hvorslev(17) has presented a comprehensive dis-
cussion of the types of disturbances which a sample may
undergo during sampling. Two of these which undoubtedly

apply to Boston blue clay are the change in stress conditions
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during sampling and disturbance of the soll structure.

After a saturated sample of clay has been taken from
the ground and exposed to atmospheric pressure, the original
external forces applied to the sample will be replaced some-
what by caplllary pressures developed by surface menisel.
The magnitude of these pressures is not known, but it cer-
tainly depends on the magnitude of the original in-situ
pressures, the type of soll - whether it has a tendency
toward expansion or not, the pressure history of the soil
and the structural disturbsnce. Ideally, the caplllary
pressures are likely to be nearly equal to the effective
stresses in situ.

The second type of disturbance, structural disturb-
ance, can have two effects according to Hvorslev, depending
on the type of clay. If the soil is highly preconsolidated
the void ratio would tend to Increase as a result of dis-
turbance.

A normally consolidated clay, however, may tend to
decrease In volume much llke a loose sand does during shear
or vibration. P. C. Rutledge'l?) states that the sampling
operation removes the tendency of the mineral-grain strue-
ture to expand. As a result there may be little or no cap-
illary pressure acting on the soil.

The writer visualizes the following conditions prior

to and after the sample extrusion. Before the sample 1is
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extruded, little or no over-all volume change has occurred.
However, there may have been water migration to the center

of the sample from a thin remolded zone around its circumfer-
ence. The possibility of this occurring was pointed out as
early as 1936 by A. Casagrande(B).

The general structure of the entire sample may be
somewhat disturbed but it still has a moderate tendency to
expand, this expansion having been prevented thus far by the
walls of the sample tube. The extrusion process further re-
molds the sample surface and relieves the confining pressure.
Swell tends to occur and immediately surface capillary pres-
sures develop to balance the swellling tendency. These pres-
sures are, in all probability, small compared to the original
intergranular pressure in situ,

Since the surface is remolded it consolidates readily
even uncer small capillary pressures. However, the capillary
pressure required to prevent over-all swell cannot develop
until sufficient consolidation has taken place. As a result,
the interior "undisturbed" zone will further swell while the
exterior disturbed zone consolidates. This internal swell
may be appreciable even though the volume of the remolded
material is only one huadredtih of that which 1s essentially
undisturbed. This follows since the compression index of
the former is a great many times the swelling index of the

latter.
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The writer believes, then, that by the time the sam-
ple has been prepared for testing there will be little or
no negative pore water pressure and the sample will have
undergone a measurable amount of swell., In this case the
veid ratio represented by the value at zero load in the
consolidation test will be somewhat higher than the in-situ
void ratio.

While running consolidation tests on Boston blue clay,
on one occasion only has the writer observed the sample to
swell under a small initial load. During the course of tri=-
axial shear research with pore pressure measurements at
M.I.T., little evidence has been found which shows that an
initial negative water pressure exlists in the unsheared
specimen, In this case, however, enough water may have been
added to the sample during insertion of the pore pressure
measuring device to relieve some of the negative water pres-
sure.

Even though the writer believes that the sample does
swell prior to testing, the values of ey at the beginning
of the consolidation test have been assumed equal to the
void ratio in the field, simply for the reason that it makes
little difference In the ultimate settlement computation,

These valuesa of e, are tabulated in Table T.
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D. COMPRESSION INDEX, Cc: In the usual settlement analysis

'procedure the slope of the laboratory e - log p curve at the
average pressure %(p1 + p,) 1s taken as the compression in-
dex., If it 1s positively known that the clay in nature 1is
normally consolidated (not precompressed), then the slope of
the virgin straight-line portion of the curve 1s used for

i(lg’discuSSion) states that consolidation

Cc' K. Terzagh
tests give reasonable results for the compression index if
the clay 1s normally consolidated and if the net load incre-
ment is large. However, it is generally bellieved that the
value of Cc determined from consolidation tests for a pre-
compressed clay gives values of settlement which may be
several times too large. Since the clay stratum beneath

the Hayden Library may be considered precompressed (Figure
6), the following discussion will concentrate on determin-
ing a rational value of Cc for this case.

In Figure 22 the compression curve for sample
11-13-72.6 has been plotted with a solid line. Lines rep-
resenting the initlel void ratio, ey the overburden pres-
sure, Py, and the adjusted maximum past pressure, see Table
I and Figure 6, have also been indicated. These solid
lines then represent conditions which are known, Our ob-

ject now 1s to estimate the void ratio-pressure condlition

in nature and the probable fleld compression curve.
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If no sample swellhad occurred between the time the
sample was taken in the field and the time datas were ob-
tained from the consolidation test to determine ey, point A
would represent the void ratio-preasure condition in nature.
However, some sample swell undoubtedly occurs and the true
void ratlo-pressure condition in situ, therefore, lies below
point A*. To define the lower boundary of the void ratio
in situ, we will make use of the fact that a soll sample
after rebound from Py will generally recompress to Py at a
lower void ratio, This void ratio cdifference depends to a
large extent on the amount of remolding which the sample has
undergone and the magnitude of the pressure release from Py
Point B, therefore, represents a lower limit to the void
ratio-pressure condition in nature. Point C has been lo=-
cated to represent the probable condition in situ., Swell
which has occurred subsequent to sampling is represented by
the small void ratio change CA. No rebound curve from C to
D has been drawn since the sample may have reached eq by a
combination of effective pressure decrease at no void ratio
change (due to disturbance of the structure) and internal
swell prior to testing.

Point F, which represents the probable maximum past

pressure and void ratio at this pressure, has been located

3t

It is possible that some highly precompressed expansive
soils will swell sufficiently after sampling so that the
laboratory compression curve will pass above point A.



60

at a slightly smaller void ratio than point;C some small
swell would have taken place when the so0il rebounded from

F to C. Line FG represents the virgin compression curve in
nature. It is shown slightly steeper than the virgin labo-
ratory curve since it is believed that these straight lines
tend to converge.

The slope of the heavy dotted curve to the right of
point C represents the approximate compression index in na-
ture. It is easily seen that the slope of laboratory curve
near point B is ten to twenty times as steep as the curve
in nature. Perhaps the example drawn shows an extreme vari-
ation between the actual and the laboratory values of Cc.
For larger differences between the maximum past pressure
and the overburden pressure the two values will give a bet-
ter check. Similarly, if there 1is no precompression the
values check closely since the slopes of the virgin curves
are approximately the same. K. Terzaghi and R. B. Peck(21)
state that, for the best of samples, the slope of the lab-
oratory curve is two to five times the field compression
curve if Ap 1s smaller than about one half the amount the
clay is precompressed.

Probably the most important factor affecting the
recompression portion of the laboratory e - log p curve 1s

sample disturbance. The effect is shown in Figure 22 by a
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dashed curve which represents a slightly disturbed clay.

T, Van Zelst(az) shows that the process of planing the top
and bottom surfaces of the sample during preparation for
testing has a very important effect on the e - log p curve
in the recompression range - the greater this disturbance,
the steeper the slope. P. C. Rutledge(lg) states that max-
imum past pressures determined from laboratory tests are
smaller than the actual values because of sample disturb-
ance. This effect is shown in sample 11-13-72,6 by the
difference between points H and F.

A method of ironing out part of this major discrep-
ancy between the field and laboratory compression curves has
been used by some investigators. The sample is first loaded
to its maximum past pressure then rebounded to the present
overburden before reloading. PFigure 22b shows the effect of
this cycle. In many cases this method will give consider-
ably better results for Cc than the standard test. However,
the problem of determining the maximum past pressure still
exists.

Such factors as side-wall friction, load increment
duration, and load increment ratlo have little effect on the
values of compression index determined from laboratory con-
solidation tests. A. Casagrande and R. E, Fadum(23) state
that "consolidation tests lasting several months give prac-

tically the same results (compression curves) as the



standard tests performed in a few days." K, Langer(zh),
however, presented tests on the effect of speed of loading
which showed that the compression index decreased consid-
erably as the time required for the test was increased.

K. Terzagbi(ZS) has used these results to support his hy-
potheslis that when the clay is loaded very slowly, as in
the natural deposition process, a "solid water" bond builds
up which causes the compression index to be very small.
Langer's tests were run on a highly precompressed clay
which was very susceptible to swelling. The maximum pres-
sures used in the tests were reported as about 6.5 kg per
sq em while the estimated precompression was 25 kg per sq
cm. There is good reason to believe, then, that the swell-
ing effects of the soil were greatest when the speed of
loading was slowest.

From the preceding discussion it is not difficult to
see the importance of the maximum past pressure determina-
tion insofar as it affects the value of the compression in-
dex to be used in the settlement analysis. Any graphical
procedure which mekes use of the shape of the laboratory
consolidation curve to determine the maximum past pressure
is subject to large errors. Geological evidence, if it is
availlable, is an excellent method for determining whether
or not the clay is precompressed but it 1s doubtful whe-

ther it can give reliable quantitative data. 1In the case

62
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of the Hayden Library, plezometers show that there are no
artesian pressures at the bottom of the clay and, as a
result, the maximum past pressure must be at least equal to
the overburden pressure (see II).

Table I and Figure 5 give values of the compression
index determined directly from consoclidation tests. It
must be remembered that these values are in all probability

many times too large.

E. COEFFICIENT OF CONSCLIDATION, Cy? Even though very 1lit-

tle has been written on this subject compared to the com=-
pression index, the magnitude of the coefficient of consoli-
dation may be extremely important in foundation design. If
a majorlty of the settlement due to building loads takes
place during construction, larger ultimate settlements may
be tolerated since settlement following the installa tion of
utilities and interior finish causes the principal damage.
Swell following excavation generally occurs very
rapidly but there are no references, to the writer's knowl=~
edge, where the actual swelling coefficient has been evalu-
ated. One important point related to the speed at which
swell occurs has been overlooked by most investigators.
This factor, which concerns the net loads to be used in

the settlement computations, is discussed in VIII.
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According to the Terzaghi theory, the relationship
which exists between the coefficient of consolidation and

the coefficient of compressibility is given by

o = k(1l+e)

v av Yw
where

k = coefficient of permeability

Yw = unit weight of water,

At a given pressure a, véries directly with the compression
index, Cc. Therefore, the coefficient of consolidation var-
ies inversely as the compression indek - k and e varying
only slightly for a small range in pressure. We have shown
in the preceding section that the compression index deter-
mined from consolidation tests is, in all probability sev-
eral times too large. From the inverse relationship, then,
we would expect the coefficient of consoclidastion to be sev-
eral times smaller than the field coefficient for a precom-
pressed clay. |

As in the case of the compression index, sample dis-
turbance contributes a major share of this discrepancy. D.

(12) shows ¢ values of the order 0.5 x 1o‘h to

W. Taylor
3.0 x lO'"l‘L ¢em?® per sec for remolded Boston blue c¢lay in the
range of pressure from l/h to 2 kg per sq em., Good "undis-
turbed" samples of the same clay give values 30 or LO times

these in the same pressure range. On the other hand, as inthe
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case of the compression index, the coefficients of consoli-
dation check closely in the virgin compression range.

Two methods are commonly used to determine the coef-
ficient of consolidation from laboratory data. Both methods
are described in detail in Reference (2) and will be re-
ferred to as the "square root of t" and the "log t" time
fitting methods., Eight consolidation tests, conducted to
determine the effect of enclosing the sample in a thin rub-
ber membrane, have been run on undisturbed Boston blue clsay.
These tests, described in Part II, show that ey determined
by the square root method averages 1.25 to 1.5 times that
of the log method.

Special tests with pore pressure measurements during
consolidation, also deseribed in Part II, indicate that the
correct value of 100 per cent primary compression, based on
actual pore pressures, lies midway between the values given
by the sguare root method and the log method, This indi-
cates that the coefficient of consolidation determined by
the square root of t time fitting method 1s larger than the
actual laboratory value while the log t time fitting method
gives results which are too small. Since the field value
of c, for a precompressed clay 1s probably even larger than
that determined by the square root method and since the

square root method is simpler and requires less data, the



66

writer recommends its use for precompressed Boston blue
clay.

D. W. Taylor(la) has presented data on the effect of
the load increment ratio on the coefficlent of consolidation
of a remolded clay. When test data are interpreted by the
Terzaghi theory, cy at a given pressure increases conslder-
ably as the load increment ratio 1s increased. This dis-
crepancy is eliminated, however, when the consolidation data
are Interpreted according to Taylor's theory accounting for
plastic resistance to compression.

The full extent of the effect of load increment ratio
on an undisturbed clay is not known. If a clay stratum is
normally consolidated or very slightly precompressed the
magnitude of the net load applied to the clay may be ex-

tremely important. If small net loads are applied, c_ may

v
be many times that given by laboratory tests but the reverse
may be true if the net load is large.

Values of the coefficient of consolidation, deter-
mined by the square root method, for samples from the Hayden
Library, are given in Table I and Figure 5. The average Cy
for the range 1.0 to 3.0 kg per sq cm is about 50 x ].O')‘L sq
cm per sec. Again, it should be pointed out that these val-

ues are probably several times smaller than the values which

apply to the Library.
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F. ASSUMPTIONS INVOLVED IN THE APPLICATION OF THE TERZAGHI

CONSOLIDATION THEORY:

One-Dimenslonal Drainage: One of the most serious as-

sumptions involved in the use of the Terzaghl theory to com-
pute the time rate of settlement of a bullding is one-dimen-
sional drainage. Consolidation is necessarily one-dimen-
sional in the laboratory and the value of cy determined
there 1s truly a vertical coefficient. However, consolida-
tion of a ¢lay stratum caused by a more or less concentrated
load may proceed at a considerably faster rate than pre-
dicted because of radial flow, Gould(u) found that the ef-
fect of radial flow at the Logan International Airport was
to speed up the consolidation by approximately 3 times the
theoretical,

The extent to which radial consolidation affects the
settlement rate depends primarily on two factors. The first
involves the ratio of the horizontal to the vertical permea-
bility. This ratio may be 5 or more for a clay similar to
Boston blue clay, in which case considerable radial flow may
take place even under small horizontal gradients, The sec-
ond factor involves the degree of concentration of the
stresses transferred by the load to the clay stratum. For
a thin stratum near the surface loaded by a fill of uniform
depth over a wide area, the effects of radial flow will be

nihil, The other extreme would be the case of a heavy
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monument or tall narrow buillding founded on a thick bed of
clay.

The Hayden Llbrary is a structure 190 by 220 feet in
area, transmitting its load to a layer of clay extending 90
feet below the points of application of the load. 8ince the
buillding is supported by caissons, each new load application
will set up extreme horizontal gradients between the zone
directly below each caisson and the area between caissons.
This effect is most pronounced in the upper foundation clay.
Further radial flow will take place during construction from
a zone below a group of caissons which have just received a
load, to surrounding areas. In addition there will be over-
all flow during and after construction to areas surrounding
the building.

Because of the complex pattern of horizontal gradi-
ents and uncertainties involved in estimating the horizontal
permeability, the writer has not attempted to separate the
vertical and horizontal effects quantitatively in analyzing
the time rate of consolidation at the Hayden Library. The

approach which has been used is outlined 1In IX,

Primary and Secondary Compression: The total compres-

sion which takes place within 2, hours after the application
of a load to the laboratory consolidation sample, 1s com-

posed of a sudden initial displacement and primary and



secondary compression., Primary compression takes place as

a result of drainage of the pore water because of the hydro-
static excess pressure, Following the primary compression
and accompanyling it to a certain extent 1is secondary com-
pression, which is a plastic flow phenomenon of the type
recognized in Theory B. The ratio of the primary to the
total compression is known as the primary compression ratio,
a small value indicating large secondary effects,

It was mentioned in VI-C that the total settlement,
p,» 8s computed from formula (F), was assumed to be distrib-
uted according to the Terzaghi theoretical time relationship
which recognizes only primary compression. This assumption
has the effect of predicting a greater settlement at a given
time than actually occurs, all other things being equal.

The discrepancy 1s greatest when the primary compression
ratio 1s smallest.

Although the laboratory value of the primary compres-
sion ratio may be readily computed, the extent to which it
applies to a thick stratum of clay subject to a small load
is not known. Furthermore, the field value of the primary
compression ratio, if it has any meaning, is difficult 1if
not impossible to determine from field data. Without pore
pressure measurements it may be difficult to determine the
end of primary compression. In addition, the compression

due to building loads must be separated from subsidence of
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the over-all area. Finally, and most important, what is
ultimate settlement? Presumably the ultimate settlement is
that which would occur after the building load has acted
for a period equal to the age of the clay., Practically,
although it cannot be proven, this settlement may not be
much greater than that which occurs in the life of the

building.

Bonds and Plastic Resistances, Theory B: The possibil-

ity of the existence of intergranular bonds in a soll mass

have been recognized for some time. X. Terzaghl and R. B.

Peck(el) have attributed to a structural bond lags in swell
following excavation and in recompression when loading.

