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ABSTRACT 

High pressure triaxial-penaeability equipment has 

been developed to study the compressibility and permea- 

bility behavior of compacted untreated and stabilixed 

soils at confining pressures up to 70 kg/cm under back 

■y —10 
pressures up to 15 kg/cm'. Permeabilities down to 10 

cm/sec, can be measured using cylindrical test specimens 

3 cm long and 10 cm' cross-sectional area« 

This equipment has been used to study the influence 

of cement, stabilization» molding water content» and type 

of compaction on the compressibility and permeabiltty 

behavior of Massachusetts clayey silt (M-21), The results 

of this investigation shows 

(1) Both molding water content and type of compac- 

tion influence the degree of cracking that 

occurs during unsealed hot curing of M-21 plus 

5% cenent« 

(2) Sealing during curing eliminates cracking. 

(3) Cracking causes an increase in the permeability 

and compressibility of the stabilized soil at 

consolidation pressures up to 50 kg/cm*. 

(4) Provided, cracking during curing is prevented, 

the stabilized soil shows a much larger decrease 

in permeability with increasing molding water 



content than does the untreated soil.    Further, 

kneading compaction results in a lower permea- 

bility than static compaction at molding «rater 

contents around optimum for the stabilized soil« 

(5)    The permeability of the stabilized soil decreases 

with increasing curing time and Increasing time 

of oerineation. 
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Chapter I 

INTRODUCTION 

1,1 Background 

Improvement in the engineering properties of soils 

by the addition of a small quantity of a cementing agent 

is called soil stabilization. Use of this technique has 

grown markedly in recent years, especially in underdevel- 

oped areas where the need for inexpensive techniques for 

upgrading soils with marginal engineering properties is 

a matter of critical economic importance. 

In spite of the increased interest in and use of 

stabilized soils in recent years, criteria by which their 

engineering properties are evaluated are still in rela- 

tive infancy. The two most common methods for evaluating 

stabilized soils are the California Bearing Ratio (CBR) and 

the unconfined compression test. Wissa and Ladd (1965)* 

discuss the severe limitations of these tests, and pro- 

pose a method of evaluation for stabilized soils employing 

effective stress-strength parameters, similar to that 

commonly used for natural soils. 

Thus, from 1960, stabilization at M.I.T. shifted 

• Author names followed by dates shown in parentheses 
refer to entries arranged alphabetically in the List 
of References located at the end of this report« 
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away from research directed toward development of new 

chemical stabilisers and methods for improving the 

effectiveness of conventional stabilizersf  and toward 

a study of the mechanisms of shear strength generation« 

The most significant of the engineering properties 

of stabilized soil, the effective stress-strength be- 

havior,  has been studied at M,I,T,  employing primarily 

undrained triaxial compression tests on fully saturated 

stabilized soil systems   (Wissa and Ladd,  1964 and 1965)« 

These Studien have shown that for fine-grained soils the 

addition of port land cement,  or hydrated lime, can in- 

crease the effective angle of internal friction as well 

as the effective cohesion« 

The prupose of this research has not only been to 

determine the influence of artificial cementation on the 

effective stress-strength parameters of  soils, but also 

to study the mechanisms responsible for the improved be- 

havior.    From this research has come the conclusion that 

chemically stabilized clays derive their added strength 

from two phenomena:     (1)  a clustering or aggregation of 

the clay in locations of high cement concentrations which 

causes an increase in the effective angle of internal 

friction,  and   (2)   a general weaker cementation between 

the aggregations which causes an increase in the effec- 

tive cohesion intercept«    Feferbaum     (1966)  has shown 
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that molding conditions (molding water contant and dry 

density) primarily influence the effective cohesion 

intercept« 

Effective stress-strength behavior is» however« 

only one of three main engineering properties that con- 

cern the soil mechanician# the other two being permea- 

bility and compressibility. In stabilized soils as in 

natural soils, permeability is of interest not only in 

its own right» but in addition because it is a useful 

means by which changes in fabric of a fine-grained soil 

can be examined (Lambe 1955 and 1958). 

The volume change behavior of stabilized soils 

during curing and consolidation can also assist in 

obtaining an insight into the mechanisms of soil stabil- 

ization* While some work has been done in this area for 

compacted clays» a quite limited amount of work on shrin- 

kage during cure (the majority of it by George» 1968) and 

an even smaller amount on consolidation behavior of sta- 

bilized soils has been performed« 

1,2 Scope of the Report 

This report presents the results of a series of per- 

meability tests on a cement-stabilized» low-plasticity 

silty clay (referred to as M-21 soil) employed for a con- 

siderable portion of the stabilization work at M.T.T« 
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Th« perneabillty Bteasurenents wer« obtained utilising 

a specially designed triaxial-permeability setup that 

allowed the use of high back pressure   (up to 15 kg/cm ) 

to ensure saturation during permeation,  and could apply 

confining pressures up to 70 kg/cm2. 

