WG OF TECANGp>
%6
AUG 9 1960

LIBRARY

Secondggx Compression Behaviour of

by

James Cooper Madden IV

Submitted in Partial Fulfillment

of The Degree of Bachelor of Science

at the
Massachusetts Institute of Technology

May 1960

Slgnature redacted

Signature of Author . ~ 9 T 7Y 7TV B T
Depa;%&ent of Civil and_Sanitary Englneerlng

Signature redacted™S” "

Certified by. o » . - SO
U~J Thesis Supervxsor

/Signature redacted
Accepted by « « o & v e e e s e e

é/ Chairman, Departmental
Committee on Theses



AUG 9 1960

LIBRARY

Secondggx Compression Behaviour of

by
James Cooper Madden IV
Submitted in Partial Fulfillment
of The Degree of Bachelor of Science
at the

Massachusetts Institute of Technology

May 1960

Deparfment of Civil and/Sanltary Engineering
: . May 1960

R ) - L - L] -

Thesis Supervisor

_F%;bfjgh%;(ucv

L] L 4 L 4 > - . * * L > > °

Chairman, Departmental
COmmittee on Theses



e —— Room 14-0551
l —~~ 77 Massachusetts Avenue

- . Cambridge, MA 02139
MITlerarleS Ph: 617.253.2800
. Email; docs@mit.edu
Document Services http://libraries.mit.edu/docs

DISCLAIMER OF QUALITY

Due to the condition of the original material, there are unavoidable
flaws in this reproduction. We have made every effort possible to
provide you with the best copy available. If you are dissatisfied with
this product and find it unusable, please contact Document Services as

soon as possible.

Thank you.

Due to the tightness of the binding, some text runs into
the gutter. -



Abstract

Pore pressures are measured in a remolded Puget
Sound Clay which is loaded in small increments after
secondary compression'haS'been alld¥ed to occur for
a month undér'a previous load. <These pressures are
measured both with the Penman apparatus and with
Dynisco pressure transducers. |

It was found that the coefficient of consolidation,
Cyy decreased with the pressure increments, approach-
ing thelvalue obtained during virgin compression,
as the particle bond formed during secondary com-

pression was broken.
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Introduction

Consolidation in a loaded soil consists of two
phenomena, The first is a result of the ranid build-up
and the slow dissipation of excess hydrostatic pressure,
As the water drains from the material, the total load is
gradually transferred to the soil skeleton from the liquid
phase and the void volume decreases by the amount of water
leaving the material, This primary compression is com-
pleted when the excess pore pressure is dissipated., On
a typical strain versus log time plot for a loaded sample
in the laboratory, this point is marked by a break in the
curve., For a sample with pore-pressure measurements taken
during consolidation, the end of primary compression can be

more accurately located by a zero reading.

Further reduction of wvoid volume under the same load
increment with zero excess pore-pressure is termed secondary
compression, This portion of the ¢onsolidation curve is
a straight line with a flatter slope. Taylor has suggested
that this secondary consolidation is a reorientation of
the soil particles after the initial consolidation, Parrish,
in a thesis (MIT, 1959)1 showed that for the material used
in this investigation, the slope of secondary compression
is independent of the sample¥thickness and directly pro-

portional to the load increment.

lo Rei‘, Tf



Terzaghi (l9hl)l suggests that this secondary compression

is a continued procéss of squeezing out water from between

the particles as they reorientate themselves under the pressure

increment,- The soil particles are surrounded by a visecous

layer of water which acts as a lubfic"nt, enabling them to
slide over one another, and reorientate themselves during

this phase. At this point the particles develOp vhat Terzaghi
calls a film bond, If the load is kept om the soil the part-

icles will continue to squeege out this viscous layer of water

and a solid bond will form between the individual oparticles,

This is termed by Terzaghi as a process of solidification.