In 1941 Terzaghi‘zS) published an hypothesis on the
possible existence of a "solid water" bond which may not be
broken under small bullding loads. According to Terzaghi,
the clay layer may have a very flat compression curve as a
result of gradual loading by natural deposition of overlying
soil. If a large load is applied to the clay it may pass
into a "lubricated" state which gives a steeper compression
curve, resembling that obtained in a laboratory consolida-
tion test. On the other hand, the "solid water" bond may
not be broken under a small load, in which case compres-
sions will be very small. Terzaghi has used this hypothesils

to explain inconsistencles in settlement predictions when
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small loads are applied. Similarly, he uses this hypothesis
to explain the fact that certain natural ciay deposits have
little or no decrease in void ratio with depth.

D. W. Taylor's Theory B(lz) recognizes the existence
of a plastic structural resistance to compression which is
composed of two parts - a bond associated with previous sec-
ondary compression and a viscous resistance which is a func-
tion of speed of compression. The reaction assoclated with
bond and viscous resistance is an increase in intergranular
pressure (and a corresponding decrease in excess pore water
pressure) from that recognized in the Terzaghl consolidation
theory. Consolidation tests on pressure measurements have
verified the existence of plastic structural resistance.

Taylor defines bond, Pys 28 that plastic structural
resistance, pp, existing at the termination of primary com~
pression. If GAC (Figure 3a) represehts the relationship
between speed of compression, (—%%), and Py If AD is the
speed at the termination of primary compression then 0D 1s
equal to the bond, The magnitude of the bond for a given
increment of load depends on the amount of previous secon-
dary compression. It should not be thought of as being
broken under large loads.

Refer now to Figure 23b., AB represents a line plot-

ted from voild ratios determined at the end of primary
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compression and their corresponding Intergranular pressures
for a standard consolidation test. According to Taylor's
bond hypothesis, lines CD, EF, and GH which represent void
ratio vs pressure curves for tests of l-year, 100-year,

and 100,000-year durations respectlively, would be approxi-
mately parallel to AB.

If point I represents the condition in situ, IJ is
the bond as defined by Taylor. According to 1ldealized con-
cepts, when an increment of load, Apl, is applied, bond and
a very small viscous resistance account for a sudden in-
crease in Intergranular pressure, equal to IK, as the clay
begins to consolidate. At the end of primary compression
the element is represented by point L and at the end of
100,000 years by point M. During the life span of the
building the total settlement is represented by the void
ratio change Ael.

Taylor has suggested the possibility that if the load
increment is small enough, there may not be an appreciable
excess water pressure assoclated with the load, If Apz 1is
applied, for example, bond may carry the entire increment
and in the course of 100 years a negligible settlement rep-
resented by Le, will occur as a very slow plastic flow,

The compression index represented by a line connecting
points I and 0 could never be obtained from a laboratory

consolidation test while that for a line commecting I and
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N may be closely approximated in the laboratory. Thus, this

hypothesis would also explain the discrepancy between pre-
dicted ultimate settlement and actual settlement when the
net building load is small.

Although the clay stratum beneath the Hayden Library
1s precompressed it is neverless subject to bond phenomsna
of types discussed above. The inclusion of precompression

makes their effects all the more difficult to evaluate.

G. STRESS INCREMENT, Ap: An excellent discussion of the

assumptions invelved in the stress analysis is given by R.
E. Fadum(aé). Stress transmission theoriles and considera-
tions of continuity will be discussed here since they af-

fect analyses which follow.

Stress Transmission Theorlies: At least two elastie

theories are available for estimating the load increment Ap
transmitted from a surface load to a point in the soil mass.
They are the Boussinesq and Westergeard stress transmission
theories. (A complete description of each as applied to
soils is available in Reference 2.) It is believed that
both theories give reasonable values of the vertical stress
on a horizontal plane at a given point.

Although the accuracy of these stress transmission
theories in computing stresses in soils 1s not known, the

use of elastic theorlies represents the most rational



approach to the problem. Some investigators use the older
Boussinesq theory which generally gives somewhat larger

values than the Westergaard approach. D. W. Taylor(z) and
(

R. E. Fadum 26) believe that Westergaarc gives the more rea-
sonable values., All of the stress computations which follow
are based on the Westergaard expressions and in particular
on influence values for different types of loading as pre-

pared by Fadum in Reference 27.

Continuity Considerations: The computation of vertical

stresses throughout the soll by either theory is generally
based on design footing loads without regard to possible re-
distribution of losds as the building settles, If the
structure 1s ideally rigid the settlement at all points will
be equal, In this case, 1f a tuilding is founded above a
thick stratum of cohesive soil, the centsr columns will dis-
tribute a portion of their load to the exterior footings.

A settlement analysis involving the effects of struc-
tural continuity is extremely tedious since 1t requires a
procegs ol successive approximations involving structural
and settlement analyses. R. E. Fadum(zb) 1s of the opinion
that unless the structure is deliberately stiffened to re-
duce difterential settlements, the bullding 1s probably so

flexible that 1ittle load redistribution takes place.



The Hayden Library is a riveted steel frame structure
3 or li stories high spreading over an area 190 feet by 218
feet., The frame itself is undoubtedly flexible enough to
withstand considerable differential settlement. Possible
rigidity offered by a 3.5-foot slab which extends the length
of the building (see Figure 1) has been investigated. This
218-foot slab is actually extremely flexible. A simple com-
putation, based on a weightless simply supported beam uni-
formity loaded, shows that it requires a uniform load of
only 10 lbs per sq ft to produce a deflection of 0,25 inch
at the center. The weight of the slab itself is over 500
lbs per sq ft. The purpose of the slab is to distribute
each column load to seversl caissons., It fulfills this pur-
pose and undoubtedly causes a redistribution of the columm
load to the caissons immedlately surrounding it as they set-
tle. The over-all slab is so flexible, however, that little
or no transfer of load from the center of the slab to the
ends will take place.

On the other hand, redistribution of the exterior
caisson loads due to the basement walls probably occurs,
No quantitative attempt has been made, however, to account
for this load transfer,

In the analyses which follow the building has been

assumed to be completely flexible.

75
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VIII

ANALYSIS OF THE MAGNITUDE OF THE LIBRARY SETTLEMENT

An introduction to the settlement analysis procedure
and a discussion of the many factors which may affect the
Library settlement prediction have been presented in the pre-
vious two sections. This section and the following one will
be devoted to correlations between settlement and pore pres-
sure data obtained at the Hayden Library and laboratory data
determined from consolidation tests. This sectlion 1is a
study of the actual settlements which have occurred at the

Library.

A. NATURE OF THE PROBLEM: In order to illustrate the nature

of the problem, load intensity (Ap) vs depth curves below
three caissons have been computed. Caisson 108 which is near
the center of the heavy slab, caisson Ll which is in the
court area, and caisson 50 which is located on the outside
wall of the east wing have been selected as typical. The
exact location of these caissons is shown in Figure 2.
Stress release at each caisson due to excavation has
been computed on the basis of assumptions shown in Figure
2. Influence values for uniformly distributed loads on the
basis of the Westergaard stress transmisslon theory were

teken from Reference 27.
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Present total caisson loads glven in Appendix II have
been used with a variety of influence charts to compute the
stress increase due to building loads. For the stress below
each of the caissons due to the caisson load itself, influ-
ence values for a point directly below the center of a ecir-
cular loaded area were used, For caissons in the immediate
vicinity of each of the three locations and for depths be-
low the caisson bell of less than 30 feet, charts for uni-
formly loaded rectangular areas were used. In this case, a
square equal 1In area to the caisson bell was assumed.
Finally, for all other calssons and depths in excess of 30
feet, the calsson loads were assumed to act at a point.

Results of the stress analysis are shown in Figure
25. The crosshatched area represents the net load inten-
sity - stresses due to Library loads minus the stress re-
lease due to excavation. The distance between the line of
stress release due to excavation and the dashed curve rep-
resents the stress increase caused only by the caisson di-
rectly above. One can easily estimate the relative settle-
ments of the three caissons by comparing either the shaded
areas or the areas respresenting the stress increase caused
only by the caisson in question.

The conventional method of computing the ultimate
settlement of each calsson due to consolidation of the

clay would involve the use of a net Ap determined from an
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intensity diagram similar to those in Pigure 23. Since the
net load is practically zero in the lower foundation clay,
only the upper foundation clay would have to be considered.
Using consolidation test results described in II and the
net Ap, estimates of settlements are obtained which agree
closely with the actual settlements for many calssons.
Normally it would be concluded that the consolidation tests
had given reasonable values of the compression index., How-
ever, it has been pointed out that these values are gener-
ally considerably larger than the field Cc for a precom-
pressed clay in which case the above approach may be ques-
tioned.

One of the valuable contributions of the pilezometer
installation has been to show the rapidity at which swell
takes place after excavation. The readings indicate that
by January, 1949, or about 270 days after the start of con=-
struction, when the net load was still negative (see Flgure
7) the piezometers were reading a positive excess pressure.
Referring to Figure 25, this was the case when the Ap curve
was that shown dotted for the three caissons., Settlement
due to consolidation phenomena commenced at this time so
the Ap to be used in the computation of ultimate settle-
ments should be that represented by the entire area to the
right of the dotted curve. It might be argued that the

coefficient of compresgibility applying to recompression



79

from the dotted curve to zero net load, is negligible com=~
pared to that holding for the plus net loads. However, the
clay stratum, as well as being precompressed, has recently
undergonse a loading and unloading cycle due to the wellpoint
drawdown. - This will tend to obscure any difference between
the recompression value of ay and the a, applying to posi=-
tive net loads,

The ultimate settlement of each caisson will come
primarily from three sources; settlement due to compression
of the sand, deformation of the clay caused by shearing dis-
tortions, and settlement due to volume change (consolidation)
of the clay. The procedure discussed above considers set-
tlement due to consolidation only. This 1is common practice
since settlement from the other two sources is generally
small by comparison, However, the settlements at the Li-
brary are so small that any of the three sources mentioned
could contribute a major portion of measured displacement.
Data from compression tests on samples of sand, taken at
the bottom of caisson wells during construction, indicate
that the sand may contribute as much as 1/l inch to the
total settlement., Unfortunately, no direct measurement of
the compression of the sand as a result of caisson loads
has been made.

Time-settlement curves, dramn from data in Appendix

IV, show that nearly all of the present Library settlement
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took place during construction and that the settlement is
now proceeding at an exceptionally slow rate. This might
indicate that the settlement was largely due to shearing
strains and/or compression of the sand. However, the
plezometers show that whatever settlement took place due

to consolidation also occurred during construction since
very little excess pressure remained at the time the build-
ing was completed.

To separate the variables, the problem will be ap-
proached by two methods. First, a correlation will be made
based on the assumption that all of the settlement is due
to consolidation of the clay. This is followed by a study
of caisson settlements assuming each acts as a spread foot-

ing independent of the surrounding caissons,

B. SETTLEMENT CORRELATION BASED ON CONSOLIDATION THEORY:

Preliminary Analyses vs Actual Settlement: The first

complete settlement analysis of the Hayden Library was
made by the foundation engineers, Moran, Proctor, Freeman
and Mueser. Their estimate of settlement at the end of 6
years varied from 5 inches beneath the center of the Li-
brary heavy slab to about 2 1/2 inches in the northwest
corner, This, however, was based on future loads (Appen-

dix III) which include considerably greater loads in the
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court area and higher live loads than actuélly exist through-
out the entire building. Furthermore, their estimate was
based on the Boussinesq stress transmission theory which
gives Induced stresses as much as 50 per cent greater than
Westergaard.

(28) made a settle-

In the spring of 1949, B. A. Grand
ment analysis of the Hayden Library., He predicted a settle-
ment of 2 1/2 inches under the heavy slab and 3/4 inch in
the court area. Grand corrected the Moran, Proctor, Freeman
and Mueser design caisson loads for the future additions but
still used live loads considerably larger than the actual.
His analysis was based on the Westergaard theory.

Contrary to both predictions, the settlement con-
tours shown in Figure 12 Indicate that the maximum settle-
ments have not occurred beneath the heavy slab but rather at
the norﬁhwest and northeast corners., This difference, whe-
ther the settlement is caused by consolidation or not, is
due to the difference between the design and existing live
loads, the actual live loads being from 10 to 20 per cent
of the design values. As a result, the average existing
total load is about 70 per cent of the design total load,

Settlements which have occurred at the Library are
smaller than predicted. The fact that the loads used in
the prediction were larger than the actual ones would ex-

plain this difference 1f the net Ap applied to this case.
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It has been pointed out, however, that the use of net loads
for the analysis is incorrect. (The importance of using
the actual building loads is illustrated by noting the Ap
vs depth plot for caisson 108 in Figure 25, Since the ex-
cavation release 1s about 90 per cent of the gross inten-
sity of load, a 10 per cent increase in stresses caused by
building loads could increase the net load nearly 100 per
cent.)

Another major source of error in the computed set-
tlements lies in the fact that laboratory values of com-
pression index are larger than the field values. This point
1s discussed in VII and is analyzed quantitatively in the

following section.

Correlation Based on Corrected Ap Curves: The writer

has pointed out that there is no justification for the use
of a net load diagram for Ap as glven by the shaded portions
of Figure 25. This becomes apparent when studying the
piezometer curves and noting that positive excess pore water
pressures were recorded when the load intensity was that
shown by dotted lines in Figure 25. In this case, then,
the Ap represented by the area to the right of the dotted
curve must be used in the settlement estimate.

Consider caissons 108, lli, and 50 and consolidation
test data described in II. The ultimate settlement is

given by
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0.435 ¢

0 = thickness
- T
é (pl+pz )

Op
u 1+e1

We will use average values for the upper and lower founda-

tion clay.

Upper Foundation Clay:

thickness = 20 feet, e; = 1,00, Co = 0.06,
and p; = 1.l; tons per sq ft
Caisson 108
Lp = 0.33 tons per sqg It
Caisson Ll
Ap = 0.18 tons per sq ft
Caisson 50
Lp = 0.3l tons per sq ft

Lower Foundation Clay:

thickness = 70 feet, e, = 1.10, Cc = 0,20,

and p; = 2.6 tons per sq ft
Caisson 108
LAp = 0.15 tons per sq ft
Caisson Ll
bp = 0,13 tons per sq ft
Caisson 50

Op = 0,10 tons per sq ft

The ultimate settlements are



8l

i
i

Caisson 108 Py 0.66 + 1,96 = 2,6 inches

0.38 + 1.70 = 2.1 inches

Ceisson I Py
Caisson 50 p = 0.68 + 1,31

2.0 inches

These estimates as well as being high are not in the
correct relationship to each other since the actual settle-
ments are 0.52, 0.22, and 0,72 inches respectively. (The
actual settlements are those measured to date from a zero
reading at 238 days since the start of construction. The
Ap values used above are very nearly the added stresses
from this time to the present. Although the computed set-
tlements are ultimate values while the actual readings are
2~year settlements, it is believed the actual ones are nof
far from some undefined ultimate.)

Not even analyses based on actual loads and cor-
rected Ap curves give settlement predictions approaching
the actual settlements, If smaller values of Cc were used
the average predicted settlements could be fitted to the
actual ones but the distribution would be incorrect. If
average Cc values are backfigured from actual settlements
they are about 1/3 to 1/10 those given by laboratory con-
solidation data. If allowances were made for settlement
from other sources, one could easlily justify aversage Cc

values in the field of 1/10 those determined from
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laboratory tests, In this case Cc may be equal to 0,006 for
the upper foundation clay and 0,020 for the lower.

Meager data are available to compute a series of com-
pression indices using the piezometer curves of Figure 17
and settlement observatlons from Appendix IV. The distance
between any two isochrones at a given depth (Figure 17)
represents a transfer of stress from water to the s0il skel-
eton if no loads are applied during the period. The area
between the curves divided by the height of the plot gives
the average increase in intergranular pressure for the
period, Settlement which takes place during the period
represents an average void ratio decrease, Ae, which may be

readily computed. Since

c = Ae
o T BlToayy 07
this method, given the name "pore pressure-area” method by
J. P. Gould(u), may be used to estimate the field compres-
sion index.

Tabhle III shows the steps involved in the computation
of the compression index by the pore pressure-area method.
The clay has been divided again into two layers, the upper
foundation clay and the lower foundation clay. From 600
days to the present only a small amount of load, in the

form of books, has been added. Therefore, the three
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periods - 600-700, 700-800, and 800-900 days represent in-
tervals when the Library loads were essentially constant.
Computations for Table III have been made on the
following basis:
Au (ft) — the average decrease in water pressure
during the period, for the foundation

layer in question - data from Figure 17.

Ap (tons per sq ft) —— the corresponding average in-

crease in intergranular pressure.