For both the natural  and cement-treated soil   (sta- 

bilized with 5* portland cement),  two sets  of test speci- 

men» were prepared utilizing two methods of compaction 

(kneadinq and static)   that correspond to the extremes 

of common field compaction conditions.     For each type 

of compaction,  five samples of the cement-treated  and 

the untreated soil were prepated at different molding 

water contents.    The influences of molding water  content, 

type of compaction,  and confining pressure on the per- 

mee oility and compressibility behavior of the untreated 

ar     rp-ient-stabilized soil were determined.     The volume 

chr.ng*» behavr.or during humid cure and soaking was   also 

established as a function of molding conditions, 

A supplementary testing program was also conducted 

to determine the influence  of curing conditions on the 

permeability behavior of the stabilized soil. 
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Chapter II 

MATERIALS,   EQUIPMINT,   AND TESTING PROCEDURES 

2.1    Materials 

2.1.1    Soil 

The fine-grained soil used for this investigation is 

the minus No.   40 sieve size fraction of a glacial till 

locally called Massachusetts clayey silt (M-21),    This 

soil is obtained from a drumlin in East Boston that 

overlooks Logan Airport«    The soil has a liquid limit 

of 20,5% and a plasticity index of  5.8 and classifies 

as a CL-ML soil according to the Unified system«    The 

textural composition,  physical properties, and mineral- 

ogical composition of the soil are given in Table 2.1. 

The grain-size distribution of the minus No»  40 sieve 

size fraction  is shown in Fig.   2,1. 

To obtain the minus No.  40 sieve size fraction,  the 

natural soil containing gravel  size particles was air- 

dried and passed through a No,   4 size sieve to remove 

coarse particles.    The material passing this sieve size 

was then mechanicaly ground to break up any dry soil 

aggregates before sieving through a No,  40 size sieve. 

All material retained on this sieve was discarded and 
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only th« finer material was used. 

2.1.2 Stabilizer 

The stabilizing agent used for this investigation 

was commerical grade Type I Portland cement.    Five per 

cent» based on air-dried weight of soil, was used for 

all stabilized test specimens.    The influence of 5% 

cement on the Atterberg Limits of M-21 is given in 

Table 2,1. 

2,2    Preparation of Teat Specimens 

2,2.1    Mixing Procedures 

For stabilized samples,  the cement was  first mixed 

with air-dried soil until homogeneous mixtures were ob- 

tained.    The water was added s.lowly with a  squeeze bottle, 

while mixing the sample with a spoon.    After  all the water 

had been added   (total time approximately two minutes), 

additional hand mixing was performed until a consistent 

mixture was obtained.    This additional mixing took on 

the order of about two minutes.    Only one sample was pre- 

pared at a time.    For the untreated soil samples, the 

same procedure was used except that the addition and 

mixing in of cement was omitted. 

The soil was compacted immediately after the addi- 

tion of water   (and cement, if stabilized),    Two water 
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content determinations were taken for each sample # one 

before and one Immediately after compaction. The time 

between first mixing in of the water and final compac- 

tion took no longer than fifteen minutes for the kneading 

samples and no longer than twenty-five minutes for the 

static ones. 

2.2*2    Compaction 

Two methods of compaction were used in the investi- 

gation.     Both methods employed stainless steel molds 

having the following dimentsions: 

length        :       3.150  inches 

diameter    :       1.405 inches 

Volume        t       80 cc 

2.2.2,1    Kneading Compaction 

A Harvard miniature compaction tamper,  spring 

loaded to forty pounds» was used for kneading compaction. 

The soil was contacted in five layers with 32 blows/layer. 

The surface of each compacted layer was well scarified 

with a blunt knife to improve bonding between layers« 

A forty-pound hammer was chosen to duplicate the compac- 

tion effort applied in previous studies on stabilized 

soils.     Kneading compaction, because of its shearing 

effect upon soil,  is somewhat analogous to field compac- 

tion, using a sheepsfoot roller.    Pig,  2.2 shows the 
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molstare-density relationship for untreated and stabil- 

ized N-21 compacted using the kneading tamper described 

above. 

2.2.2.2 Static Compaction 

The static compaction samples were prepared by 

forcing the soil mixture into the mold using a piston 

havinc a diameter equa.l to the internal diameter of the 

mold.     The samples were compacted in five layers to mini- 

mize density variations due to side friction«    The same 

amount of soil and same load on the piston was used 

for each layer.    The surface of each layer was scarified 

after compaction to improve bonding between layers. 

The desired load on the piston was applied with a hy- 

draulic jack and measured with a proving ring.    It was 

maintained for one minute on each layer.    The compaction 

load for each test specimen was varied in order to dupli- 

cate the dry densities obtained with the corresponding 

kneading compaction specimen molded at the same water 

content. 

2.2.2.3 Trimming of Samples 

Excess soil was added to the mold initially so 

that the ends of the sample could be trimmed after com- 

paction but before extrusion«    A sharp, straight-edged 

knife was used to trim the samples and to straighten the 

23 



ends.    All samples were weighed in the molds before ex- 

trusion in order to compute the as-molded dry density« 

Following extrusion from the mold, the samples were 

reweighed and the  length measured« 

2«3    Curing 

2,3,1 Standard Curing 

For the major testing program, an accelerated cur- 

ing process was employed with the stabilized soil samples. 