This secondary compression and subsequent solidification
or grain bond is characterized by a strength regain for the
soil. Consider a typical void ration versus leg pressure for
a soil., If the increments are increased after primary com-
pression has occurred the plot will be a straight line, IT
the load is left on the sample, and secondary comoression is
allowed to occuf there will be 2 vertical drop in the plot.
If the particles are allowed to bond with one another under
this load, the streﬁgth regain will become evident when there
is no further significant decrease in ioid ratio for small

increases in the load increment.

This load may be increased until the bond between the

1, Ref. i
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particles is broken and the void ratio:' continues to decrease,
The load increase to this point will be horizental on the e
log p curve, Beyond this point where the grain bond has been
broken, the soil will act as if their were no delay in load-

ing and return to the virgin curve.

The object of this investigation was to investigate the
pore-pressure changes of a loaded sample occuring during the

strength regain portion of the e-log p curve,

According to the Terzaghi consolidation theory, the

dissipation of pore-pressures whithin a loaded soil is given

by the relation:l

7= Gt ; where €, = A (/1<)
— 0z q, I

This indicates that the pore-pressure dissipation is
inversely proportional to év, the coefficient of compressi=-
bility, which is the slope of the e versus p curve, If the
increase in the applied load results in an e versus p curve
that is almostAhorizohtal as the grain bond is broken, the
value for ay will be very small. This would mean a very
rapid pore-pressure dissipation or practically no excess pore-
pressure build up at all, since the void ratio was not ex-
pected to change significantly, In either case it was
anticipated that the measurement of the pore pressure in this
range would be very difficult indeed.

l. All notation and terminology in this paper is consistant

with soil mechanics practice as in Taylor, Fundamentals
of Soil Mechanics. Wiley & Sons, 1948,
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Measurement of Pore-=Pressure

In any soil test in the laboratory the measurement
of the pore-pressure within a loaded sample is a very tricky
proposition, The pore pressure must be measured with a
minimum of volume change of water, This means that all lines,
valves, and connections must be carefully filled, de-aired and

absolutely leak proof,

In this investigation, one of the drcins at the base of
the lucite consolidometer was sealed and the other was used

as a connection for the pore pressure measurement,
Karal Warner Model 50-PP

The first attempt at pore-pressure measurement was with
the Karal-Warner Model 50-PP pore<pressure device, The in-
strument equalizes the pressure from the sample with a 100 psi
air source through a regplaﬁor. The device is supposed to
prevent flow from the sample and read the pressure within it
with no volume loss, Unfortunately when the device was tested,
there was quite a leak in the regulator valve and it was unable
to function properly. This device was not used at all and
thereangﬁéata to determine whether or not the instrument is

at all aécurate.
Penman Apparatus

In this device a Bourden gage is operated by the pressure
from the expansion of heated oil. The oil heater is turned on

and off by a relay which is in turn activated by mercury rising



and dropping in a capillary tube as it equalizes the pressure

within the sample.

The mercury rises in the tube as the oil is heated until
it makes contact with a platinum wire running down the tube,
When contact is made, the relay turns oif the heater; and the
0il cools down, decreases in volume; and the mercury drops in
the tube, pushed by the water from the sample, When contact
with the platinum wire is broken, the heater is turned on and
the mercury rises once more as the oil is heated and it meakes
contact witht he wire again and the heater is turned off. 1In
this manner the cycle continually repeats itself and the pressure
within the sample is read with practically no volume change or
water loss provided there is no air or leak within the line

running from the sample,

When the apparatus is running properly this cycle is about
5 seconds long., The mercury column moves about 2 milimeters
in this process which is a volume charge of about 1.5 cubic

milimeters which is negligible,

The device is unable to register a rapid change in
pressure increments and there was a noticeable time lag between
thg loading and the indicated pressure. A 100% pore-pressure
response was never indicated intthe consolidation tests. The
best response was less than 90%. This may have been because
part of the pore-pressure had dissipated before the instrument

was able to build up to an equalizing pressure.
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It was necessary to take the whole apparatus apart and
refill it with clean water and oil so that it would operate
effectively during the testing procedure, Since the fittings
were copper and not lucite, it was not possible £o make certain
there was no air in the system until the test begain. The
arcing of the mercury with the platinum wire leaves a burnt
spot on the capillary tube making the cycle irregular and the

volume changes larger,
Dynisco Transducers

The most successful measurement of the pore-pressure

was with Dynisco pressure Transducers., A paperl

written
for presentation at the Paris, 1961 Conterence of the
International Society of Soil Mechanics and Foundation
Engineering describes the use of these devices for pore-
pressure measurement and compares their performance with

conventional testing methods.