Pe =Py < Ap — Py has been assumed as shown at the
bottom of the table. [During the consol=-
idation process Pq changes slightly but
since differences, A(IOSIO p), are used
very little error is involved if 127 is

assumed constant.]

total p(in) —— settlement at the piezometer location
during the period in question. Since no
observation points are located exactly at
the piezometer installation, an average
settlement of the points immediately sur-

rounding the plezometers has been used.
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0 (in) —— settlement of the upper or lower clay layer
for the period, based on the following
assumptions: Using the laboratory consoli-
dation test results, settlement in terms of
Op may be expressed by

Upper Clay

e - (20)(12) . (0.435)(0.06) ,
upper 141,00 T.1f Pu

= 2,2l AP,
Lower Clay
= (70§(122 . (0.435)(0.20)
plower +1.10 2.0 Opg
=13,k AP,

From consolidation test results, then, if Ap
were the same for each layer the settlement
of the lower clay would be 13.L + 2.2 =6
times that of the upper clay. Assuming this
ratio holds for the clay in situ the actual
Op values for each layer, determined from
piezometer curves described above, may be
used to find the percentage of total p con-
tributed by each layer. From the equations
pu + P, = total o

and



Ae —

Ap
= k
pk 6 Apu Py

the expression for p, 1is

As an example, for the time interval 700-800

days at Group A pilezometers

0.0l
b= = 0.003 inches
u T ], g 20097 3

. 0050

and

o, = 0.040 - 0.003 = 0.037 inches

void ratio change during the period computed
from

Ae = o (1+e)
€ < Thickness

Average values of the compression index determined

by the pore pressure-area method are 0.023 for the upper
foundation clay and 0,060 for the lower foundation clay,
These values, about 1/3 those given by the consolidation
tests, would still give predicted settlements which are

somewhat larger than the actual ones.

88

A principal source of error in the above analysis is

the questionable values of settlements used, Settlements
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of a few hundredths of an Inch appear, while the precision
of the observations is the same order of magnitude.

Values of the coefficient of compressibility, 8y
corresponding to C_ equal to 0,023 and 0.060, are 0.007 and
0.010 sq ft per ton. J. P. Gould(u) used the pore pressure-
area method at the Logan alrport to determine an average a,
of 0,003 sg ft per ton. There is no reason to belleve that
the Library values should exactly agree with those which
Gould determined., Nevertheless, it is probable that the
Library values determined by the pore pressure-area method

are 2 to 3 times larger than the true field compression

index.

C. SETTLEMENT CORRELATION BASED ON INDIVIDUAL RULBS OF

PRESSURE: The preceding analysis was based on the assump-
tlon that the Library settlement was due to consolidation

phenomena. It was shown that the settlement trend, higher
around the exterior of the building (see Figure 12), could
not be entirely accounted for by this approach, The esti-
mated settlements of the three calssons studied would be

in the correct relationship, however, if sgsettlement dus to
the upper foundation clay only was considered. This may

be seen by comparing the contribution of the upper founda-
tion clay to the ultimate settlements computed in the pre-

ceding section,
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The stress intensity in the upper clay is controlled
primarily by the caissoh directly above the poiat in ques-
tion., 1In addition, settlement due to compression of the
sand depends directly on the individual caisson. It is rea-
sonable then, to base a settlement correlation on isclated
bulbs of pressure., . This approach, simpler than a consolida-
tion analysis, does not consider the proximity and loads of
surrounding caissons.

Formulas based on Poisson's ratio and the modulus of
elasticity of the soll are available for computing the elas-
tic deformation caused by a footing load., Displacements ob-
tained by these expressions are usually considerably greater
than actusally occur because the modulus of elasticity deter-
mined from laboratory tests is too large.

Loading tests on a cohesive soil show that the settle-
ment is proportional to the intensity of pressure if that
intensity is small compared to the ultimate bearing capacity
of the clay. Similarly, all other things being equal, the
settlement i 8 approximately proportional to the diameter of

the loaded area. Then
p~qd
where

settlement

©
i

intensity of pressure at surface of clay

o)
il
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d = diameter of loaded area at surface of clay.

Figure 26 has been prepared to show a plot of P in
inches vs qld in kips per fqot. The intensity of load qq
is based on dead and live loads added since the start of
settlement observations, December 1, 1948. Settlements
have been taken from Appendix IV. Diameters of loaded areas
at the surface of the clay have been computed from data in
Appendix III, assuming that the caisson load spreads at an
angle of 30 degrees to the vertical through the sand to the
clay.

Only three points fall outside the ares which has
been shaded. These three settlement points — 11, 16, and
21 all lie along the west wall of the building (Figure 9).
Additional settlement at these points could be caused by 5
feet of £ill which has been placed in the terrace area.

Points which have been circles in Figure 26 repre-
sent those settlement points in areas where the cailssons
are closely spaced —— under the heavy slab and the south
wall (Figure 8). 1In general these calssons show greater
settlements than those somewhat more isolated. This is to
be expected if the approach considering only the upper
foundation clay 1s valid. Actually, a strong argument can
be presented for this approach especially in view of the

following observation, The points plotted witkh an X in
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Figure 26 represent the nine interior observation points.,
At these locations the stress in the lower foundation clay
is higher than it 1s for exterior points. (Compare Ap
curves of Figure 25.) If the lower foundation clay contrib-
uted a major portion of the actual caisson settlement then,
the x points of Figure 26 would lie considerably below the
shaded zone. The fact that they don't supports the writer's
feeling that very little of the Library settlement is caused
by the lower 70 feet of the clay stratum.

An equation representing the mean line through the

ahaded zone could be written

in which case the present "econstant," 0.1 inch, 1s settlement
which may be attributed to another source - perhaps consoli-
dation of the lower foundation clay. The average settlement
of the building since construction was completed has been
0,07 inches, which can account for a part of the 0.1 inch.
In any event, the shaded area will gradually shift verti-
cally downward and perhaps rotate clockwise slightly. In

all probability the "constant" above will increase.

D. COMPARISON OF LIBRARY SETTLEMENT WITH OTHER M.I.T.

BUILDINGS:

Main M, I.T. Bullding: When the main M.I.T. building

(see Figure 27) was constructed in 1916 hundreds of
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settlement observation points, of a type similar to those at
the Library, were installed. Settlement readings, made oecca-
sionally from 1916 to the present, indicate that the settle-
ments vary from a maximum of about 8 inches at Buildings 10
and 2 to a minimum of a little over 1 inch at Building 1.

The building 1s founded on wood piles which penetrate
into the sand layer overlying the blue clay. In some in-
stances where the sand is particularly thin, long friction
piles were driven into the clay,

Building 2, which is nearest the Library, has founda-
tion conditions similar to those at the Library with the
exception that the sand at Building 2 is considerably thicker
and lies nearer ground surface. Figure 28 shows a plan of
the building and the foundation profile of the section near-
est the Library.

In order to compare settlements of this structure
with those of the Library a point at the center of Building
2, point A, will be selected., The computation of the stress
vs depth curve below point A is based on the following
assumptions. The profile of Figure 28 indicates that the
net excavation is about 6 feet. Assuming a unit weight of
110 1bs per cu ft this represents a stress release of about
650 1bs per sq ft applied at El. +15,0 ft. The writer has

estimated that the total dead and live bullding load
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averages 1100 1bs per sq ft over this area of the main build-
ing. This agrees closely with a value of 1500 quoted by D.

w. Taylor(29),

It will be assumed that the piles transfer
this stress uniformly to the sand at El. -10,0 ft.

The Westergaard stress transmission theory has been
used to compute a Ap vs depth curve for point A. An estimate
of the ultimate settlement using consolidation test results

from samples at the Hayden Library follows:

= thickness 0.435 Ce Ap

p
u 1+e 1
1 ‘é(pl+p3 )

For the upper foundation clay

thickness = 18 ft Py = 1.40 tons per sq ft
e; = 1.00 Ap = 0,36 v
= 1 n o oon
C, = 0.06 p = 1.76

- and for the lower foundation clay
thickness = 70 ft P = 2.60 tons per sq It

e; = 1.10 Ap =0,18 n o mow®

Cc = 0. 20 pz - 2. 78 " 1 " 3]

in which case

Py = 0.65 + 2,33 = 3,0 inches

whereas the observed gsettlement is over 8 inches.
It has been demonstrated in an earlier section that

laboratory consolidation tests give values of compression
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index, Cc’ which are considerably higher than the field val-
ues for a precompressed clay. This may be true if the net
loads are small but the opposite is a possibllity when net
loads are large. This is discussed in VII-F and IX-D., Nev-
ertheless, the importance of the history of the M.I.T. site
must not be overlooked as a possible explanation for dis-

crepancy between the computed and observed settlement,

Prior to 1890 the I, I.T. site was a tidal flat with 1
ground surface at about El. +7 on the Cambridge datum (mean
sea level 1s about +11). The tip of a natural gravel point,
called Whittimore's Point, projected écross the present
Massachusetts Avenue and touched Buillding 1. The dashed
line of Figure 27 shows the shore line of this point where
the sand and gravel overlying the blue clay 1s 20 to 30
feet thick,

The Harvard bridge was opened to traffic in 1891
which means that fill was.placed about this time to present
ground surface, El. +21, on both sides of Whittimore's
Point for Massachusetts Avenue. According to the Annual
Documents of the City of Cambridge for the year 1898, the
sea wall south of the M.I.T. site had been constructed and
the Esplanade (area now occupied by Memorial Drive) had
been filled to El. 421 by hydraulic dredge from the Charles
River basin. An 1898 map shows the M.I.T. site as "partly



filled flats." It is believed that the remainder of the fill
to El. +21 took place about 1908 when the Charles River Dam
was built., 1In any event, by 1912 when W. 0. Crosby of the
Geology Department made borings throughout the area, the -
site was at El. +21. Between 1898 and 1912, then, about 1l
feet of fill was placed at the site with the exception of the
area near Bullding 1 where little filling was required.

Additional fill was placed, after the main building
was constructed, to El. +26 to accommodate sidewalks around
the interior courtyards of the building. Sometime prior to
1935 the remainder of the courtyards were filled to the
present elevation, generally +26 except for a slde strip
down the center of the court which is about El. +2l.

In view of the quantity of fill placed shortly before
the Institute bullding was constructed and subsequent fill-
ing in the courtyards amounting to lf or 5 feet, it is not
édifficult to see why the settlement of the main building is
as much as 8 inches. 1In general the settlements increase
going east from Massachusetts Avenue, which is to be ex-
pected because of Whittimore's Point and the older fill for
Masgsachusetts Avenue. Building 1, with a settlement of 1
to 3 inches, is located above the thick bed of gravel of
Whittimore's Point where the fill placed before construction
is the least. Building 10, with somewhat higher building

loads and founded on piles above 5 or 10 feet of gravel, has
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settled about 8 inches. Bullding 2 has about the same loads
as Building 1 and the same sand and gravel as Building 10.
It is located where the fill is the greatest and has settled
8 1/2 inches.

The quantity and distribution of fill placed before
the main building was constructed 1is alone not enough to ex-

plain the difference between the settlements of Buildings 1

and 2. It 1s true that the net building load causing consol-
idation at Building 1 is smaller because of the thick sand
stratum, What may be still more important, however, 1s the
effect of this net load difference on the shapes of the field
compression curves for the two bulldings. The Terzaghi bond
hypothesis and bonds related to Theory B, which have been
discussed in VII-F, offer possibls explanations, then, for
the large differences between Bulldings 1 and 2 as well as
for the small settlements at the Library., A discussion of
these points is withheld until IX-D.

Several other factors may contribute to the irregular
gsettlements of the main building. One of these involves the
effect of remolding on the strength of the clay caused by
driving closely spaced friction piles., In 1932, A. Casa~-
grande(Bo) pointed out that the maximum settlements were in
areas where long piles were driven through the sand into the
clay. (These areas, of course, correspond to zones where the

sand stratum 1s thinnest.) While this is generally true,
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there are areas of the main bullding where short piles have
been used, which have settled nearly as muck as Buildings 10
and 2 which are supported by long friction piles. Thus, this
remolding effeet can be a partial explanation only.

It was assumed that the building load was dlistributed
uniformly over its area. Actually, the load i1s carried to the
sand by pile groups which will stress the c¢clay in local areas
considerably more than the average which were assumed in a
previous computation., Where the sand is thinnest the stresses
and consequently settlements will generally be greatest.
Finally, as the recent fill overlying the sand and clay con~-
tinues to settle, it will add load to the piles instead of
contributing to thelr support. This effect 1s obviously more
pronounced where the fill is deepest. As noted earlier, the
areas of deepest fill are located where the main building
settlement 1is greatest.

In view of the above discussion, it 1s evident that a
correlation of the main M, I.T. building settlement with the
Library settlement and consolidation test data, is next to

impossible.

Alumni Pool Building: In 194k, D. W. Taylor(Z9) pub-

lished a paper on the foundation of the Alumni Pool Building
which is located about 700 feet north of the Hayden Library.
The foundation conditions are more like those of the Library
than were those of Building 2 since the sand varies in thick-

ness from 0 to 5 feet., Gow type caissons were placed while
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the sand stratum was dewatered by well points. To make the
similarity even closer, the net load on the building area
as a whole 1s nearly zero,

Taylor's design criteria, to limit the differential
settlement of opposite ends of the pool to a minimum, was to
design each caisson so that the loaded diameter in feet at
the top of the soft blue clay was equal to 0.15 times the net
calsson load in tons. The average settlement of the two
ends of the pool in 2 years after permanent settlement plugs
were established was 0.7 inches., The differential settle-
ment did not exceed 0.0l inches between these locations,

Limited data are avallable, then, to check results of
the Library study based on individual bulbs of pressure, in
particular to check the shaded zone of Figure 26. An aver-
age of qld equal to 26 kips per ft was computed for the four
calssons at each end of the pool using data from an Ander-
son-Beckwith blueprint, number S-1x, dated June 15, 1943,
This value when plotted on Figure 26 with a corresponding
average settlement of 0.7 inches, gives a point in the middle
of the shaded zone. This check provides further evidence,
although meager, to support the conclusion that the source

of the Library settlement is in the upper foundation clay.

E. FUTURE SETTLEMENT OF THE LIBRARY: Plezometer readings

have shown that settlement at the Hayden Library due to pri-

mary consolidation is complete. If the loads remain



essentially the same as they are at present, the writer be-
lieves that the Library will probably settle less than half
an inch during the next 10 years. This will include general
subsidence of the M,I.T. area as a whole. There is a possi-
bility that future additions to the building will cause a
substantial increase in settlement - perhaps even greater
than the settlement which occurred under the pressnt loads.
It is unlikely, however, that thé Library will follow a set-
tlement pattern similar to Building 2 because of the differ-

ence in the net loads.

F. CONCLUSIONS: The following conclusions relative to the

analysis of the magnitude of the Library settlement may be

stated.

1. The use of a net Ap (stresses caused by building
loads minus excavation stresses) in the ultimate
settlement computation for a precompressed clay 1is
not valid. A somewhat larger value holds, depend-
ing on the speed at which swell takes place follow-
ing excavation. Since settlement estimates are
often already too large, this accentuates the dif-
fersnce between the fleld compression curve and

that estimated from consolidation data.

2. The smgll settlement which has occurred at the

Library may be due to any of three sources of

100
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settlement or a combinatlon of them - compression
of the sand, shear deformation of the clay, and
consolidetion of the clay. Since the settlement
from all three sources occurred during construe-

tion no accurate breakdown is possible.

If Library settlement 1s due only to consolidation
phenomena, the average field compression index 1is
about 1/5 that determined from laboratory consoli-

dation tests.

There is good evidence to support the hypothesis
that the upper foundation clay contributed nearly
all of the settlement, in which case individual
caisson bulbs of pressure may be considered with-
out the labor of a settlement analysis based on
consolidation theory. If this is the case the
consolidation tests have glven values of compres-
sion index which average 10 or more times the
field values for the lower foundation clay. Fig-
ure 26 provides a good working curve for caisson

design using this approach.

No correlation between the Library settlement
and that of the main institute bullding is pos-

sible largely because of the load history of the
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site, the difference in foundation types, and the

difference in net loads causing consolidation.
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IX

ANALYSIS OF THE TIME RATE OF THE LIBRARY SETTLEMENT

The preceding section was devoted to a correlation
between laboratory and field data with reference to the mag-
nitude of the Library settlement which has occurred. This
section will present an analysis of the speed at which that
settlement has taken place with special emphasis on the use
of pore pressure measurements and a consolidation analogy

model in the correlation.

A, NATURE OF THE PROBLEM: It has been pointed out in an

earlier section and it may be seen in Figure 17 that the pie-
zometers recorded a change from negative to positive excess
pressure about 270 days after the start of construction. (At
this time the average net load at the top of the clay was
about -0.1l5 tons per sq ft, see Figure 7.) Settlement due to
consolidation phenomena commenced at 270 days, then, in which
case ultimate settlement and time-settlement correlations
based on conventional analyses must consider this point‘as
the start of the loading period.

Actually, the date when settlement observations were
begun, 238 days, is not far from that when positive excess
pressures were initially recorded. It will be assumed that

the two dates coincide and that the effective loading period
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begins at 238 days. Figure 29 shows the assumed linear vari-
ation of average pressure (as defined in Figure 7) over the
300-day effective loading period beginning at 238 days.