Immediately after compaction, the stabilized samples were 

placed on perforated plates in air-tight jars which had 

water in the base below the plate« Moistened filter 

paper was placed along the sides of the jars to increase 

the relative humidity of the air. The jars were then 

placed in a 700C water bath. The bath was a styrofoam- 

insulated waterproof plywood box and was heated by an 

immersion-* 'pe heater controlled by an adjustable power 

source, A small stirrer was employed continuously during 

the cure to ensure a constant temperature throughout the 

water bath. Temperature of the water was monitored daily 

and was found to vary by '±20C during the curing period« 

This procedure will be referred to as "standard curing«" 

The full hot-curing period was fourteen days, during 

which time weight and length change data were periodically 
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recorded as functions of curing time. At the end of hot 

cure» each humid jar was removed and placed at room tem- 

perature until the time of test. 

Before being placed in the permeability cells for 

testing,   each sample was weighed and measured for length 

change,  completely immersed in water for at least twenty- 

four hours,  and then weighed and measured again  immediately 

before being set up in the permeability cells. 

2,3,2    roecial Curing 

In   addition to the  standard curing procdure,   there 

were several stabilized samples compacted towards  the 

end of the investigation which were wrapped in a thin 

oolyvinyldene chloride film and sealed in micro-crystalline 

'nonshrinking) wax before hot curing in the standard 

manner.     This will be referred to as "sealed curing." 

A few samples were also cured at room temperature. 

The procedure w^s essentially the same as that used for 

«tandard curing exceot that the  jars were not placed in 

the hot temoerature bath.    This will be called "room 

temperature curing". 
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2.4    Conaolidatlon - Pemwabillty Ec?ulpa>ent 

2.4,1    Permeability Cells 

Five high pressure consolidation-permeability cells 

were constructed for this research«    The cells were essen- 

tially similar to high pressure trlaxial cells with the 

axial loading ram   (piston)omitted.     The cell chamber had 

a stainless steel wall and was designed to withstand a 

confining pressure of 100 kg/cm2.    Two ports were located 

in the top plate of the cell chamber«    One was used for 

filling the cell and apolying the confining pressure and 

had a Whitey needle valve mounted in it.     The other port 

was used for venting the chamber during filling» and an 

O-ring seal was used to close it off once the cell chamber 

was filled with de-aired water.     The cell base was made 

of a single piece of stainless steel  and had a 1,405- 

inch-diameter sample pedestal 1«25 inches high.    The sur- 

face of the pedestal kas highly oolished to ensure good 

sealing of the membrane.    Three ports were located in 

the cell base.    One port was used for draining the cell 

chamber and a Circle Seal valve  located in it.    The second 

port connected directly to the center of the sample pedes- 

tal and was used for bottom drainage.    The third port was 

for top drainage and connected to the drainage line from 

the top cap.     The top and bottom drainage ports used 
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Geomeasurements no-volume change on-off valves for con- 

trolling drainage«    The stainless steel top cap was 

1.405 inches in diameter and had a highly polished sur- 

face.    The top drainage line connecting the top cap to 

the top drainage port in the cell base consisted of spi- 

ralled 1/8-inch-diameter soft copper tubing*    Geomeasure- 

ments copper tube O-ring connectors were used at both 

ends of the top drainage line, thus permitting the top 

drainage line to be easily disconnected.     A closeup 

photograph of  the permeability cell is shown in Pig, 

2.3. 

2.4.2    Confining Pressure System 

The confining pressure system for high pressures was 

an improved version of.  the system developed for the high 

pressure triaxial tests  and described in Phase Report 

Vo.   2   (M.I.T,,   1963).    The main improvements werei 

(1) Use of a very accurate metering valve   (Nupro 

Model S)   to give a constant small bleed of 

nitrogen through the pressure regulators. 

This  eliminated binding of the regulators 

and made  it possible to maintain the confining 

pressure to ± 2  psi, 

(2) The volume of nitrogen-water interchange was 

increased to 1000 cc, and 60  ft.   of tubing 

was placed between the interchange and the 
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cell, thus reducing the risk of nitrogen dif- 

fusion into the cell chamber. 

For confining pressures below 15 kg/cm2,  self- 

compensating mercury control apparatuses were used. 

These systems were based on the system described by 

Bishop and Henkel  (1962)  but were designed for pressures 

up to  16 kg/cm2.    Geomeasurements supplied the mercury 

pots  for these systems. 