The transducer was set into the consolidometer unit
as shown on rigure l3a, and its out put was measured with
an Autograph X-Y recorder, Sinece the transducers were needed
by other students inrthe lab, they were not always available.
The device shown in figure 13b was designed to facilitate
rapid removal and replacement of the transducer to take
pressure readings without disturbing the sample., Upon testing,

it was found that the adapter leaked and could not be used in

1. Ref. #6



the experiments. It is felt that the device could be made

leak proof with closer tolerances and would be suitable.

Due to my unfamiliarity with transducers it was
difficult to make absolutereadings of pore-pressure, They
were very sensitive to the slightest change in applied load,
This made it difiicult to define a zero point, By calibrating
them with a Bourdon Gage it was found that they are not linear
through a pressure range. Because of this difficulty in
calibration, the percent of pore pressure plotted in these
figures is not absolutely accurate but rather an indication

of relative magnitudes,



Preparation of Samples

The material tested was a Puget Sound Clay, the same
material used by MacLain and Parrish in their thes&s of
1959, The material has a liquid limit of 100, a nlastic

limit of L6%, and a specific gravity of 2,6,

The samples tested were consolidated in two lucite
consolidometers, They consist of a base, cylinder, and a
piston, 2,75 inches in diameter. They are constructed to
allow double drainage and can consolidate a sample up to
L inches in depth. In these experiments drainage was allowed
to occur only at the top and the pore-pressure was measured

at the bottom of the sample or at a point where Z/H equals 1,

The cylinder was first fillied half way with distilled
de-aired water and a vacuum was applied to remove any air
bubbles in the drainage line to the valve where the pore-
pressure was measured, It was quite difficult to remove all
these bubbies and a lot of time was spent in opening the
valve, draining water, closing it, and applying a vacuum once

more until all the air irom the line was removed,

After the bottom stone was in place, the sample was
prepared by spooning small amounts into the cylinder half-full
of water andapplying a vacuum to remove any air from the
sample, This process was repeated until the sample was at

the desired thickness.

It was evident that there was some separation of particles
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as the material settled out it could be kel to minimum by
decreasing the amount of water in the sample initially. It
was felt that the small degree of separation that did occur

did not signifiicantly change the characteristics of the

sample,

When the top stone was in place the water at the top
and the fine particles that seeped around the edges oi the
stone and settled on the top were removed by rin sing the
top with clean, ireshly de-aired water., This process
eliminated much of the flow of soil around the stone and up
between the piston and cylinder, thus greatly reducing the

J
frictional effects during consolidation.

After letiing the stone settle on the sample overnight
and after connecting the uevice ior pore-pressure measurement

the soil was ready to be tested on tie consolidation machine.
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Testing Procedure

Two regular compression tests were run, doubling the
increments, irom 1/4 to 16 T/ftz. In each increment dial
readings for change ol height and pore=pressure measureients
were taxken. When the primary condition was complete, as
indicated by a Zero pore-pressure reading, tuoe next increment

was to be added,

After the initial tests, two more were run up to & T/f62,
At this time secondary compression was allowed to occur for

almost a month,

At the end of this period one sample was loaded again
with 1/2 ton increments up to & T/ft®, For each  increment
pore-pressure readings were made and the next increment was

added when the primary compression was complete,

The other sample was loaded in the same manner to 5 T/ft?
and secondary compression was allowed to occur at this point