An analysis of the speed of compression is complex,
primarily for two reasons, First, it is not known whether or
not the Library settlement is a result of consolidation. Sec-
ond, the effects of radial flow on the consolidation processr
are severe, especially in the upper foundation clay where the
calssons stress isolated bulbs of so0il which are adjacent to
zones between calssons which receive no load, |

Because of the uncertainties involved in the effects
of racdisl flow in this case, the analyses which follow will
deal with the determination of a modified coefficient of con-
solidation embracing radial as well as vertical consollidation.
This coefficient, given the symbol ., Mmay be thought of as
the vertical coefficient of consolidation required to give the
time~-settlement characteristics or the pore pressure dissipa-
tion patterns if no radial flow were involved., There is no
reason to believe that c will remain constant during the
construction period as c, might if consolidation were truly
one-dimensional. The effects of radial flow will vary con-
siderably depending on the horizontal gradients, thelr space
rate of change, and some indeterminate radius effective at

any given time.
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As in the preceding section, the problem will first
be approached from the standpoint that settlement is due to
consolidation and the modified Ch required to give the ob-
served settlement pattern will be computed from the Terzaghi
Consolidetion Theory. Use will then be made of the pore
pressure curves for other determinations of Cn which are in-

dependent of the source of the settlement.

B. MODIFIED Crm BASED ON SETTLEMENT CORRELATIONS: Observed

time-settlement curves for caissons 108, Lili, and 50 (obser-
vation points 8, 18, and 20) have been plotted in Figure 29
from data of Appendix IV. The theoretical time-settlement
pattern, based on consolidation test data, may be estimated
t(days) = %}? = 00T
where H = i5 ft and c, =50 x 10‘“ cm® per sec.
The settlements which have occurred to date, 0.52, 0.22, and
0.72 inches respectively, represent settlement due to primary
compression which is essentially complete, If these values
of settlement are used, as described in VI-C, té determine
the time-settlement curve it is not difficult to show that
estimated settlements at the end of the loading period would
be about one third those which have occurred. Consolidation
has obviously progressed considerably faster than the labora-
tory coefficient would lead one to expect.

By a process of trial and error the dashed curves of

Figure 29 have been fitted to the actual time-settlement
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curves using a Cys in the above equation, equal to 800 x 10-u
em® per sec. The curves have been corrected for the assumed
loading period using a graphical process described by K.
Terzaghi(1®). Actually, this elementary fitting is worth-
less. It gives no real indicstion of the comparison between
laboratory and field consolidation characteristics because
of the effect of radial flow and the uncertainty in the
source of the settlement. If pore pressure curves were not
available it would be the only approach. If the settlement
were known to be caused by consolidation it would have to be
concluded that consolidation took place 16 times as fast as
would be predicted from laboratory tests, Note that the
writer has not stated that the field ¢y 1s 16 times the lab

c, but that c_ as previously defined is 16 times the lab Cyr

C. MODIFIED Cm BASED ON PIEZOMETER CURVES:

Introduction: The value of pore pressure measurements

in the study of consolidatlion characteristics of a clay
stratum cannot be overemphasized. These data have been used
with settlement data in VIII to estimate the coefficient of
compressibility of the clay. They will now be usedeith load-
ing data to study the speed at which consolidation has oc-
curred at the Hayden Library.

Analytical solutions of consolidation problems involv-

ing irregular patterns of hydrostatlc excess pressures are
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generally too complex unless simplifying assumptions, gener-
ally at a considerable sacrifice in accuracy, are made,
Graphical procedures and model analyses, however, may be
adapted to nearly any condition of flow and variation in soil
properties, to predict field consolidation characteristics or
to study observed field data.

Given any two pilezometric curves, excess pressure vs
depth (isochrones), at given times tl and t,, it is possible
to estimate the field coefficient of consolidation Cy (1f no
lateral drainage occurs) by a graphical differentiation proc-
ess based on the equation for one-dimensional consolidation

du_ . 2%
3t = %v 32
which may be approximated by

_ 2 u
Au = Cv -a—z-z— At
The slope of the 1lsochrone at any point represents the term

du o2y
32 and the rate of change of slope with respect to z is 352 °

A plot of g%% vs z at time tl may be easlly obtalned
using a graphiecal procedure described by J., P. Gould(u). For
an assumed Cy s which may vary with depth, and a small incre-
ment of time Ot, a curve of Ou vs depth, which represents the
excess pressure dissipated during the increment, may be de-
termined from the formula given above. When this change is
applied to the isochrone at tl a new isochrone is obtained

for t, + At which may be used for the next step. The 1so-

1
chrone obtained at time t, = tl + nAt may be compared with
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the known excess pressure curve at t, as a check on the as-
sumed L This process is repeated with a new cy until the
graphical procedure checks observed data.

Because of the general form of the differential equa-
tion, if a load 1s added between tl and t, it may be in-
cluded by an increase in u at the desired time. Similarly,
1f the effects of radial flow are studied the differential
equation representing radial consolidation may be used alter-
nately with the expression for vertical consolidation in a
step-by-step process.

The graphical procedure, being a trial-and-error
process, 1s somewhat tedious and involves many hours of
careful drafting. A second approach to the problem of analyz-
ing field data may be made by using a model herein called the
consolidation analogy model. A model has been built at the
M. I.T. Soil Mechanics Laboratory by A, C. Rigas(Bl) under the
supervision of the writer. The principle of the model 1s
based on a device described by R. A. Barron in Reference 32.
It replaces the tedious step-by-step graphical procedure by
a continuous variation in excess pore water pressure, Al-
though trial-and-error procedures are required under certain
conditions and radial flow cannot be accounted for in the
present model, it has proved to be invaluable in aiding the

investigation which follows.

The Consolidation Analogy Model: The consolidation

analogy model consists of a series of vertical standpipes
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connected to each other by means of equal lengths of hori-
zontal capillary tubes. The photograph of Figure 30 shows
the model which was used in the following studies. A com-
plete description of the model and a discussion of its anal-

ogy to consolidation is given by Rigas(sl).

Only the impor-
tant features will be presented here.

Each standpipe of the model represents a specifiec
point in a consolidating clay layer. Figure 31 shows a
sketch of the model and the elevations of points in the clay
stratum beneath the Hayden Library which correspond to the
nine model standpipes. The resistance of the éoil to flow
of water is simulated in the model by the capillary tubes
connecting standpipes.

If the level of the water in the end two standpipes
is held constant and defined as the model datum, the level
of the water above or below this datum in any standpipe
represents an excess pressure. Any known isochrone in a
clay stratum may be represented on the model, then, by
bringing the water surface in each standpipe to a level,
above or below the model datum, equivalent to the excess
pressure at corresponding points inkthe clay.

One-dimensional consolidation with a constant initial
excess pressure and double drainage 1s represented in the
model by filling the 7 interior standpipes to a common level

above the model datum. The consolidation process begins when -



110

the valves are opened and water commences to flow, first from
the outer standpipes anq finally from the center standpipe
after sufficient difference in head has been established to
cause flow. Theoretically, an infinite gradient exists ét
the surfaces of the soil mass when consolidation begins,
The initial gradient in the model is finite. The effect of
this discrepency disappears rapidly as the number of stand-
plpes is increased., Rigas found that 3 wére not sufficient
but 7 gave good results.

The amount of water drained from each standpipe during
an increment of consolidation represents drainage from a
given soil layer. Therefore, the area of the standpipe is
analogous to the compressibility, P of the soil layer.

A relationship between model time and prototype time,

see Reference 32, may be expressed by

qQvy, &, H?
t, = ¥ 3 t
P a n? &' k(l+e) m
where
tp = time in the prototype
tm = time in the model
q = rate of discharge for one capillary tube
under a unit gradient
Yw = unit weight of water
a = coefficient of compressibility of the
M soil
H = one half the thickness of the clay layer

for double drainage
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a = area of the standpipe (analogous to av)

n = number of capillary tubes

' = length of each capillary tube (n' analogous
to the thickness of clay)

k = coefficient of permeability of soil

e = void ratio of soll

Although the model may be calibrated to a particular
case in nature by solving the above expression, a more general
approach 1s to determine tm in terms of the time factor T.
This may be done by simulating on the model the one-dimen-
gsional consolidation process with constant initial excess
pressure and noting the time required for the water level in
the standplpes to represent a given theoretical time factor
curve. Rigas found the calibration factor for the M.I.T.
model to be t (min.) = 70.5T at a temperature of 2,°C. For
a particular field problem, tp may also be expressed as a
function of T from tp = IH2 » in which case the relationship

v

between tp and tm is immediately available and applies for
the cy and H assumed.

Once this time relationship is determined, the model
may be used in conjunction with buillding load data to predict
the pore pressure curve @hroughout the clay at any time.

This process is most easily accomplished by adding the "load"
in steps. Each building load increment causes an increment

of excess pressure throughout the clay which may be



represented in the model by adding appropriate amounts of
water to the standpipes. Drainage in the model isvallowed
to take place for the model equivalent of tp before the
valves are closed and the next step applied.

Although the consolidation model may be adapted to
include cases where the soil undergoes both expansion and
compression ai different coefficients, and perhaps even
radial consolidatibn, it has been used in the following

analyses in the simple form described above.

Application of the Model: Three independent studies

have been conducted using the consolidation analogy model
estimate the speed at which consclidaetion has occurred at
the Hayden Library. These studies, called Case 1, 2, and
are based on loading data cescribed in III and piezometer
data presented in V.

The following general assumptions are made in these

cases:

1. 100 per cent of any stress increment, Ap, trans-
mitted to a given point in the soil mass is ini-

tially carried by the water as eXxcess pressure.

2. The coefficient of expansibility, 8g is equal to

the coefficient of compressibility, 8y and they
are constant with depth.

3. The modified coefficient, Cp> determined by the

model analyses is understood to be that average

112

to

3,
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value of cy required to give the observed pore
pressure dissipation pattern if the flow werse

one=-dimensional in the fileld,

In order to calibrate the model to field conditions
the following computations are made:
tm(min) = 70.75T (from Rigas) = - - = - - (a)

and for a value of c_ equal to 1 x 10'“ cm® per sec

= TH® _ (45 x 30,5)2 T
tp(sec) Cm 1 x 1074

or tp(days) = 218,000T = = = = = = = = = « = (B)
Combining (A) and (B):
tm(min) = [3.2h x cm(cm? per sec)] tp(days) - (C)

for any value of Coe

CASE 1-

The first study, a preliminary one, was conducted
primarily to estimate a modified ¢ to be used as a first
trial in Cases 2 and 3.

Pumping from a well point system at the site of the
John Thompson Dorrance Laboratory, 500 feet northbof the
Library, lowered the water table about 3 feet at Group A
plezometers and 1 1/2 feet at Group B. The effect of the
drawdown on the plezometer readings may be seen in Figure

starting at 970 days.
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Let us agsume in this preliminary.study that the
water table was lowered 3 feet over the entire Library and
surrounding area. This corresponds to the application of
an initial hydrostatic excess pressur:z at the top of the
clay of 3 feet varying llnearly to zero at the bottom of
the clay. At 970 days the pilezometers were showing very
little change. Therefore, the excess pressure caused by
the drawdown may be analyzed separately in the model for
the short time involved.

The above condition may be represented on the model
by simply filling each standpipe the appropriate amount
above the model datum (2,625 units in #2, 2.25 in #3, etec.,
for a triangular distribution of initial excess pressure)
before opening the valves and allowing drainage to commence.
The model curve at any time, tm’ may be fitted to a proto-
type curve using the Group A plezometer readings from Figure
16ba. When the tp - t, relationship is found, equation (C)
may be used to determine the modified e

This preliminary study indicated that the Sy applying
to the first 30 days after drawdown was equal to 800 to 900

x 10"LL cm? per sec.

CASE 2

A second study, based on the period from 230 to 700
days, was made to demonstrate graphically the speed at

which consolidation has progressed at the Hayden Library.
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Before the test was started, the water level in each stand-
plpe was lowered an amount equivalent to the negative excess
pressures given by the 230-day curve in Figure 17 for Group
B piezometers. In this case, 2 cm on the model standpipes
represented 1 foot of excess pressure head. The loading
curve shown in Figure 32 was assumed to be applied in steps.
Influence values of excess pressure head caused by a step of
1 ton per sq ft applied at the surface of‘the clay, are re-
corded in the table of Figure 32 for points in the clay
stratum corresponding to standpipe locations.

To illustrate the model procedure - after the 230~
day excess pressure pattern was reproduced on the model,
each standpipe was filled an amount representing the first
step of 0.025 tons per sq ft (see Figure 32). This amount
may be determined by multiplying the influence value shown
in the table by 0.025. Valves were then opened and flow
was allowed to take place for "L5 days" (11740° on the model
for a ¢ equal to 800 x lO'u em? per sec). At this time,
the valves were closed and the next step of 0.05 tons per sq
£t was applied. Readings, taken at the middle of several
steps, are plotted in Figure 33 for comparison with the ac-
tual hydrostatic excess pressure patterns.

Although the actual piezometer curves fluctuate back
and forth considerably there is reasonable agreement be-

tween the model and actual curves. . If greater refinement



116

were warranted, better agreement could be obtained by varying
the sizes of fthe standpipes to simulate a varying Cr and by
taking smaller steps. The value of 800 x 10-u em?® per sec is
believed to be within 10 per cent of an optimum value giving
best agreement.

The average consolidation has orogressed 1l to 18
times as fast as would be normally predicted from laboratory
consolidation test results., The effect on the piezometer
readings 1s apparent. While an excess pressure equivalent of
11 feet of head was applied during the period, a maximum of

2 feet was recorded by the plezometers.

CASE 3

A third study was made involving the period from the
start of construction to the time when the first plezometer
readings were taken (about 200 days). The object of this
study was to determine the average modified Cp required to
duplicate by means of the model the 197-~day excess pressures
recorded by Grovp B plezometers.

Loading data fof this period are considerably more
precise than those used in the second study. With the aid
of data collected by H. de R, Gibbons(é), the stress inten-
8ity causing consoclidation at the location of piezometers
B-2, B-3, and B-l has been computed by means of the Wester-
geard stress transmission theory. These curves are shown

in Figure 3lj. The sudden jump at 37 days does not represent
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a rise in the pilezometer levels but indicates a sudden change
in the line of zero excess pressure as a fesult of the Li-
brary drawdown.

A step process was followsd similar to that used in
the previous study. The steps are shown in the table of
Figure 2lj., The results of a trial value of ¢, equal to 1000
X 10-4 cm® per sec are shown in Figure 35. The model curve
at 197 days does not check the actual curve as well as it
would i1f a slightly higher value of ¢, Wwere used. Rigas(sl),
however, estimated that 1t would require an average Ch of 950

I

x 10 ' cm? per sec to check the 197-day curve.
One of the general assumptions used in these analyses
was equality of a, and the swelling coefficient age This
assumption is probably very crude in this case since the g
applying to swell after excavatlion and swell following the
discontinuation of pumping is smaller than the compressibil-
ity coefficient a, during drawdown. This fact, coupled with
the smaller effects of radial flow during the drawdown,
would lead to a considerably larger modified Cp during swell
than that whieh applied during drawdown.

This case provides further emphasis on the speed at
which consolidation took place at the Hayden Library. The
fact that positive excess pressures were recorded when the

net building load was still negative 1s a result of rapid

foundation swell following excavation and discontinuation
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of pumping. Presumsbly, if enough time were allowed follow-
ing the excavation for a bullding, negative excesas pressures
would be cdmpletely relieved. In this case, thé first ton
of building weight would cause positive excess pressure and
consolidation of the clay.

Since the piezometer readings at the Hayden Library
were very small, 1t was originally thought that only a small
share of the building load was carried initially by the pore
water. Although there is no definite proof that the pore
water carried 100 per cent of the load, these studies indi-
cate that the problem was much more likely one of speed>of
compression rather than bond. Unfortunately, there was no
appreciable sudden load applied during construction which

could be used as a check on possible bonds,

D. COMPARISON CF TIME RATE OF LIBRARY SETTLEMENT WITH OTHER

BUILDINGS: The speed at which consolidation has taken
place at the Hayden Library is indeed surprising. However,
it is not as unusual as 1t might at first seem. The effects
of radial consolidation have undoubtedly been pronounced.
Purthermore, the performance of other buildings with very
small net loads has shown that the high speeds of compres-
sion cannot be accounted for from laboratory consolidation
tests. As an 1illustration, A. Casagrande and R, E. Fadum(23)

published a paper in 194l concerning the settlement of two

large insurance buildings in Boston. Both of these buildings
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were designed with deep basements to reduce the net building
load. Foundation conditions were similar to those at the
Library except that the clay at the site of the insurance
buildings 1s about 20 feet thinner., In the first year after
construction both buildings had settled a maximum of less
than 1 1/2 inches and settlement virtually ceased at this
time,

As discussed in VIII-D, settlement records are avail-
able for the main M, I.T. building. Although the load his-
tory of the site is complex, it is of interest to examine
the time-settlement curves, shown in Figure 36, for Build-
ings 1, 2, and 10. It is estimated that 90 per cent consol-
idation occurred in 10 years for Buildings 2 and 10, in

which case:
2
_ Toof® _ o.8,8 m®

°v ~ t90 t90
where
H ~ L5 rt
t = 10 x 365 x 2L x 3600 sec
then
c, = 50 x 10“1‘L cm? per sec

which is equal to the average value given by consolidation
tests on the Library samples! Consolidation appears to have
taken place about twlce as fast at Building 1 where the net
loads are considerably smaller because of the thick sand

gstratum overlying the clay.
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Several cases of buildings with net loads ranging
from 0,3 to 2,0 tons per sq ft are reported by A. Caéagrande
and R. E. Fadum(BB). In all cases the time-settlement curves
indicate that consolidation has progressed at a rate similar
to that of Buildings 2 and 10.