2.4.3 Back Pressure System 

Geomeasurements self-compensating mercury control 

systems were used for back pressuring during consoli- 

dation and saturation and  for  applying the hydraulic 

gradient during permeation.     Pressures up to 16 kg/cm2 

could be obtained and maintained constant to    +0,005 

kg/cm  ,     Independent systems were connected to the 

top and bottom drainage lines  of the cells, and the 

difference in the pressure between the two systems was 

determined with a differential pressure mercury manometer 

in order to obtain an accurate measure of the applied 

hydraulic gradient, 

2.4.4 Volume Change and Flow Measurements 

Volume changes during saturation and consolidation 

were measured with twin burette paraffin-type volume 

28 



change apparatuses supplied by Geomeasurements«    Low 

viscosity Silicon Oil was used in these burettes;  the 

capacity of each burette was 5 cc;  and volume changes 

could be determined to ± 0.01 cc«     By use of a reverse 

flow, no-volume change valve# volume changes in excess 

of 5 cc could be measured without interrupting flow« 

Two twin    burettes were used with  each permeability 

ce?..l,  one connected to the top drainage line and the 

other to the bottom drainage line«     During saturation 

and consolidc.tion,  the back oressurs apolied to both 
2 

twin buretts was   14 kg/cm ,    When measuring permeabil- 

ity the back pressure was increased to one of the twin 

burettes,  and was decreased by an equal amount to the 

other twin burette to produce th«-» desired hydraulic 

gradient through  the test specimen.    The hydraulic 

gradients were adjusted to give at  least 0.05 cc of flow 

per day in the lowest permeability test specimens. 

Fig.   2.4 is  a photograph of the complete permea- 

bility setup and  shows the volume change equipment, back 

pressure system,and the confining pressure system for 

three tests. 

2,5    Testing Procedure 

2,5,1    Setting up of Test Specimens 

After the stabilized samples had been soaked for at 
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least twenty-four hours,  or immediately after compaction 

in the case of the untreated samplesf they were weighed, 

measured,  and mounted in the permeability cells«    Porous 

stones,  which had been saturated by boiling under water 

for at least twenty minutes, were placed on both ends 

of each  sample.    The samples with their stones were 

placed on the cell pedestals and the top drainage caps 

placed on top of them.    Single Latex sheaths,  0*024 

inches  thick, were used to enclose the samples«     The 

membranes were sealed to the base pedestals  and top 

drainage caps by means of  neoprene 0-rings.     The cells 

and nitrogen-water interchanges were then filled with 

deaired water, 

2.5.2 Initial Consolidation and Saturation 

Once the cells and nitrooen-water interchanges 

were filled, a confining pressure of 5 kg/cm    was first 

applied and then gradually increased during application 

of a back pressure of  14 kg/cm2 to achieve the desired 

initial effective consolidation pressure of  5 kg/cm2, 

2.5.3 Consolidation 

Most of the samples were consolidated and permeated 

at  effective pressures of  5,  10,  25, and 50 kg/cm2.    The 

initial consolidation to 5 kg/cm2 was in addition,  a 

saturation process,  and therefore no time-rate data were 
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kept« For the higher incrementn of stress» time-rate 

of consolidation data were recorded. Consolidation of 

a sample at any increment was generally continued until 

all flow had ceased from the sample. The time for con- 

solidation varied for each sample, but generally the 

drainage lines to all samples were dept open until the 

last had finished consolidation.  During consolidation 

the back pressure to the top and bottom drainage lines 

was maintained equal at 14 kg/cm , 

2.5.4 Permeation 

Following consolidationf the samples were permeated 

by reducing the top back pressure and increasing the 

bottom back pressure by equal amounts. Permeation was 

continuec? until the rates of flow equalized into nd out 

of the samples. Once again, this equalization took dif- 

ferent times for the different samples, but generally 

all samples in a set were permeated until the last one 

had equalized. 

2.5.5 Unloading and Dismantlinc 

In order to reduce the tendency to suck in water, 

the samples were rebounded to 2 kg/cm before dismantling. 

The volume change during the rebound was measured, After 

the rebound was complete, the cells were taken apart, and 

the samples removed.  Length, circumference, and weight 
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data were recorded. The water content of the total sample 

was then determined. 
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Table 2.1 

PROPERTIES OF UNTREATED AND 5% CEMENT-STABILIZED M-21 

Textural Composition % by wt. 

Hand       2 mm to 0.06 mm 42 

Silt       0.06 mm to 0.002 mm  42 

Clay      <0.002 mm 16 

Physical Properties, 
Untreated: 

Liquid Limit % 20.5 

Plastic Limit % 14.7 

Plasticity Index % 5,8 

Specific Gravity 2.75 

Max. Dry Density (2) lb/ft    123.0 

Optimum Water content (2) %    11.50 

Classification. 

Unified    CL-ML 

AASHO      A-4 (0) 

Chor;cal Properties. 

Organic Matter, % by wt. 0.2 

Cation exchange capacity meg/100 gm 10 

Glycol Retention mg/gm 22 

'■'ineralogical Composition 

Clay Composition I by wgt 30 

Illite:  montmorillonoid 1:0 

^roe Iron oxide, % FeO 2.9 

(1) determined immediately after mixing 

(2) kneading compaction, 40-pound hammer 
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Treated: 

21, ,2 (1) 

17, .6 (1) 

3, ,6 (1) 