for 12 days,.
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Resulﬁs

The e vs. log p curves for the compression tests are
plotted on figure i, 2, 3, and 4L, The C. values were com-
puted by the slope of the best straight line through the
points for the region of primary compression, They are

tabulated in table one,

Two plots were made of the strain versus time and pore
pressure dissipation versus time for the 2-4 T/f‘t2 increment,
one for pore-pressure readings with the Penman device and
the other for the readings with the transducer, Note that
the pore-pressure is plotted as a percent of the initial
response, not the absolute pore-pressure., These plots appear

in figures 1 and 2,

Graphs of strain versus time and pore-pressure dissipation
for the 1/2 ton increments from 4 to & T/ft2 are plotted on
figures 7, 8, 9, and 10, Again the pore-pressure readings

are relative.

There were two 1/2 ton increments in the loading sequence
of Test 2B also, The data is not presented because the
Penman device was not working properly at this time., There
was a significant delay before the device builds up to the
internal pressure and by this time a good deal of the pressure

within the sample had already been dissipated.
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Table 2 indicates the method of determining the response
and tabulates the peak value for each increment. On figure 11
these peak values are plotted in relation to the pressure

increment,

Table 3 tabulates the computed values of the coefficient
of consolidation, ¢y for the 1/2 ton increments., The cal-
culations on page 35: indicate how these values were determined.
These values of cy are plotted in relation to the pressure

increment on Figure 12,
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Discussion of Results

Both figure 1 and two for pore-pressure measurement
with the transducer and with the enman device indicate
that the end of primary compression is more accurately
located by the point of tangency with the asymptote to the
secondary compréssion line than by the intersection of the

primary compression line and the secondary compression line.

The average value of ,657 for the coefficient of com-
pression, Cq., for primary compression is somewhat less than
the average value of ,685 MacLain found on working with the

same material in 19591.

It can readily be seen that there is quite a large
scatter of data and a straight line through these points is
a gross approximation, The scatter is due to several reasons,
One explanation is due to errors in measurement and the fact
that the computed height due to measurements with the Ames
dial did not agree with the computed value by use of the depth
gadge, This is probably the reason for two different computed

values of the void ration at a single pressure.

The other explanation concerns the time effects. It can

be seen from the tabulated time interval between any two

lo Ref, ‘;{2
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points that in some cases secondary compression was allowed

to océcur for a while before the next increment was added. It
was not always possible to add another increment at the end
of primary compression, In many instances the end of primary
compression was not accurately located. Quite often the pore-
pressure device would indicate a residual excess pressure

for a long time after the break in the dial reading-vs-

time curve had occured. Not all pressure increments came

out as nicely as the 2-4 Ton/ft2 increments for Tests 2B and

2C which are presented in figures # and 2.

It is possible that friction between the walls of the
piston and the cylinder may explain some of these scattering
effects, However, upon disassembling at the end of a loading
sequence, the piston seemed to move quite freely and it is
thought that friction was not a significant factor in these

tests.

The C, value for the compression after the secondary
compression had been allowed to occur for a month was about

«180, roughly a third of the value for the primary compression

range.

In figure 6, test 2C, the hump that Terzaghi described
that occurs as the film bond of the particles is broken can

be observed. It was assumed that at the end of the eight
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ton load any bond would have been broken and that the wvoid
ratio at the end of the sixteen ton increment would have
fallen on the original straight line of virgin compression.
Unfortunately, it was not near the original line at all and
it is difficult to explain why unless the particle bond was

not completely broken at the time of loading this increment,

In test 2B, figure 5, it was expected that point m,
the void ratio after a long period of secondary compression
from 5 T/ftz, would fall on a line with point j, the void
ratio after prolonged secondary compression from I T/ftz,
parallel to the initial curve. This phenomena was not observed.
If there had been enough time another test would have been
conducted to see if this would occur.