It is evident that the ultimate settlement and the
speed at which it occurs are extremely sensitive to the
magnitude of the net load. In the case of Boston blue clay
it appears that if the net building load exceeds perhaps 0,2
or 0.3 tons per sq ft, the clay suddenly breaks down. The
performance of the Library and the insurance buildings with
small net loads, cannot be jusgtified from standard consolida-
tion tests but the settlement characteristics of buildings
with large net loads may be predicted with reasonable accu-
racy.

It may be seen from Figure 36 that Building 1 has not
settled measurably in the last 25 years while Buildings 2 and
10 have continued to settle. From this observation alone,
questions are raised relative to secondary compression in the
field when small net loads are involved. Secondary compres-
sion in the laboratory generally follows a sloping straight
line on a logarithmic time scale. The settlements of Build-
ings 2 and 10 with large net loads tend to agree although
many more years will be required before this relationship can
be proved, On the other hand, Building 1 follows no such

secondary time-compression relationship.
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To the writer, the Terzaghl bond hypothesis seems to
answer many of the points discussed in the previous para-
graphs. The "solld water" bond, to which Terzaghi refers,
may be a result of a preferred orientation of water mole-
cules in the adsorbed water films surrounding clay particles.
If sufficlent load is applied to the clay, this bond and
molecular orientation may be suddenly partially destroyed.
According to Terzaghi the unbonded pressure-void ratio
curves are parallel regardless of the magnitude of the pres-
sure when the '"solid water" bond was broken. D. W, Taylor
has pointed out in Reference 12, with good reason, that a
more rational action would be for the clay, in the unbonded
state, to foilow a unigue pressure-vold curve regardless of
the magnitude of the pressure,

D. W. Taylor's bond hypothesis associated with Theory
B (see VII-F) explains discrepancies between. computed settle-
ments and actual settlements when small loads are applied,
Furthermore, from pore pressure tests described in Part II,
the writer has found that under certsin conditions bonds do
carry a small part of the applied load, Studies at the Li-
brafy, however, have shown that no pronounced bond of this
type was effective, In addition there is no explanation in
Theory B for the apparent sudden breaskdown when the net
building loads exceed 0,2 or 0.3 tons per sq ft.

It is the writer's belief that nearly all clay depos-

its, with the possible exception of fresh marine clays, are
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slightly precompressed. It is 1inconceivable to think that
even the so-called "normally" consolidated clays have not
experienced higher loads than they now carry. Precompres-
sion may have been caused by dry veriods when the water
level was lower by several feet, by temporary loads or by
soil which has been eroded., It is indeed possible that
most clays have preconsolidation pressures of at least a
few tenths of a ton per sq ft. If the net building load is
smaller than this precompression, the field e - log p curve
will be practically horizontal and whatever small settle-
ment occurred would take place during coanstruction.

In the Boston area the upper part of the "blue" clay
stratum is generally highly preconsolidated by drying. It
is probable that the lower part of the clay is slightly
precomeressed even at the bottom. [Perhaps the true maxi-
mum past pressure curve (see Figure 6) is displaced
slightly to the r;ght of the overburden pressure curve in
the bottom LO feet of clay and is more nearly parallel to
it than curve 3.] If the net building load exceeds this
slight precompression, the lower clay will follow a virgin
compression curve at a small coefficient of consolidation,
The writer believes that if this precompression is ex-
ceeded, the building will exhiblt a secondary time-settle-
ment curve which follows a straight line on a logarithmic

time scale, If it is not exceeded, the settlement may vir-

tually ceass in a few years,
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A final decision on the validity of these hypotheses
must be postponed until further laboratory research is con-
ducted and additional field data are gathered under more

ideal conditions than those encountered at the Library.

E. CONCLUSIONS: The following conclusions may be stated

relative to the speed at which consolidation has occurred

at the Hayden Library:

1. Any vrocess of fltting theoretical time-settle-
ment curves to observec readings in an attempt to determine
the speed at which consolidation has occurred at the Li-
brary gives no real incication of the validity of labora-
tory consolidation ﬁest data. Since settlements at the Li-
brary took vlace during construction, there is no proof

that the settlement is due to consolidation.

2. With the ald of piezometer readings, however, it
has been possitble to estimate that consolidation of the
clay stratum took place 1L to 18 times as fast as would
normally be predicted from one=-cdimensional consolidation
tests. Since the effects of radisl flow cannot be reason-
ably evaluated during construction, it is impossible to de-
termine a value of e, in situ to compare with the values
determined in the laboratory. In all probability, however,
the average field cy is © or more times the laboratory

i

value of 50 x 107™% em® per secc.
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3. There is no evidence available that intergranu-
lar bonds in the clay stratum initia1ly carried a portion

of the building load.

i. The speed at which consolidation occurred at
the Library is not surprising when comparing it with other
large buildings which have small net loads. The reader is
referred to IX-D for a discussion of the importance of the

net building load magnitude.
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PART I

GENERAL CONCLUSIONS

The piezometer and settlement point installation at

the Hayden Library have given a great deal of valuable data

which have been used in this investigation to correlate

field performance with results of laboratory consolidation

tests.

The following general conclusions may be stated

relative to these installations.

I. PIBZOMETER INSTALLATION:

1.

The nonmetalliec type plezometer devised by A. Casa-
grande has proved itself an economical and reliable
device for obtaining pore water pressures in clay.
All 10 piezometers continue to record the pore
pressure fluctuations in the c¢lay and at its sur-
faces after having been carefully installed nearly

3 years ago.

The piezometers have shown that there are no arte-
sian pressures at the bottom of the clay in the

M. I.T. area. As a result the maximum past pressures
in the lower foundation clay must be at least equal
to the overburden pressure. However, laboratory
consolidation tests have given a maximum pa%t pres-

sure, determined by the Casagrande construction, -
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nearly 1 ton per sq ft less than the overburden
pressure., Here is definite proof, then, that the
graphical construction gives, in some instances,

values of maximum past pressure which are too small.

The piezometers have demonstrated the speed at which
foundation swell takes place following excavation.
The point of zero net load for a building with small
net loads must be taken at that point when the pie-
zometers record a change from negative to positive
excess pressures. Since swell usually oeccurs rap-
idly the net building load to be used in a settle-
ment analysis may be very nearly equal to the gross

building weight.

Without piezometer data it would have been impossi-
ble to obtain a reliable estimate of the speed at
which consolidation occurred at the Hayden Library,
since the settlements were small and occurred dur-
ing construction. Studles based on piezometer data
indicate that consolidation has taken place an av-
erage of 1L to 18 times as fast as would normally

be predicted from consolidation test data.

Piezometer data have been used to a limited extent
to support the writer's conclusion that the average

in-situ compression index is about one-tenth that
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which is obtained from a standard laboratory consol-

i1dation test.

II. SETTLEMENT POINT INSTALLATION:

1.

The caisson type foundation designed by the firm
of Moran, Proctor, Freeman and Mueser, foundation
engineers, has beeﬁ entirely satisfaétory in trans-
mitting the building loads to the foundation clay.
The settlements which have occurred (0.25 to 0.9L
inches) are considerably smaller than those which
were expected. The maximum differential settlement
of 0.7 inches is not considered large enough to
cause any appreciable structural damage to the
building. This is especially trﬁe since the major-

ity of the settlement occurred during construction.

The maximum settlements in general occur around the
exterior of the building. Normally, a building
founded above a thick stratum of clay will ssttle
more Iin the center. This discrepancy 1is explalned
in part by the smaller average loads in the center
of the building because of the court. In addition,
the existing exterior caisson loads are more

nearly equal to the design loads than are the exist-

ing interior caisson loads.
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3. The settlement pattern at the Hayden Library has
led the writer to the conclusion that the majority
of the settlement is due to compression of the

upper 10 to 20 feet of the clay.

In view of the above conclusions and observations arrived at
from a study of settlement and piezometer data, the follow-
ing important conclusion has been reached.

Data from standard laboratory consolidation tests
can in no way be used to predict the Qettlement and time~
settlement characteristics of a building of this type with
small net loads., A settlement analysls based on a stress
transmission theory and using a laboratory value of com-
pression index to determine the ultimate settlement at a
polnt is a waste of the investigatort!s time.

More specific conclusions relative to the analyses
of the magnitude of the Library settlement and the time
rate at which it occurred are given in VIII-F and IX-E.

The reader is also referred to VIII-D and especially IX-D
for an important discussion of the comparison of the Li-
brary settlement with other buildings in the M.I.T. and

Boston area.

While a vast amount of valuable data are available

as a result of the plezometer and settlement point
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installation at the Hayden Library, their full value cannot
be realized because of the absence of certain critical in-
formation.

The most important data which are not available, the
absence of which has frustrated the writer throughout this
entire investigation, are data on the source of the Library
settlement. It is not known to what extent the 90-foot
thick layer of Boston blue clay contributed to the total
measured settlement of the Library. If underground refer-
ence points could have been placed prior to excavation, the
amount of foundation swell and subseguent recompression
would be recorded. The value of this investigation, then,
would have been increased several fold.

The fact that piezometer readings are not available
for the early stages of construction is also unfortunate.
The sudden lozad release due to excavation and the sudden
drawdown when pumping was begun would have been ideal pe-
riods for studying the consolidation characteristics of
the clay mass., In all probability some idea of the varia-
tion of the coefficient of consolidation with depth and
the effects of radial flow could have been evaluated.

As a final hindrance to the original objectives of
this investigation, the Library net loads are so small
that the settlement and pore pressure dissipation took

place almost entirely during construction.



130

It is not difficult to set up the condition for an

ideal installation for studying the physical and mechanical

properties of a clay stratum., These conditions would in-

clude:

1.

3.

A stratum of clay as homogeneous as possible and

preferably slightly precompressed.

A program of carefully run consolidation tests
with pore pressure measurements on undisturbed sam-

ples for studying bonds.

Piezometer installafions throughout the clay at
three locations ---, center of the building, edge
of the building and at some distance away from the
building. These iInstallations to be made prior to

any construction activity.

Underground reference points throughout the clay
in at least 3 different locations --- also to be

installed prior to construction,

A permanent benechmark established within the build-

ing area prior to execavation.

A fairly large, relatively flexible building with
a one~-story basement and a net load of perhaps 0.5
tons per sq ft or more. The bullding should be

regular in size and shape and should transmit a



uniform load to the foundation soil. Settlement
observation points to be placed throughout its

basement as soon as possible.

The writer realizes that the above ideal conditions
prcbably can never be met simultaneously. Nevertheless, it
is believed that only through installations of this type
will the soils engineer gain a thorough understanding of
the validity of laboratory data and existing iheories for

predicting the action of a clay stratum in situ.
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PART IT

CONSOLIDATICN TESTS ON UNDISTURBED SAMPLES

WITH PORE PRESSURE MEASUREMENTS

X .
INTRODUCTION

A. GENERAL: At the time the research described in this
section was begun, there was considerable question as to
whether the pore water in the foundation clay at the Hay-
den Lilbrary was initially carrying 100 per cent of the
stress produced by the building load. The Terzaghi theory,
and therefore analyses based on the theory, assume that the
initial hydrostatic excess pressure in the pore water at a
point is equal to the induced stress there., The fact that
the piezometers recorded a maximum excess pressure head of
only 2 feet was thought to be an indication that a major
part of the building load was being carried directly by
the soil grain structure in the form of a bond.

Further study described in IX has shown, however,
that consolidation took place so rapidly that the excess
pressure dissipated nearly as fast as the load was applied.
Unfortunately, though, there is no field evidence available
which can be used to definitely state what percentage, 1if
any, of the bullding load was carried initially by inter-

granular pressure.
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In the start, this research was almed mainly at ob-
taining data on bond and viscous resistance during the
laboratory consolidation test by means of pore pressure
measurements. It was hoped that these data, used with

(12) | would aid in the

Theory B developed by D. W. Taylor
analysis of the pore pressure measurements at the Hayden
Library. It became apparent, however, that the Library
case was more a question of speed of consolidation rather
than bond phenomena. In addition, the limited number of
pore pressure tests conducted on undisturbed samples did

not show the plastic resistance characteristics that

Taylor found on remolded clay.

B. OBJECTIVES OF THIS RESEARCH: In view of the above

introductory comments, the objectives of this research as

reported in this thesis may be summarized as follows:

1. To develop apparatus and techniques for measuring
pore pressures during laboratory consolidation

tests.

2. To make preliminary comparisons of the pore pres-
sures obtained on undisturbed samples with those
which would be predicted from consolidation theo-

ries.



3. To compare the coefficients of consolidation ob-
tained by the square root of time fitting method
and the log time fitting method with those deter-

mined from pore pressure measurements.

. To study the effect of sample size on the pore
pressure and also on the coefficient of consoli-
dation, compression index and maximum past pres-

sure for an undisturbed clay.

5. To study the effect of a small load increment ap-
plied to a sample which had been loaded past its
own maximum past pressure, rebounded to a lower
pressﬁre, and allowed to remain there for various

periods of time.

C. SCOPE: The laboratory investigation described in this
section 1s of secondary importance to the objective of
this thesis which is to analyze foundation stresses and
settlements at the Hayden Library. As such, the studies
described will often be treated in a qualitative sense
offering preliminary conclusions, in particular as they
may affect the Library, rather than as final theoretical
gquantitative analyses.

It is believed that the consolidation tests with
pore pressure measurements has exceptional research possi-

bilities for studying many of the variables which affect
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the determination of field characteristics from laboratory
tests. The description of apparatus and techniques used

is therefore given considerable weight,

D. REVIEW OF PAST PORE PRESSURE RESEARCH: Although the

Terzaghi theoretical consolidation process involves a

stress transfer from excess water pressure to intergranular
pressure, little has been done to investigate pore pressures
during the laboratory consolidation test as a check on the

theoretical approach., D. W. Taylor(l2)

published a theory
in 1942, called Theory B, accounting for plastic resistance
to compression which is based on pore pressure data. Thus,
the first extensive program where pore pressures were meas-
ured during consolidation was reported.

Tests reported by Taylor were all run on remolded
Boston blue clay with pore pressures measured at the bottom
of a sample which was drained at its top surface only dur-
ing consolidation. The pore pressure curves obtained were
described as those which would exist at the center of a sam-
ple twice as thick with double dralnage. A pore pressure

measuring device(12,p-6l)

» which consisted of a small cap-
illary tube mounted vertically in a copper jacket, was at-
tached to the base of the consolidation device. The bottom
porous stone and passages between the base and the measur-

ing device were filled with deaired water to a point half
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way up the capillary tube. Water pressures at the base of
the sample were measured during consolidation by epplying

a balancing alr pressure to the water meniscus in the capil-
lary tube. The alr pressure required to keep the meniscus
at a given location (no flow or null conditions at the bot-
tom of the sample) was taken as the pore water pressure.

Taylor found that on remolded clay there was a con-
siderable amount of plastic resistance during consolidation
which gave higher intergranular pressures than would nor-
mally be predicted by the Terzaghi theory. This effect was
most pronounced when the load increment ratio was smallest.
Theoretically there should be no variation in the coeffi-
cient of consolidation with load increment ratio at a given
pressure. (Consolidation test results showed, however, that
when data were interpreted by the Terzaghi theory there was
a definite variation - smaller load increment ratios giving
lower coefficients of consolidation. This trend disappeared
when results were computed by Theory B.

w. Enkeboll(13) has reported on an extenslve series
of consolidation tests run in the M.I.T. Soils Laboratory
on remolded Boston blue clay., In his "Investigation of
Consolidation and Structural Plasticity of Clay" pore pres-
sures were measured in the same manner as described above.
Enkeboll's primary objective was to study the effect of

size of the test sample on the consolidation characteristics.



To the writer's knowledge the only other consolida-
tion-pore pressure work has been done by P. J. Marsal(lu)
who conducted similar tests in the M.I.T. Laboratory in
1944, Although he was primarily interested in Theory B as
applied to undisturbed samples, Marsal had difficulty
correlating results because of scatter in the test data.
In addition, the writer believes that Marsal was plagued
by time lags in some of his more important tests on undis-
turbed clay.