2, ,78 

120, ,6 

13, ,0 
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Chapter III 

EXPERIMENTAL RESULTS 

Major Testing Program 

3.1    Introduction 

The objective of the major testing program, was  to 

determine the influence of molding water content and type 

of compaction on the permeability behavior of stabilized 

soils.    The moisture-density relations  of  the stabilized 

samples used for this investigation are shown in Fig,  3,1, 

The kneading compaction test specimens were prepared 

using a constant compactive effort as described in Art, 

2,2.2.1 while the compaction effort for the statically 

compacted samples was varied  ■lo give approximately the 

same as-molded dry density as  the corresponding kneading 

compaction samples  at the same molding water content 

(see Art.   2.2.2,2) , 

In addition,   for comparison purposes,  a series of 

untreated M-21 samples were prepared using both kneading 

and static compaction.    The moisture-density relations of 

these samples  are also shown in Pig.   3,1,     Note that,  for 

the same kneading compaction effort,  the untreated samples 

had higher as-moMing dry densities than the corresponding 

treated samples  compacted dry of optimum;  while on the wet 
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side of optimum, the as-molded moisture-density relations 

were about the same for the treated and untreated test 

specimens. 

The standard curing procedure described in Art.  2.3«1 

was used for  the stabilized samples  in this program.    The 

untreated samples were tested immediately after compaction. 

3.2    Behavior During Standard Curing 

3,2.1    We:.qht Changes During Curing 

Even though the stabilized samples were cured at 700C 

in  sealed containers with free water in their bases and 

moistened filter paper  around their sides»  the samples 

tended to lose weight during the curing period. 

Table 3.1 is a summary of weights and  lengths  of the 

stabilized samples  as  a function of  time.     It will be 

noted from this  table,   and  from Fig,   3.2  and  3*3,   that all 

samples lost weight during the first week of curing.    This 

initial weight  loss  is  greatest for thoso so.mples  compac- 

ted dry of optimum.    Type of compaction influenced the 

weight change for samples wet of optimum, but not dry of 

or>timum. 

The percentage fluid weight loss during hot cure for 

the driest samples   (9% water content)  using both compaction 
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methods is about 27% and for the samples with an initial 

molding water content, w^, of 11% is 2 4%. with increasing 

water contents, however, the difference in water loss be- 

tween the two compaction methods becomes significant.  For 

samples close to optimum (13%), the water loss for the 

kneading sample is 11.6%; while for the static sample» it 

is much lower, 3%. For samples at 15%, the weight loss is 

8% versus 3%, and for w » 17%, 6% versus 3%, respectively. 

The weight loss of the static samples is relatively small 

and constant (about 1 gram) for the three samples on the 

wet side of optimum. 

3,2.2 Volume Changes During Curing 

Prom the length changes recorded during the curing 

period, volume chanoes were computed, and thereby, data 

on void ratio change was obtained.  For the purpose of 

these computations, the change in lateral dimensions was 

assumed to be proportional to the measured change in axial 

length (for a complete discussion on the validity of this 

assumption, as well as an explanation of the meaning of 

"overall void ratio" used in Figs, 3,6 through 3,10, see 

Appendix A). 

There is a tendency during cure for the samples to 

increase in volume. This tendency increases with increasing 

molding water content until the wettest sample (17%), where 
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a decrease is noted   (Figs. 3.4 and 3.5).    The driest samples 

have little volume changet    the kneading samples decrease 

in volume by about 1-1/2%, while the static sample remain 

about constant.    For both types of compaction, increasing 

the molding water content resulted in an increase in th« 

expansion during curing except for the samples at the high- 

est water content where the expansion was slightly less 

than for the wet samples closer to optf-tTum, 

An  inspection of Figures  3.4 and  3.5 reveals  that for 

static and kneading samples  at  any given molding water con- 

tent,  the kneading samples always yield a greater absolute 

volume change.     The difference is small at  low molding 

water contents   (-2% volume change for w    =9% for kneading, 

versus  0,3% for the static sample)   and relatively large 

at the point of  maximum volume change   (w^ ■ 15%)   (10% ver- 

«".r?  ^  resnectivply^ .     Essentially,   all  of this volume 

change occurs  in the first week of curing.    For a given 

test specimen,   the rate of void ratio change thus  agrees, 

at least cmalitatively, with the weight  IOPS during curiner, 

i.e.  the larges volume increases occur when the water  losses 

are greates.     In addition,  the kneading samples which ex- 

perienced greater volume changes than  the static samples 

also lost  larger quantities of water.     But it should be 

noted that while the quantity of water  lost .(in both comoac- 

tion methods)   is  oreatest in the dry   (w_ ■ 9%,  11%)   samples, m 



volume change is smallest for these samples, and largest in 

those with molding water contents of 13» 15, and 17% where 

the weight loss is smallest. 

3.2.3 Volume Change During Room Temperature Cure 

Figures 3.6 and 3.7 show overall void ratio versus 

time prior to test and  up to the first increment of con- 

solidation pressure, for the statically and  kneading com- 

pacted stabilized ^arroles.  Figures 3.8 through 3.10 show 

the difference in curing behavior for identical molding 

conditions but different compaction methods.  As can be 

seen from these plots, there is essentially no void ratio 

change and no loss in water (Table 3,1) in the oeriod be- 

tween the end of hot cure and beginning of the twenty-four- 

hour soaking period. The length of this period was dif- 

ferent for the two sets of samoles, being nineteen days for 

the ptatic samples and only one day for the kneading samples. 