/
For the half-ton increment loading it was expected that

the pore-pressure response would not be a hundred percent
because the soil skeleton would be able to take some of the
stress due to the bonding of the particles. It was expected
that as the bond was broken due to successive 1oading incrementé,
that the initial pore-pressure response would increase, Table

2 and figure 1l indicate that this increase was not detected

during this testing sequence,

In consolidation test 20 the transducer behaved erratically
for the first two increments. It was removed and heated in the

oven for 5 1/2 hours to drive off any moisture within it that
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made it behave in this fashion. After its replacement it
worked very well for the succeeding increments., This ex-
plains the large time lag between the 4 1/2 to 5 ton in-

crement and the 5 to 5 1/2 ton increment,(Fﬁ; é and 7).

As was expected the coefficient of consolidavion, Cy
decreased , (fig. 12), approaching the value for the 4-C T/ft2
increment with no previous secondary compression. This
phenomena occurs because as the bond between the particles is
broken, the material becomes more comprecsible, as it takes

longer for primary compression to occur,
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Conclusions

A clay loaded in small load increments after secondary
compression has occured for a long period of time will show
a very rapid build up and dissipation of'pore-pressures
compared to the build up and dissipation for the prinary
compression region. The initial response is only about 2/3
of the pressure increment. With each successive increment
as the particle bond breaks, the coefficient of consolidation
decrecases as the time for 100% dissipation increases. As
this particle bond. is broken, ¢y approaches the value for
pore-pressure dissipation for the loaded meterial with no

previous secondary compression,
Pore Pressure Measurement

With a great deal of care accurate pore-pressure read-
ings can be made with a Penman device. The apparatus cannot
respond rapidly to changes in the loading increment. Pore-
pressure measurement with Transducers is easier and with a
little care in dalibration, very accurate. These elements
have a very rapid response to pressure changes and are well
Suited to measuring pore-pressure response where the load

is changed rapidly,.



Results
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Table One

Coefficient of Compression

Co= Ae
A /7 ~
Cons. Test 1A Ce = .609
Cons. Test 1B Ce = 623
Cons. Test 2B Co = 609
Cons. Test 26 Ce = +790
average Co =657

For Secondary Compression Zone

Cons Test 2B Co = .178
Cons Test 2C Ce = o222
average Ce=.200

e
e e

.
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Table two

Pore Pressure Response For Loading Increments

Cons Test 2C 1/2 Ton Increments L4-8 Tons/ft2

Increment Percent Response
R 80.6

% 1/2 - 5 7.8
5-51/2 58.3

51/2 - 6 62.4
6-61/2 61k

6 1/2 - 7 69.0
7-71/2 61.8

7 1/2 -8 67.0

See Graph, page 32

Note that these values are not absolute, but rather
an indication of relative values proportioned from the output
psi relation for the transducer.



Table three
Coefficient of Consolidation, cy

Cons Test 2C 1/2 Ton increments 4 - 8 Tons/ft2

Increments Cy

R .117 in2/min 1.25}%:%5?5%
L 1/2 - 5 .083 in2/min .89 cn?/sec
5 ~51/2 .O8h~in2/min «90 en?/sec
51/2 -~ 6 .058 in?/min .62 cn/sec
6 ~—6 1/2 .045 in®/min 48 cn®/sec
61/2 -7 042 in?/min 145 cn?/sec
7 -7 1/2 .61 in?/min Qi em?/sec
7 1/2 -8 02k inz/min .26 cn’/sec

See Flg,. 12, page 33

The method used in the calculations of these values is
outlined on page 35.
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Caleculation of cy
Coefficient of Consolidation

7. el o= HET
~* v £
H; Average height of sample

X

Time Factor, From Fundamentals of Soil lMechanics,
Taylor, Fig. 10.9: for 80% consolidation

for Z/H equal to 1

Tv=00‘75

t: tinme in minutes

Sample Calculation for cy:

Cons. Test 14, -8 Ton/ft? increment

H. = 472
° t} O.4+5% in
Hgo = #1437

tgo = 14 min

.
v o

The c¢. values for the 1/2 ton increments in
test 2C were calculated in the same manner and they
are tabulated in Table two and plotted in Fig. 12.
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