To date then, the ma jority of pore-pressure re-
search has been conducted on remolded soils., While this
approach is the most feasible for gathering consistent
data for comparison studies, it precludes the importance
of the natural structure of an undisturbed clay. That
this omission 1is critical may be seen easily by studying
building settlement data and noting the importance of the
load increment on the magnitude and speed of the settle-
ment. This point has been discussed in detail in an
earlier section,

The writer hopes that the preliminary research on
undisturbed samples described in the following section,
which employs a different procedure for measuring pore
pressures, will stimulate general interest in the value

of such studies.

137



138

XI

TESTING PROGRAM

A. OUTLINE OF CONSOLIDATION TESTS CONLUCTED: The testing

prograsm for this investigation consisted of 2 series of
tests. The first, Series III-V, is the main exhibit of
this research. Three standard size samples and 3 samples
9.55 inches in diameter were tested with pore pressures
measured during consolidation, In this series the clay
sample was encircled by a thin cylindrical rubber mem-
brane during the test., The contact surfaces of the mem-
brane and the c¢onsclidation barrel were lubricated with
colloidal graphite to reduce side friction. The primary
purpose of the membrane was to allow the taking of pore
pressuré measurements,

A second series of tests, called Series F, con-
sisted of 8 tests run specifically to justify the use and
to study the effect of the rubber membrane., No pore pres-
sures were observed during these tests,

A more complete description of the 2 series of
tests, all run on undisturbed Boston blue clay, is given

in the following outline form:

SERIES III-V: Nos. III-1 to III-3, V-1 to V=3

Number of tests = 6

Load Increment Ratio %2 = 1 (Generally)
1
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Load Increment Duration = 2l hrs (Generally)
Set III - Diasmeter = L. 25 in, Thickness = 1.25 in
Set V - Diameter = 9,55 in, Thickness = .00 in

All samples loaded to 8 kg per sq em then rebounded
to lj. Various times were allowed on rebound load
before reloading in two increments, -5 and 5-6 kg
per sq ecm, No., 1 test of each set identical in
every respect except size; similarly No. 2 and No. 3.

Pore pressures measured during consolidation.

Tabulated data and compression and pore pressure
curves given in Appendix VI.

SERIES F: Nos. F-1 to F-8
Number of tests = 8 (4 with membrane, L without)

Diameter = l;,25 in, Thickness = 1,25 in
Load Increment Ratio %E = 1 (Generally)
1
Load Increment Duration:
Tests F=1 to F=lf = 12 hrs (Generally)

Tests F=5 to F-8 = 2, hrs (Generally)

Various load increment ratios and durations were used
on rebound and reloading to study effect of frie-
tion.

Tests were run side by side in sets of 2, one with
membrane and one without. Both samples were cut
from the same soil stratum and loaded identically.

No pore pressure measurements.
Tabulated data gilven in Appendix VIT.

Summary of results given in Figure 1,
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B. SOIL USED FOR CONSOLIDATION TESTS:

Location and Description: All undisturbed Boston blue

clay samples used in this investigation were cut from large
"pit" samples which were carefully carved from a slope at
the New England Brick Company pit in Cambridge, Mass. The
cut has been exposed by a steam shovel shortly before the
samples were taken.

Series III-V samples came from the same 6-inch
stratum., The writer was fortunate in locating a layer
which was remarkably homogenous. Figure 37 shows a true
scale photograph of sample D which was used for the small
diameter tests, Set III. Thils specimen was partially
dried to bring out the stratification shown. Plotted be-
side the photograph are l natural water content vs depth
curves. The first is that for sample D itself while the
other 3 are natural water content curves for pit samples
which were used for Set V tests. These water contents
alone point out the homogenity of the samples used in Ser-
ies III-V tests.

Series F samples were taken from a different
stratum which had somewhat more stratification. A large
enough sample was originally cut, however, so that sam-

ples for each pair of tests could be cut side by side.
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Classification Tests: The specifilc gravity of the

clay was assumed to be equal to 2.78. This value has been
found to be fairly comnsistent for Boston blue clay.

Two Atterberg Limit tests were run on a portién of
the clay used in Series III-V tests which has a natural
water content of 50 per cent. The following average re-

sults were obtained:

Liquid Limit = 5l.0%
Plastic Limit = 27.5%
Plasticity Index = 26.5%

The liquid limit of the c¢lay is only slightly higher
than the natural water content which indicates that the
clay 1s extremely sensitive to disturbance. The clay is

very "brittle," becoming soft and sticky on remolding.

Unconfined Compression Tests: In order to obtain a

measure of the undisturbed shear strength and the sensitiv-
ity of the clay used in Series III-V tests, l unconfined
compression tests were run on undisturbed samples. These
tests, run at a uniform rate of axial strain, were per-
formed on samples l.lli inches in diameter and 3.5 inches

high. Results of the L tests follow:

% Unconfined

Axial

Compressive Strength, Strain at
Test 1p 1p
No. 2 A 2 A
1 688 psf 3. 4%
2 623 psf 1.14%
812 psf 0.9%
ﬁ 680 psf 1.1%

One test on a remolded sample showed no strength whatsoever.
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The fact that the c¢lay is extremely brittle is fur-
ther emphasized by the very small axial strains when the
peak point was reached on the undisturbed samples. The
writer has no explanation for the large axial strain in
Test No. 1, unless it was caused by improper trimming of

the ends of the sample.

C. APPARATUS: One of the first problems which was encount-
ered in this research was that of verifying previous pore
pressure readings which had been taken by measuring the
water pressure in the bottom porous stone chamber of a sin-
gle drained sample. In preliminary pore pressure tests of
this type, the writer had difficulty deairing the chamber.
Serious time lags resulted whileh caused pore pressures to
be considerably smaller than those which would normally be
expected. Further discussion of time lags is given in E of
this section. It suffices to say at this time that because
of the questionable values of pore pressures obtained and
the difficulty of getting readings shortly after the load
was applied (especially important in undisturbed samples
where primary compression is likely to occur in a few min-
utes) the writer found it necessary to develop a new tech-

nique for measuring pore pressures.,

Pore Pilot and Pressure Measuring System: This method

of taking pore pressure measurements utilizes a thin brass



13

pore pilot which 1s thrust into the center of the sample.
It 1s similar to that which has been used in triaxial pore
pressure research at M.I.T. since 1942. At the outer end
of the pore pilot, shown in Figure 38b, are 3 layers of
200-mesh screen. Water pressures arc transmitted from the
clay through the pore pilot and a short length of small di-
ameter Saran tubing to a capillary tube measuring device of
the same type used in prévious research, The pore pilot
and capillary tube assembly used in Set V tests are shown
in Figure 39b., Figure 38a shows a close-up of the assembly
with the pore pilot in the center of a small dlameter sam-
ple (Set III tests). The pore pilot moves freely down in

a slot in the side of the barrel as the sample consolidates.
A thin sliding disk (Figure 38b) fits over a nipple in the
rubber membrane through which the pore pilot is inserted.
The disk serves to prevent the clay from bulging the mem=-
brane at the slot in the side of the barrel.

The pressure measuring system used for Series III-V
tests 1s shown in the photograph of Figure 39a., The pore
pressure was determined simply by applying a balancing
pressure from a nitrogen tank to the top of the meniscus
in the capillary tube. When the water level in the tube
remained stationary, indicating a no flow condition, the
correct pore pressure was read from a water manomecter, mer-

cury manometer or pressure gage depending on the magnitude

of the pressure.
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Consolidometers: Consolidometers for Series F tests

were identical with those used in standard consolidation
tests at M, I.T. A description of the fixed-ring unit is
given in Reference 2, page 212. A consolidation barrel 2.5
inches high was used for Set III tests. This was necessary,
even though Set III samples were only 1.25 inches thick, be-
cause a 1l.25-inch barrel did not allow sufficient clearance
above the base for inserting a pore pilot.

Figure 39b shows the consolidation equipment which
was used for the large diameter tests, Set V. Since sam-
ples in this set were L inches thick while the barrel was
approximately 7 inches tall, several loading plates, as
shown in the figure, were required. The top and bottom
porous stones were made of sand cemented with Portland ce-
ment in the following proportions: Sand 1100 cc, cement
300 cc, and water 190 cc. The top stone had a cast-in-

place brass ring giving about 0.02-inch clearance with the

barrel.

Rubber Membrane: All samples of Series III-V tests

were contained in a 0.0l-inch thick cylindrical rubber
membrane during testing. This c¢ylindrical membrane was
cut from a piece of #30 rubber sheeting and cemented with

tire pateh. Colloidal graphite was smeared on the outside

of the membrane and the inside of the consolidation barrel

to reduce side friction.



5

The bottom edge of the rubber membrane was wrapped
around the lower projection of the consolidation barrel and
was bound to the barrel with elastic bands. The membrane
passed between the soil sample and the consolidation barrel
and extended slightly above the barrel where it was free to
move down as the sample consolidated.

Figure 38b shows a photograph of the membrane used
in the small diameter tests. A thin rubber nipple, through
which the pore pilot was inserted, was cemented to the out-
side of the membrane., A seal was effected during testing by
binding the nipple to the pore pilot by means of rubber

banding.

Loading Devices: The standard M.I.T. loading device(z)

was used for all small diameter tests. This loading unit
is essentially a platform scale with a capacity of 1000
pounds. It may be overloaded to 1600 pouhds to obtain a
pressure of 8 kg per sq cm on the li.25-inch diameter sam-
ples.

A larger scale, shown in Figure 39a, was used for
the 9.55~inch diameter tests. In order to obtain 8 kg per
8sq cm on these samples, it was necessary to employ a lever-
age system designed by Enkeboll and described by him in
Reference 13, The ratio of total load on the platform

scale to reading on the balancing arm as calibrated by the

writer is L. 25:1.
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D. TECHNIQUES:

Deairing the Pore Pilot and Capilllary Tube Assembly:

In order to obtain reliable pore pressure readings extreme
care has to be exerclised in dealring and saturating the pore
pilot and capillary tube assembly. For the following dis-
cussion, reference will be made to Figure 39. The pore
pilot is detached from the caplllary tube and Saran tubing
and deaired separately by boiling in distilled water. To
deair the remainder of the unit the comnection labeled "to
pressure system" 1s attached to an auxiliary line running to
a vacuum bottle which is connected to a vacuum source. The
free end of the Saran tubing is also connected to the vacuum
bottle by means of an additional length of tubing. The con-
nection labeled "to deaired water supply" is attached to the
glass standpipe shown to the right of the manometer., With
the valve "to deaired water supply" closed, a vacuum is ap=-
plied to the system for 10 minutes or more, Boiling dis-
tilled water is then poured in the glass standpipe and al=-
lowed to be drawn through various passages of the capillary
tube assembly, as the vacuum is gradually released.

After the system has cooled a small flow 1s started
from the deaired water supply while the lines to the vacuum
bottle are discomnected. The free end of the Saran tubing

may be placed in a beaker of deaired water until the unit
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is ready to be connected to the pore pilot just before the
test is begun. Water is brought to a given level 1n the
caplllary tube by lowering the deaired water supply below
the caplllary tube. After the unit has been connected to
the pressure measuring system, this part of the preliminary

preparation is complete.

Preparing the Sample: Two different methods were used,

depending on the specimen size, to prepare the sample for
testing. The techniques are treated separately below:

Set III (small diameter): In this case the sample

is initially trimmed to the proper diameter and thickness.
It is then placed in the cylindrical rubber membrane which
has been stretched by mounting it on the Inside of a barrel
somewhat larger than the specimen. After removing the bar-
rel, the outside of the membrane is given a heavy coating
of colloidal graphite. The rubber nipple is pulled through
the sliding disk (Figure 38b) and the combination is slid
into the consolidation barrel.

Considerable care must be exercised in trimming the
sample to a diameter such that it will slide snugly into
the barrel without wrinkling and displacing the membrane.

A split consolidation barrel was used in one preliminary
test but the barrel broke apart when the 8 kg per sq cm

load was applied.



Set V (large diameter): This method involves slid-

ing the sample into the consolidation barrel which already
has the coated membrane mounted inside it. After the sam-
ple has been trimmed to the proper size, the sides are
coated with a thin slurry of clay and water so the sample
will slide easily along the membrane without adhering to
it. The effect of coating the sample is considered to be

negligible especially in view of the specimen size.

Inserting the Pore Pilot: Before preparing the soil

samples in the humilid room, the pore pilot, which has been
boiled in distilled water, 1s attached to a deaired dis-
tilled water reservoir by means of small diameter rubber
tubing. While inserting the pore pilot through the rubber
nipple into the sample, a small head is applied to create
an outward flow from the pore pilot. The nipple is bound
to the pore pilot, after it has been inserted, with a short
length of rubber banding.

This temporary connection to the pore pilot 1s used
until the sample is brought to the loading unit and nearly
ready for testing., At this point, the capillary tube unit
is attached to the pore pilot while a small flow of water
is maintained at all times from the Saran tubing.

The presence of alr in the line can be easilylde—

tected by applying a sudden pressure to the meniscus in the
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capillary tube. A sudden drop in the water level followed
by a steady fall indicates air., The procedure outlined
above 1s simple enough that if a reasonable amount of care
i1s used there will be no noticeable alr in the system. The
same general techniques have been used in triaxial pore
pressure research at M.I.T. since about 1942. The most re-

cent techniques are described by Clough(33).

Observing Data During Test: Loading schedules for the

various tests are given under XI-A. Three types of data
were observed during each load increment - time, compres-
sion dial readings, and pore pressure readings. The tech-
nique used for each load increment may be outlined as fol=-

lows:

1. A pressure equal to the pore pressure which was
expected to develop initially was applied to the
top of the meniscus. (The valve to the pore pilot
is closed.) This pressure could be predicted

closely after the first test had been run.

2. A timer was started back of zero and the load was

applied as the timer passed zero.

3. As the valve to the pore pilot was gradually
opened, the pressure was adjusted until the

meniscus in the capillary tube did not move.
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The first pore pressure reading was occasionally
made at 15 seconds, but was generally taken at 3l

seconds.

h. Readings of time, dial, and pore pressures were
taken at given times until the pore pressure was
nearly zero. The meniscus in the capillary tube
was maintained at its starting level for the en-

tire increment.

E. VERIFICATION OF DATA: There are two important differ-

ences between the consolidation - pore pressure tests which
have been run for this Investigation and standard consoli-
dation tests. They are the actual determination of pore
pressures and the use of a thin rubber membrane. It is evi-
dent that the pore pressure data must be verified as being
correct and the effect of the rubber membrane must be stud-

ied to Jjustify its uss.

Pore Pressure Measurements: Perhaps the most impor-

tant argument which can be presented to verify the pore
pressure readings is that pore pressure curves for all 6
tests show similar shapes and magnitudes for a given incre-
ment and that they check theoretical curves in many in-
stances. Although there 1is considerable variation in the

shapes of the pore pressure curves for different increments
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of pressure, the plots given in Appendii VI illustrate the
similarity between tests for a given increment. During test
V=1 the loading bar tilted considerably, giving initial pore
pressures nearly 150 per cent of the applied load in the
latter increments. Except for this test the results are as
consistent as can be expected from tests on undisturbed clay.

There may be questions concerning the effect of the
presence of the pore pllot on consolidation data. In the
A.ZS-inch diameter samples the pore pilot has a greater rel-
ative importance than it does in the large samples, How-
ever, the pore pressure curves and time curves for the two
sizes show no more variation than that expected of standard
consolidation tests which are run on various sizes of undis-
turbed samples.

One of the most important factors which affects the
validity of pore pressure measurements is time lag. A
prihcipal cause of time lag is air in the capillary tube-
pore pilot system. The effect may be illustrated as fol-
lows. Before the load increment 1s applied the pore pres-
sures are essentially atmospheric. With a sudden applica-
tion of load the pore pressure in the sample will increase
an amount u = u;. If u remained constant with time it
would effect a decrease in the volume of air in the line by

AV but only after a volume of water equal to AV (if the
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remainder of the system is infinitely rigid) has flowed from
the sample into the pore pilot. Because of the low permse-~
ability of the clay and the small screen area at the end of
the pore pilot, a given increment of time is required before
the water pressure in the capillary tube equals Uy . This
time increment is known as the time lag. Actually, u ls not
a constant but decreases with time. As a result, a water
pressure as high as Uy will never be rscorded., The effect
of time lag, then, 1s to give the impression of smaller
initial pore pressures than actually exist in the sample.
This effect 1s more pronounced in a small undisturbed sam-
ple, all other things being equal, since consolidation oc-
curs more rapidly.

Air in the line is not the only factor which can
cause time lags. If the.system expands considerably under
pressure the same effect may occur. Furthermore, if the
gystem contains a large volume of water the compressibility
of the water becomes an lmportant consideration.