3.2.4 Effect of  Soakina 
mmtmmmmmmmmmmmmmtmm ■ ■■■"■ 

During the soaking period only minor changes in sample 

length were measured, and these may have been due to in- 

accuracies in the measurements. 

There are fairly large weight increases in the samples 

during soaking (Figures 3,2 and 3,3), These weight changes 

are largest in the driest samples, being about 86% (weight 

42 



of water absorbed divided by initial weight of molding 

water)  for both static and kneading samples at a molding 

water content of 9%,  and 48% for a molding water content 

of lit.    With increasing molding water» the weight gain 

decreases sharply to 10.5» 8,5 and 6.5% for static samples 

and 29,  18, and  12.8% for kneading samples at molding water 

contents of 13%#  15% and 17% respectively. 

3.3    Behavior purinq Consolidation and Permeation 

The stabilized samples after curing were consolidated 

to and then oermeated at effective stresses of  5, 10, 25 

and 50 kg/cm .    A set of  static and a set of kneading un- 

treated M-21 samples at the saune initial molding water 

contents as the stabilized samples were also tested in a 

similar manner.    Tables  3.2 and 3.3 are complet summaries 

o^ the void ratio-permeability data obtained for the un- 

treated and the stabilized test specimens  respectively, 

3.3,1    Untreated M-21 

3.3.1,1   Void Ratio Versus Consolidation Pressure 

Figures 3.11a through 3,lie are plots of void ratio 

versu? consolic'.ation pressure comparing static and kneading 

cc-TO^.ction for the unstabilized M-21 soil  at the  same mol- 

c:'.r.g water content  and dry density.    Table 3.4 summarizes 

th^ compressibility characteristics of these test specimens. 
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From the figures It can be seen that» at any given consoli- 

dation pressure, void ratios for the kneading samples are 

smaller  than those for the static samples•    The initial 

compression during saturation and consolidation to 5 kg/cm2 

was always greater for the kneading compaction samples 

than for the corresponding static compaction samples.     How- 

ever,   the compression index between consolidation pressures 
2 7 of  25 kg/cm    and 50 kg/cnr was greatest for the static 

compaction samples   (Table 3,4>.     Initial compaction is 

dependent on both molding water content and as-molded dry 

density:   the higher the as-molded dry density»   the  lower 

the Initial  compression and the smaller the compression 

index;   and  in addition,   the higher the molding water con- 

tent,  the higher the initial compression and the lower the 

compression  index at high consolidation pressures. 

All kneading  samples exhibit  an almost straight-line be- 

havior  between void ratio and  log confining stress,   except 

for the driest sample   (9%),  which exhibits a flat over- 

consolidated  portion for confining stress between  5 and  10 

kg/cm'.     The  static samples,   on the other hand,   exhibit a 

far more pronounced over-consolidated portic.i,  being greatest 

in the three driest samples,  beyond which the consolidation 

behavior becomes similar to that obtained with the kneading 

samples   (i.e.,   a straight-line relationship between void 

ratio and  log consolidation stress  over the entire range of 

consolidation  stresses  investigated) . 
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2 2 When rebounded from 50 kg/cm    to 2 kg/cm, the static 

samples tend to experience a larger increase In volume than 

the kneading samples. 

3.3.1.2 Permeability versus Molding Water Content 

Figures 3.12  and 3.13 are plots of permeability versus 

initial molding water content for the kneading and the static 

compacted specimens» respectively,  at the four consolidation 

pressures investigated.    From these plots»  it can be seen 

that permeability is greatest in the driest samples and de- 

creases with increasing water content» reaching a minimum 

wet of    optimum beyond which it only increases slightly 

with further  increase in molding water content.    At the 

higher consolidation pressures»  the  influence of molding 

water content on permeability is  lese  significant than 

zt low consolidation pressures   (i.e.»  curves  in Figures  3,12 

and 3.13  becom.   flatter with  increasing consolidation 

pressure). 

3.3.1.3 Permeability as a Function of Void Ratio 

Figures  3.14  and 3,15 show the relationship between 

void ratio and  log permeability for the kneading and static 

comoaction samples of untreated M-21»  respectively.    There 

is a  linear relationship between the two quantities for 

each sample,   but the relation  is a function of molding con- 

ditions. 
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3.3,1.4    Permeability and Compaction Method 

Figures 3.16a and 3 »16b show the influence of type of 

compaction on the void ratio  (e)  - log permeability  (k) 

relations of the untreated samples having the same as- 

molded dry density and molding water content.    For the 

samples very dry or very wet of  optimum,  the e-log k rela- 

tion is  independent of  type of  compaction.     However,   for 

molding water contents around optimum,  the kneading com- 

paction samples have a  lower permeability than  the corres- 

ponding  static compaction sample at the same void ratio. 