In a preliminary consolidation-pore pressure test
on a large sample, a 3-foot length of small diameter Saran
tubing was used to conmnect the pore pilot with the capil-
l;ry tube measuring device., The effect of time lag may be
seen in Figure 0 which shows the compression curve and
pore pressure curve for the % to 1 kg per sq cm increment

for this test. A maximum midplane pore pressure reading
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of only 66 per cent of the applied load was recorded, but
this maximum occurred li minutes after the load was applied
when the sample as a whole was about 50 per cent consoli-
dated. The shape of this curve may be contrasted to those
in Appendix VI. In the reloading cyecles of this test, when
the primary compression took only 9 minutes, a maximum pore
pressure of about 50 per cent of the applied load was meas-
ured, A simple experiment which was run by filling a
3-foot length of Saran tubing with water and applying a
pressure to one end, showed that the volumetric expansion
of the length of tubing was sufficient to cause measurable
time lags.

In previous consolidation-pore pressure research at
M.I.T. pore pressures have been measured through the bottom
porous stone chamber of the consolidometer. While there
. 1s considerably more opportunity for time lags in this
method, it is believed that the majority of tests run on
remolded clay were carefully set up to avoid appreciable
lags. There is ample evidence, however, that P. J.
Marsal(lh), In at least one test on undisturbed clay, had
considerable time lags. 1In his Test U-Q, pore pressures
of only 10 per cent of the applied load were obtalned but
these pressures occured 10 or more minutes after the load

was applied,
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In the tests reported in this investigation initial
pore pressures, often taken within 30 seconds after the load
was applied, were the maximum or near the maximum which oc-
curred, This is believed by the writer to be sufficient

evidence that time lags were negligible.

Effect of the Rubber Membrane: Series ' tests were

run primarily to study the effect of the rubber membrane on
the consolidation results. Since no pore pressure measure-
ments were taken, the comparison between tests with mem-
brane and tests without will be made on standard test re-
sults - e vs log p curves, coefficient of consolidation,
Cys initial compression ratio, Ty and primary compression
ratio, rp. The test results are shown in Figure L1 and
summarized in Table IV. |
The key plot of this speclal study is Fisure 2
whieh shows agreement ratios for each pair of tests.
Agreement ratio is defined in this case as the value of
the soil characteristic from the standard test divided by
that from the test with membrane. A number larger than
one indicates, then, that the standard test has a higher
value than the test with membrane.
Comparative results and observations may be tabu-

lated as follows:
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1. e log p curves (see Figure L1)

a.

In general there is good agreement in the
shapes of curves for each palr of tests. How-
ever, the standard test in all cases has given
lower void ratios than the test with membrane.
This trend is contrary to that which was ex-
pected., D. W, Taylor(lz) has demonstrated
that the effect of side friction is to reduce
the average load causing consolidation in
which case the laboratory e - log p curve is
displaced to the right since pressures largser
than the actual are assumed to sct, This
minor discrepancy may be due to a consistent
error in consolidometer dimensions when the

membrane is used.

The rebound from 8 to 7 kg per sq c¢m is con-
siderably greater for the membrane tests
than for the standard tests. This is diffi-
cult to see from Figure L1 but may be found
in column 13 of Table IV, The fact that the
slope of the rebound curve at the reversal
point 1is often considerably flatter than the
remainder of the curve has been attributed

to side friction. Here is the first




indication of the reduction of side friction

when the membrane 1s used.

Initial Compression Ratio (see Figure l12)

155a

Agreement ratios for the initial compression ratio

show an average of about 2 which indicates that
the standard tests have nearly twice the initial

compression that the tests with membrane have.

Primary Compression Ratio (see Figure MZ)

The primary compression ratio for the standard
test 1s about 95 per cent of that for the test

with membrane.

Coefficient of Consolidation (see Figure L2)

The coefficient of consolidation determined by
the square root of time fitting method is about
1.25 times larger in the standard tests than it

igs in the tests with membrane.

Ratio of Coefficlent of Consolidation, Square

Root of t to Log t (see Figure L2)

The above ratio tends to be about 10 per cent
higher for tests without the membrane. In other
words, there is better agreement between the
square root of t and log t methods of determining
the coefficlent of consolidation when a membrane

is used.
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6. Slope of Straight-Line Portion of Dial vs /T

Curve (see column 1, Table IV)

The standard test shows a somewhat greater slope,
especially In the initlal laboratory loading cy-

¢cle of the test.

7. Slops of Straight-Line Portion of Dial vs log t

Curve in Secondary Compression (see column 15,

Table IV)

The slope of this line, which is generally
stralight, 1s somewhat steeper for the tests with

membrans.

Figure 43 has been plotted in order to demonstrate
graphically results (2) through (7) above. Since the dif-
ference between the two types of tests is in the use of a
rubber membrane, the variation in the soil properties is
a result of side-wall friction, not only the magnitude but
its variation throughout the increment.

R. E. Burrows(3h) in "An Experimental Study of Side
Friction in the Consolidation Test," found that the aver-
age load causing consolidation was about 90 per cent of
the applied load. Although no direct measurements of side
friction were made in the writer's investigation, the

total friction is belisved to be consliderably less.



The very fact that samples enclosed in a rubber membrane
slide easily from their consolidation barrels at the end
of a test is evidence of smaller side friction.

While an evaluvation of the distribution of side
friction throughout the increment is beyond the scope of
the present work, it may be stated that the total fric-
tional force on the consolidation container is a function
of lateral pressure and coefficlent of friction, neither
of which 1s constant for the increment or constant with
depth of sample. The total friction for the standard tes
depends on the intergranular lateral pressure while that
for the membrane test is a function of total laterasl pres
sure., As a result the standard test will have an increas
ing total friction during the increment while the frietio
in the membrane test may remain essentially constant.

The above comments may be easily correlated with
results (2) through (7). On sudden application of load
less initial compression (2) will take place in the mem~
brane test since there is a sudden increase in lateral
pressure and friection, The standard test will initially
~ have a larger average load causing consolidation, giving
a somewhat steeper primary slope (6). However, as the
frictional force increases with increasing intergranular
pressure In the standard test, the average load causing

consolidation will decrease and the compression dial vs
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vVt curve will round over, giving a shorter time for 90 per
cent primary compression and, therefore, a larger coeffi-
cient of consolidation (lj). Less effective load will cause
smaller secondary compression and flatter slopes on the
compression dial vs log t curve (7). (In research on re-
molded clay, D. W. Taylor(la) has found that side frietion
increases further during secondary compression in the stan=-
dard test.)

The following general conclusions relative to the use
of a thin rubber membrane in consolidation tests may be

stated:

1. Use of the membrane as standard procedure is not
recommended., However, 1t serves to reduce the
effects of side friction somewhat and is required
equipment for the writer's consolidation-pore

pressure tests.

2. There is evidence that side friction is one of
the contributing factors to the discrepancy be-
tween the coefficient of consolidation determined
by the square root of t and the log t fitting

methods.

3. Actual measurements of side friction during con-
solidation are needed as a final justification

of the use of a membrane.
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The apparatus and techniques described in the pre-
ceding paragraphs have been found to be entirely satisfac-
tory for obtaining reliable pore pressures during consoli=-
dation. A discussion of the results of 6 tests is pre-

sented in the following section.
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XIT
ANALYSIS OF RISULTS

A. GENERAL: Results of the 6 consolidation tests with
pore pressure measurements described in the previous section
have raised a great many questions relative to consolidation

theories, fitting methods for determining c specimen size

v’
effects, etc. Because of the limited data available, com-
ments must be limited largely to trends and preliminary con-
clusions.

The results of this research which are of particular

interest may be classified under several general headings:

1. Comparison of shapes of pore pressure curves with
those given by consolidation theories, namely the

Terzaghi theory and Theory B,

2. Comparison of the square root of t and log t time
fitting methods for determining 100 per cent pri-
mary compression with the value given by pore

pressure curves.

3. General comparison between results of Set III
(small samples) and Set V(large specimens) consol-

idation tests.

These items will be considered in order following a

brief explanation of the data and results.
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B, PRESENTATION OF DATA: Data from the consolidation tests,

Series III-V, are given in Appendix VI in table and curve
fcrmn, Data for each test consist of one page of general in-
formation which Includes a table of the loading schedule and
final void ratios for each snplied pressure, three sheets of
compression and pore pressure curves, and one table of addi-
tional compression data used to plot the log t curves. The
compression curves are presented in the form of dial reading
vs VT and the pore pressure curves as dial vs uH/Ap where Uy

is the midplane pore pressure. The pore pressure curves

constitute the most important data of this research.

C. PRESENTATION OF RESULTS: Results of the conscolidation-

pore pressure tests are in general given in Table V. Most
of the items presented In this table are discussed in the
following paragraphs. e vs log p and cg (determined by the
/T method) vs log p curves are given in Figure Ll for all

6 tests.

D. COMPARISON OF PORE PRESSJRE CURVES WITH CONSOLIDATION

THEQORIES: In order to show the characteristic shapes of

the pore pressure curves for typical load increments, a
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geheral comparison with a modified form% of the Terzaghi
theoretical curves will first be shown. Following this
general orientation a more detailed conparison between ob-
served slopes of the pore pressure curves and the maximum
uH/Ap will be made with the modified Terzaghi theory and
Theory B.

Figure MS shows a compérison between 3 pore pressure
curves and Theory Tp. These curves, from Test III-2, are
typical for the increments they represent. The light lines
are the theoretical U vs YT and U vs UH curves., (Figures
6 and 3 of Reference 12 may be referred to for these
curves, ) The dots represent the observed laboratory data
fitted to the theoretical curves in the following manner.
The point of zero primary compression for each increment,

U = 0, has been taken as the dial reading at the intersec-
tion of the atraight-line portion of the dial vs /T curve

with /'t equal to zero. The most rational value of 100 per

“ The Terzaghi theory as originally presented assumes that
the void ratio change caused by an increment of load is
entirely the result of primary compression. Actually,
the primary compression, given by rs times the void ratio
change for the increment, is only a part of the total
compression, the remainder of which is largely due to
secondary compression, A modification of the Terzaghi
theory, which is commonly used and generally understood
when fitting leboratory compression curves to theoretical
curves, assumes that the theoretical curves apply only to !
the primary part of the total compression. In the fol-
lowing pages of this investigation this modified form of
the Terzaghi theory will be called Thsory Tp, for the
Terzaghi theory applied to primary compression.



163

cent primary compression, U = 1.0, is given by the dial
reading at the intersection of the straight-line portion
of the uH/Ap curve with uH/Ap equal to zero, (There is
no straight line given in the 2=l increment. Rather than
select an arbitrary point of tangenecy, 100 per cent pri-
mary compression has been computed from the\/f fitting
method in this one instance.) The observed compression
curve has been fitted to the theoretical U vs /T curve by
first determining the dial reading at 50 per cent primary
compression. This dial reading and /T associated with it,
correspond to U = 50 per cent and /T = 0.l4lij. Thus, the
scale ratio to be used in the fitting is determined.

Agreement between the actual and theoretical pore
pressure curves of Figure L5 is in general somewhat better
than in other tests. In general, the pore pressure curves
for the laboratory recompression increments 1/2-1 and 1-2
agree fairly closely with Theory Tp.

The shapes of the pore pressure curves for the 2-l
increment, which is the "break-over'" into virgin compres-
sion, do not resemble any theoretical curve. This may be
a result of an extreme variation from the assumed straight-
line relationship between void ratio and pressure for this
increment. Initiasl pore pressures in the u-8 increment

average about 80 per cent of the applied load indicsting,
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perhaps, some form of intergranuvlar bond. The slope of
these curves after about 60 per cent primary consolidation
is not far from the theoretical, however.

In the laboratory reloading increments, L =5 and 5-6
kg per sq cm (see data in Appendix VI) the slopes of the
pore pressure curves are conslderably steeper than the the-
oretical; In addition, maximum uH/Ap values average only
85 per cent.

In order to make specific comparisons between the
actual pore pressure curves and those given by the Theory
Tp and Theory B, ratios of initial pore pressures and
ratios of slopes of the pore pressure curves will be set
up. Figure L16 has been drawn to illustrate the procedure,
The following notation for various dial readings will be
used:

d_. = initial dial reading for the increment

d_ = corrected zero point based on the back
pro jectlon of the straight-line portion
of the dial vs ¢t curve

d, = 100 per cent primary compression deter-
mined from the pore pressure curve (de-
scribed in a previous paragraph)

leO(/f) = 100 per cent primary compression deter-

mined by the /Tt fitting method



by curves through the plotted points in Pigure l6.

dloo(log t) = same by the log t fitting method

Q
1]

final dial reading at the end of the
increment
d = dl of the previous increment (used in
Theory B)
d, = dial reading at back projection of pore

pressure curve to uH/Ap =1,0,

The observed compression and pore pressure curves .

s and d1 as the beginning and end of primary compression
the theoretical pore pressure curve according to Theory

T  may be drawn. Characteristics of this curve are:

Uy
(1) 55 = 1,00 1initially
(2) 9 =2=0.63

The theoretical pore pressure curve according to

D. W. Taylor's Theory B has been determined in the past
by a procedure called the slope-ratio fitting method,.
This procedure is explained in detail in Reference 12 and

may be described as follows:

A slope ratio is defined as
d¢ = %4 _n

S.Re T 77— =
dlp dl ML

Using
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for load increment 5-6 of consolidation test V=2 are shown
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From Figure L6

_ .13781 - .13516 _
S.R. = M = 0,601

Using a S.R. equal to 0.601 the values of two impor-
tant térms, J and C, used in Theory B may be determined
from Figure L9 of Reference 12. If S.R. < 0.636 then J and
C are assumed equal to zero.*

The primary compression ratio in Theory B is defined

as

d ~d
= s "1 - .13840 - ,13516 _

and the effective load causing consolidation is given by

rp Ap. The width of the theoretical plot becomes FB where

FB _
5 = 0.735

“In all load increments in this investigation but two, the
slope ratio was less than 0.636. Refer to Reference 12:
The ratio of time factors, J, is given by formula (90).

If J =0, then » = 0 where 1 1s an assumed constant of
propeortionality between viscous resistance to compression
and speed of compression, formula 61. The resulting ef-
fect of J equal to zero in Theory B, then, 1is to glve
equations identical to those given by the Terzaghi theory.
Only cone difference remains: Theory B still recognizes an
intergranular bond which depends on the amount of previous
secondary compression. As such, the effective load incre-
ment causing consolidation 1s smaller than the applied in-
crement Ap by r! which is defined as AL/ML in Figure L6 of
this thesis. The width of the theoretical plot considered
in Theory B is then FB = ré(LB). (Note the similar trian-

gles JF3 and MLB.) If there is no previous secondary com-

pression, then, AM equals zero, ré equals 1, FB = LB and

the Theory B pore pressure curve coincides with the Ter-
zaghi Theory applied to primary compression.
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A theoretical pore pressure curve may be drawn as shown
in Figure L6 using Figure L7 of Reference 12. For J equal
to zero it is identical in shape to the curve given by
Theory Tp‘

Generally, the actual pore pressure curves in the
writer's tests fall between the two theoretical curves.
A measure of the agreement of the theoretical shapes with
the observed pore pressure curve will be shown by a com-
parison of the maximum uH/Ap and the slope of the pore
pressure curves. Refer to Figure L6 for the following

sample computation:

max. 2% (observed) = 0,89
u
max. Z% (Theory Tp) = 1,00 (constant)

u
max. E% (Theory B) = 0.735 {numerically equal to ré)

To compare the slopes of pore pressure curves, the follow-

ing ratios will be used:

. ML, QL. L
Theory Tt ZT ™ AL ~ 0.53bAL

Theory B: E ’ E = ?T:

From Figure Lb

_ 13781 - .13516
Theory T,: 1575367 (. 13850 ~ .13516)

= 1,29

. L1378l - .13516 _
Theory B:  “Y3ro5 13516 0.94
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Values of uH/Ap (observed) and NL/AL have been deter-
mined for the 6 consolidation tests and are tabulated in
columns 1 and 3 of Table V., Since the first pore pressure
determinations may be erratic, the absolute maximum uH/Ap
has not been taken., Instead, the maximum determined from a
smooth curve shown, as an example, by the dashed curve in
Figure L5c, has been used. Because of the absence of a
straight-line portion of the uH/Ap curve in the 2-l incre-
ment (see Figure li5b), no values of NL/AL have been recorded
for this increment.

Columns L and 5 of Table V give values of the Theory

NL _ NL
Tp(BTEEEZf)and Theory B(Fi)which are measures of agreement

between slopes of pore pressure curves. Values greater
than 1 indicate that the slope of the actual pressure curve
is steeper than that given by theory. As noted earlier, =
determination of the theoretical curve according to Theory
B requires the dial reading of the previous 100 per cent
primary compression point, dlp' Good results of dlpfor the
load 1/2-1 are not available, In addition dlp does not
have much significance in the load increment M-S since the
previocus increment was rebound. These increments, 1/2-1
and =5, are therefore omitted from column lj. The theoret-
ical pore pressure curve for the -8 increment was deter-
mined using a dlp found by drawing a tangent to the uH/Ap

curve of the previous increment at uH/Ap = 0.3 for Set III
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tests and 0.l for Set V tests. Maximum values of u,lp
given by Theory B are shown by column 2,

An inspection of column 1 of Table V shows that
maximum pore pressures in the recompression range of the
consolidation test are very nearly equal to the applied
load increment. Vglues in excess of unity are believed
to be a result of an initial small eccentricity in loading.
Intergranular bonds apparently exist in the -8 and reload-
ing increments and if they do they initially carry an av-
erage of 15 to 20 per cent of the applied load. Quantlta-
tive agreement with Theory B, column 2, is not too good
but it appears that the bonds which the theory recognizes
are nevertheless present.

Reasonably good agreement in slopes of pore pres-
sure curves is obtained with Theory Tp in all increments
except the reloading li=5 and 5=6 increments, Excellent
agreement, column 5, is obtained with Theory B in the
large dlameter samples, the average NL/PL for these tests
being 0.96.

General Discussion: It has been shown from these

consolidation tests on undisturbed samples that the factor
J considered in Theory B is generally equal to zero. When
this is the case the only difference between the modified

form of the Terzaghl theory and Theory B i1s the inclusion
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of bond., Physically, this means that on the application of
a load increment the Terzaghi theory assumes that the ini-
tial pore water pressure is constant and equal to Ap.
Theory B assumes it is constant and equal to ré Ap. The
coefficlient of consolidation is the game for both cases and
the pore pressure dissipation follows the same laws.

Interpretétion of laboratory consolidation tests by
means of Theory B require, as originally set up, pore pres-
sure measurements during consolidation. However, if J is
equal to zero, the only requirement is that dlp may be
known for a given increment In which case the bond may be
evaluated. The value of dlp may be determined by either
the /T or log t time fitting methods, Standard consolida-
tion test data are sufficient, then, to allowvan estimate
of the bond.

The inclusion of bond does not affect the ultimate
settlement and time-settlement predictions based on a, and
cy determined from laboratory consolidation tests.% It
does, however, affect a study of pore pressures in the
consolidating clay stratum which i1s seldom a practical
consideration.

Taylor found that the plastic strﬁctural resistance

to compression had the greatest relative effect for small

" According to Theory B this is strictly true. It should
be noted, however, that according to D. W. Taylor's bond
hypothesis associated with Theory B, there are consider-
able differences especially if small loads are applied.
This hypothesis has been discussed In Part I, VII-F.
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load increment ratios, The inconsistent variation in ¢
with load increment ratio when consolidation tests on re-
molded clay were interpreted by the Terzaghi theory, was
accounted for by Theory B. Slope ratios were found to be
considerably greater than 0.636 giving J values greater
than zero for small load Increment ratios, There 1s a
slight trend In this direction for the reloading increments
=5 and 5-6 in the consolidation tests described in this
thesis,

Before final conclusions can be made regarding The-
ory B, consolidation-pore pressure tests on undisturbed
samples using small load increments nmst be run., If J is
found to be equal to zero, then the only adjustment which

must be made in consolidation thinking is to include bond.

E. COMPARISCH OF 100 PER CuNT PRIMARY COMPRESSIOU BY THE

vt AND LOG t METHODS: The value of 100 per cent orimary

compression given by the pore pressure curves offers an ex-
cellent opportunity to check the validity of the YT and log
t methods for determining this point. Series F consolida-
tion tests have shown that for undisturbsd Boston blue clay
the coefficient of consolidation determived by the V%
method is generally about 1/25 to 1.5 times that given by
the log t method. This may be secn in column 8 of Table 1V

and in Figure 41. Rather than compare ¢ by the two
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methecds for the pore pressure tests, a comparison on the
basis of primary compression ratios will be made.

The primary compression ratio, rp, has been com-
puted by three methods. In every case the start of primary
compression is taken at ds as previously cdefined, Using

the notation of Figure L6, r, is given by

- \
r (ﬁ/f) = dS leO(ﬁ’
P do - d

= 0,667

A summary of these values for the pore pressure
tests is given in cclumms 6, 7 and 8 of Table V. GColumms

9 and 10 are agreement ratios defined as
r (/t)
R(/¥) = £2—— = 1,012
H
PP(EE)
r (log t)
R(log t) = B—rw—— = 0.975
H
7 Fp)
Yy
Agrecment ratios and rp(EE) are plotted in Figure

47 against pressure. The following observations are evi-

dent from the R plots:
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In general R(/T) < 1 and R(log t) > 1 which was
expected, However, no trend is evident in the

reloading increments.

On the average the true primary compression ratio
lies midway between the ratios given by the two
fitting methods. This is generally so except for
the -8 increment in the large samples where T,
by the two fitting methods is consistently about
g5 per cent of that given from pore pressure

curves.

Thess obssrvatlons indicate that, in general, the

square root of' time fitting method glves values of ¢

which are too high while the log t values are too small,

The true magnitude of the coefficient of consolidation is

probably not far from an average of the values determined

by the two fitting methods.

F. GENERAL COMPARISON BETWEEN SET IIT AND SET V TESTS:

The reader is referred to Figures Ll and L7 for the follow-

ing observations:

1.

There are no extreme differences between the small
and large samples in the e vs log p curves., There
is a trend, however, for the large samples to show
somewhat greater compression during the 2-L incre-

ment and somewhat less for the Li~8 increment.
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It was expected that the slopes of the small sample
compression curves would be steeper than the large
because of disturbance during sample preparation

when planing the top and bottom surfaces, but this

was not the case.

During rebound and reloading the large samples gave
1/2 to 2/3 the void ratio change that the small
samplss gave. These changes are not tabulated but

may be found in the data of Appendix VI.

For the 2-li load increment the large samples gave
about 1/2 the coefficient of consolidation that
the small samples gave., Thils may be a rcsult of
more secondary compression during primary compres-

sion in the large samples.

The significance of this observation is important.
If the trend in cy with sample size is extrapolated
to a thick stratum of clay, it 1s possible that
compressions in nature will occur considerably
slower than predicted if the net load increment is
large enough to take the clay stratum into a vir-

gin compression curve.

There is a trend toward higher coefficients of

consolidation for the large samples in the initial
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recompression and laboratory reloading increments.
The significance of this observation may be even
more important than that of (3). A thick precom-
pressed clay stratum may consdlidate considerably
faster than estimated from results of laboratory
tests on small samples. This has already been
shown in Part I to be the case at the Hayden Li-

brary.



PART II
SUMIMARY AND GENERAL DISCUSSION

The consolidation-pore pressure tests deseribed in
Part II of this investigation have thrown new light on the
validity of consolidation thsories and the interpretation
of these theories. These studies are meant to be prelimi-
nary ones only, presented at this time in such form that
‘they will raise questions rather than answer them,

The apparatus and techniques described herein are
belleved to be adequate for obtaining reliable vore pres-
sure measurements during consolidation.

Preliminary results of the 6 consolidation-pore
pressure tests show generally good agreement with the Ter-
zaghi theory with the exception that certain load incre-
ments show initial pore water pressures which are consid-
erably smaller than the applied load., This may be due in
part tc a form of bornd simllar to that recognized in
Theory B.

A comparison of the coefficients of consclidation
given by the square root of time and log time fitting
methods with the coeflficient of consolidation which could
be detsrmined from pore pressure curves has given the

following conclusion. Generally the square root method

176
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gives values which are too large while the log method val-
ues are too small, The true valuve of the coefficient of
consolidation lies about midway between the two values.

The reader is referred to XII-F for a summary and
discussion of the important differences between results of
congolidation tests on large and on small samples.

Several points relative to pore pressure measure-
ments during consolidation will be mentioned at this time
so their effects will not be overlooked in future research,

One of these important considerations 1is side fric-
tion. Even though the rubber membrane coated with col-
loidal graphite 18 believed to reduce side friction con-
siderably, no proof can ke glven at this time that there
is not a sufficient initial increase in sidewall friction
to carry part of the applied load. With side friction,
the dlstribution of stress across the midplane of the sam-~
ple is anything but uniform, The horizontal gradients
which are set up will cavse varying amounts of lateral
flow, the effects of which are difficult to analyze.

In addition to side friction the possible effects
of" shearing strains on pore water pressures in one-dimen-
sional consolidation must be considered, R, H. Clough(B)
has recently investigsted the distribution of pore water
pressures in undrained triazxial tests on undisturbed clay

samples, He found that considerably higher pore water
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pressures were associated with the zones of largest shear-
ing strains in the sample. In one-dimensional consolida-
tion the rate of shearing strain is initially largest near
the surfaces of the sample and finelly in the center of
the sample. In other words, it 1s indeed possible that the
distribution of pore water pressure throughout the height
of the sample 1s considerably different from the theoret-
ical pattern as a result of nonuniform rates of shearing
strains.

Finally, the theoretical pore pressure dissipation
curves are based on a constant permeability throughout the
height of the sample, However, the permeability at the
surfaces of the sample is smaller since consolidation
there is more advanced., In addition, the surfaces may be
at considerably lower void ratios because of the remolded
zone, The net effect of the permeability variation is to
increase gradients at the surface, The pore pressure vs
depth curve is therefore flatter than that given by con-
solldation theories -~ or - at any given average consoli-
dation ratio, the midplane consolidatlion ratio is smaller
than the theoretical,

These points are just a few of the many which must
be carefully considered before final conclusions relative

to the validity of Theory B can be made.
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APPENDIX III

caISsoN scuEDULE )

Eleva- Dlst, from

Diam- tion Bottom of Design Present Load (3)

Caisson eter Bottom Bell to
No. of Bell of Bell Top of Clay Load(z) Dead Live Total
Ft. In. Ft. Fi. Kips Kips Kilps Kips
1 9-0 - 9.5 3.1 353 29 6 35
2 13- -11.0 1.5 503 23 6 29
i 13- 2 =114 1.1 88 383 6 389
11- 0 =12.3 1.2 L27 345 9 35
5 11- 6 =11.7 1.5 27 35 11 35
6 10- 4 - 9.5 2.5 L27 345 Z 35k
7 11- 0 -10.2 1.1 L2t 345 351
8 11- 2 - 9,1 . 1l.h W27 339 6 3,5
9 11-10 - 9.4 1.0 W27 3 2 gﬁg
10 9- 2 - 9.2 1. 371 339
11 10- 0 - g.s 2.2 366 3&4 6 350
12 10- 0 =~ 8.6 1.l 329 315 6 321
%ﬁ 11- 4 -11.2 1.0 339 316 7 323
13- 0 -11.8 0.9 5h2 375 12 387
15 12- 8 -12.% o.% 508 323 15 338
16 8-0 -0, 3. 8+ 397 263 17 380
17 8- 0 - 2.3 3.ﬁ+ 397 263 17 380
18 8-0 -8.0 ﬁ' 397 259 15 37
19 8- 0 - 7.6 .0+ 397 263 13 37
20 8- 0 - 8.0 3.4 397 235 13 3,8
21 8-4 -7.8 2.9 397 237 13 350
22 10- 0 - 9.1 1.2 367 235 1 348
gﬁ 9- 0 - 9.4 1.8 6l 2@8 1 3 %
11- 0 - 9.4 1.6 Ezl 383 3 38
25 9- 5 =93 3.4 hea 37 7 380
26 10- 0 = 7.7 1.2 315 26 T 271
27 9- 6 -11.0 1.2 200 17 6 18
28 10- 2 =12.0 0.6 20 262 6 26
29 11-10 -12.6 1.5 77 163 8 171
30 g- 0 -09.4 L.o 423 288 10 268
31 - 2 -11.2 .0+ L1 288 10 298
32 9- - 8.6 ﬁ.o+ ugé 317 10 327
gﬁ 9-10 - 7.7 .5+ Iy 350 11 361
9- 6 - 7.7 o+ 433 310 11 321

(1) See Flgure B for caisson locations.

(2) Moran, Proctor, Freeman and Mueser values (see Hayden
Library Plan 1203-F-5, revision 7).

(3) 45 of april 1, 1951



CAISSON SCHEDULE (Contd.)

Eleva~ Dist, from
Diam- tion Bottom of

' (3)
Calsson eter Bottom Bell to Desien Present Load

No. of Bell of Bell Top of Clay Load(z) Dead Live Total
Ft. In, Ft. Ft. Kips Kips Kips Kips
3 10- 5 - 8.5 2.6 3 10 11 321
3 10- 0 - 8.8 3.1 ﬁsf gzo 11 31
37 11- 2 - 8.8 2.1 458 560 8 588
38 15- 6 - 8'8 1.l 749 537 13 550
9 11- 0 - 8.4 2.0 460 319 32l
0 g-lo -11. 3 1.4 362 170 17h
L1 -8 -11.7 1.9 ﬁzo 212 1 213
BN M ke #OB i B
hi 7-10 - 7.8 . O+ 302 167 6 173
LS 7-10 - 7.8 k. o+ 306 167 6 173
L6 8- 4 -10.0 2. 06 167 6 173
L7 11- 2 -10.0 1.% 57 288 9 297
L8 10- 6 =~ 9.0 2. 457 28% 9 293
ko 12- 0 -10.8 1.6 Esu 3l 10 gﬁe
50 11-0 - 9.8 2.3 67 341 6 7
doars o sl @& B &
5 g8-10 - g.é L. o+ 370 179 10 189
5 7-10 - &, L.o+ 305 159 10 169
55 8-10 -10.1 2.1 305 159 10 169
56 8- 0 - 8.7 3.5+ &05 159 190 163
57 10- 6 - 9,8 2.8 7 330 8 3
58 11- 8 -11.6 1.2 460 278 11 289
59 10- 2 ~-10.6 1.8 l1g 328 6 33
60 9- L4  ~l2.lL 1.8 357 170 L 17
61 9- 2 -12.0 1.5 iau 217 in 221
T 5 A R
6& 8-10 -10.8 2.3 305 154 10 16l
65 -8 -11,1 1.7 305 159 10 169
66 -10 -1l0. 1.3 05 159 10 169
67 10~ -10.% 2.3 iSZ 385 8 393
68 11- 0  =-10. 1.8 16 2860 11 291
69 10- 6 -10.8 2.0 419 320 6 2
70 11- 4 -12.5 2.0 hh% 398 % 02
71 11-10  -13.3 1.0(Ave.) 35 256 262
owmp om0 n BB OS
7 10- b -12.8 1.7 322 197 11 20
75 11- 0 ~13.4 0.8 323 177 11 188
76 10- 8 -12.7 0.7 32 177 11 188
77 8- 2 -12.3 0.5 31 167 11 178



CAISSON SCHEDULE (Contd.)

Eleva- Dist. from

Diam- tion Bottom of Design Present Load(B)

Calsson eter Bottom Bell to (2)
No. of Bell of Bell Top of Clay Losad Dead Live Total
Ft, In. Ft. Ft. Kips Kips Kips Kips
78 9- 8 -11. 1.7 315 167 11 178
79 10- 8§ -12. 0.6 317 167 11 178
80 9-10 -11.2 1.9 317 167 11 178
81 9-0 - 9, 2.2 319 171 13 18l
82 g- 0 -10. 2.2 312 201 9 210
8 -6 =-8.6 3.5+ 3l 20, 10 21l
8& 8- 6 -10.1 2.3 6 265 10 27
85 10- 2 -10.8 2.0 22 lar 7 L
86 13- 9 -13,2 0.5 5 L2 5 L29
87 11-10 -12.8 0.5 361 22 6 23l
88 9- g -12.0 2.5 219 6 225
89 10~ -13.k 0.8 32 219 11 230
90 10-10 -13.1 0.5 3 219 13 232
91 11- 6 =-13.8 0.1 323 209 13 222
92 10-10 -12.2 0.8 318 219 13 232
9 10- 8 -12.8 0.6 31l 219 15 23l
9 9- 8 -11.8 1.6 31 219 15 23
95 10- 4 -12.2 1.0 31 219 15 23l
96 g- 2 -11,0 2.0 18 219 15 23k
97 -2 -9.0 3.5 320 219 12 232
98 8- % - 9.1 £.5+ 3 2 230
99 8- - 9.0 .0+ 23 10 8
100 10- 9 =10.L 1.7 21 398 6 Lol

101 13'0"x1373" -12.5i Rests on clay Ul3 379 6 385

102 - 10- 2 -11.7 2.2 361 249 8 257
10 11-10 -12.7 Rests on clay 362 213 6 219
10 8- 0 -12.3 3.5+ 323 213 7 220
105 11- L -12.8 Rests on clay 32 213 11 22l
106 10- % -13, 1.0 32 213 11 22l
107 11- -13.% 0.2 322 213 11 22

108 11- 0 -12. 0.7 316 213 13 22

109 11- 6  -13.L 0.4 3 213 13 226
110 11- 8 -12.0 1.5 31 213 13 226
111 9-10  -11.5 1.3 316 213 13 226
112 8- 0 =10.0 3.0 318 213 15 228
11 8- 0 -l0.6 3.0 318 218 9 227
11 9- I  -10.4 2.2