3.3.2    M-21 with  5% Portland Cement 

3.3*2.1    Consolidation to 5 kg/cm2 

Consolidation from zero effective stress (since the 

samples were soaked) to 5 kg/cm2 causes a void ratio de- 

crease in all stabilized  samples regardless of  compaction 

method.     In most cases  the volume decrease durina consoli- 
2 

dation to 5 kg/cm    is greater  than the volume increase 

that occurs during the curing period as can be seen from 

Pigs.  3.6 and 3.7.    In other words, the void ratio after 

consolidation is  lower than the as-molded void ratio even 

though the overall volume of the samples increases during 

the curing period. 

The void ratio decrease during this initial consolidation 

46 



is related to the overall void ratio change during curingt 

the larger the overall void ratio increase during curing» 

the larger the void ratio decrease during Initial consoli- 

dation. 

From Figures 3,17a through 3,176, which give the e - 

log ac relations for the stabilized samples#  it is also 

seen that in most cases the void ratios after consolidation 

to  5 kg/cm    are lower than the as-molded void ratios, 

3.3.2.2    Void Ratio and Consolidation Pressure 

Figures ?,17a through 3,17e show the relations between 

void ratio and log consolidation pressure for the stabilized 

samples.    As  can be seen,  the amount of volume decrease 
2 7 occurring from 5 kg/cm    to 25 kg/cm    consolidation pressures 

is   less  than that occurring from 25 kg/cm2 to 50 kg/cm2, 

esnecially for samples compacted wet of ootimum.    The com- 

oressibil.ity  of the stabilized  samples in the range of 25 

kg/cm2  to .50 Jcg/cm2 increases with  increasing molding water 

content.    At  the same molding water content and dry density, 

the kneading compaction samples are more comoressible at 

high consolidation pressures  than the static compaction 

samoles. 

From Figure 3.1R   (a plot  of void ratio change from 0 

to  5 kg/cm*-  consolidation pressure divided by the change 

from 5  to 50  kg/cm2),   it is  seen that up to optimum,  this 
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ratio is approximately the same for kneading and static 

samples and it increases with increasing molding water* 

Beyond optimum the ratio decreases and is larger for the 

kneading samples  than for the static samples • 

3.3.2.3    Permeability versus Molding Water Content 

Figures 3.19  and 3.20 are plots of   log permeability 

as a function of molding water content for the cement- 

stabilized samples.    These plots show general similarities 

to those observed with the untreated samples,  i.e., a high 

permeability for the dry samples decreasing very rapidly 

to a minimum at either  11%   (static)   or 13%   (kneading) 

molding water content.    An like the untreated soil, permea- 

bility is more a function of molding water content when the 

soil is compacted dry than when it is wet of optimum.    The 

vertical distance between the top and bottom curves in 

Figures 3,19 and 3.20 represents the change in permeability 

occurring in consolidation from 5 to 50 kg/cm2.     It can 

be seen that the smallest change in permeability occurs 

at a molding water  content of 11%.    On either side of this 

point, the change in permeability with change in consoli- 

dation pressure increases.    It reaches a maximum for the 

wettest samples, where the change in permeability for the 

static samples is  about 1-1/2 orders of magnitude.and for 

kneading samples about one order of magnitude«     For the 

samples at 9% molding water, the permeability change is 

about one order of magnitude for static compaction, and 



about 2/3 an order of magnitude for the kneading compaction. 

3.3.2.4 Permeability as a Function of Void Ratio 

Figures 3.21 and 3.22 are plots of log permeability 

versus void ratio.     Log permeability is not always a linear 

function of log void ratio as  it was in the untreated sam- 

ples.    From these figures,  it can be seen that for samples 

wet of  optimum,  an approximately linear relation does 

exist between the two quantities, but that for drier sam- 

ples,  the permeability decreases more slowly with decreasing 

void ratio at the higher consolidation pressures.    As for 

the untreated soil,  the permeability of the stabilized 

soil is not only a function of void ratio but also depends 

on the molding water content, 

3.3.2.5 Permeability and Compaction Method. 

By comparing Figures 3.21 and 3.22,it is seen that type 

of compaction has very little effect on the permeability- 

void ratio relations of the stabilized soil compacted wet 

of optimum. Dry of optimum the kneading samples have higher 

permeabilities than the corresponding static samples (at 

the same molding water content) at the same void ratio. 
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Table 3.1 

WEIGHTS AND LENGTHS OF STABILIZED TEST SPECIMENS 

AS A FUNCTION OF CURING TIMF DURING STANDARD CURE 

KNEADING COMPACTION TEST SPECIMENS 

Sample No. PT 6 PT 7 PT 8 PT 9 PT 10 

As-Molded Dry 
Densi ty, 
!b/cu ft. 

115.8 118 0 120. 4 115. 9 112. 

Molding Water 
Content, % 9.35 11. 35 13.33 15.20 17.15 

DATE Wgt. 
gms. 

lgth. 
ins . 

Wgt. 
ams. 

lgth. 
ins. 

Wqt. 
crms. 

Iqth. 
ins. 

Wgt. 
gms. 

Iqth. 
ins . 

Wgt. 
gms. 

lgth. 
ins. 

7/20/67 (1) 162.60 3.131 169.50 3.135 175.21 3.151 
. 

171.20 3.137 168.65 3.126 

7/27/67 
1 

159.00 3.133 164.80 3.135 172.50 3.236 169.10 3.250 166.80 3.188 

8/1/67 158.80 3.132 164.69 3.135 172.35 3.240 169.25 3.253 166.40 3.184 

8/3/67 (2) 158.70 3.124 164.60 3.136 172.33 3.234 
i 

— — i 
8/4/67 (3) 158.80 3.122 164.70 3.133 172.25 3.236 169.15 

i 
3.253 166.50 3.181 

| 
9/5/67 (4) 1 171.13 3.131 173.46 3.134 178.99 3.237 173.89 3.251 170.18 3.185 

STA-IC COMPACTION TEST SPECIMENS 

Sample No. PT 1 6 PT 17 PT 19 PT 19 
• 

PT 20 

As-Voided Dry 
Density, 
Ib/cu ft. 
Moldinc Wat*»r 
Content, ^ 

116. 

9.28 

4 118 

11. 

.0 

18 

120.7 

13.20 

j 116.8 

15.42 
J 

112.3 

17.34 

PATE Wgt. 
gns. 

loth. 
ins. 

Wqt. 
ams. 

loth. 
ins. 

Wgt. 
ams . • lgth. 

ins. 
! Wet. 
1 gms. 

lgth. 
ins. 

Wqt. 
ams. 
-

lath. 
ins. 

8/30/67 fl) 

9/5/67 

9/11/67 

9/13/67 (2) 

10/2/67 (3) 

10/3/67 (4) 

162.91 ! 3.148 i 169.47 3.151 ! 175.0 

| 158.84 
| 
; 158.70 

I 
; 158.60 

! 
j 

1 171.50 
_l 

3.145 I 164.85 ! 3.151 ! 174.3 

3.151 j 165.02 ; 3.155 j 174.5 

1 ; ; 
3.147 1 165.00 3.153 ' 174.40 

3 . 1 5 2 

3 . 1 9 8 

3 . 1 8 9 

3 . 1 8 5 

171.02 ; 3.139 j 168.91 

170.20 3.183 j 167.90 

170 . 30 3 . 201 ' 167.90 

170.15 ' 3.184 • 167.75 

3.148 . i ' 3 . 1 5 8 1 7 5 . 1 I 3 . 1 8 3 

3.135 I 173.92 3.154 177.54 , 3.186 

170.20 

172.42 

3.184 

3.185 

168.15 

170.10 

3 . 1 2 2 

3 . 1 6 8 

3 . 1 8 2 

3 . 1 7 0 

3 . 1 7 0 

3 . 1 6 7 

M o t e s : (1) S t a r t o f 70°C c u r i n g . 

(2) End of 70°C c u r i n g . 

(3) B e o i n n i n g o f 2 4 - h o u r s o a k i n g p e r i o d . 

(4! End o f s o a k i n g p e r i o d . 
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Chapter IV 

DISCUSSION OF TEST RESULTS FROM THE MAJOR TESTING PROGRAM 

4.1 Introduction 

From the results presented in the preceding chapter# 

it can be seen that several trends in the permeability and 

consolidation behavior of the stabilized soil are similar 

to those observed with untreated compacted soil.    How- 

ever,  several significant deviations from such behavior 

were also reported.    The following,therefore,attempts to 

explain the reasons for the observed similarities and dif- 

ferences between the stabilized and the untreated  soil. 

4.2 Behavior During Standard Curing 

Klem (1964)   showed that even after 28 days of humid 

curing at room temperature,  the permeability of M-21 

stabilized with  5%  cement decreases with time.    Clare and 

Pollard   (1954)   have shown that the unconfined compressive 

strength of cement-stabilized soils increases with increasing 

curing temperature.    Therefore,  it was decided in this inves- 

tigation to accelerate curing of the stabilized test speci- 

mens by humid curing them for two weeks at 700C  (see Art. 

2.3.1)   in order to minimize the decrease In permeability 

that would occur during the testing period. 
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During curing at TO*,all samples lost water   (Figures 

3.2 and 3.3)  even though they were cured at high relative 

humidity.    As shown in Figure 4.1,  the samples compacted 

dry of optimum lost the most water   (4 to 5 cc)  while the 

samples compacted wet of optimum lost the least water 

(1 to 3 cc).    From Figure 4.1 it is seen that the samples 

compacted dry of optimum underwent relatively little volume 

change during the curing period (three of the four test 

specimen shrunk slightly while one sample expanded slightly); 

while the samples compacted at optimum and wet of optimum 

expanded significantly during the curing period.    The samples 

that underwent large expansions during curing also developed 

fairly large circumferential cracks Especially between com- 

paction layers. 

Soil-cement is known to shrink during curing,  especially 

if loss of moisture also occurs during this period«    The 

observed expansion of the test specimens is therefore not 

due to expansion of the soil-cement;  rather,  it is caused 

by non-uniform shrinkage,  especially between compaction 

layers, that results in the opening up of cracks and by 

gross volume increase of the test specimens.    The more 

severe the differential shrinkage,  the greater the cracking 

and consequently the larger the overall expansion during 

curing. 

The samples compacted at optimum or wet of optimum. 
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therefore, underwent the greatest differential shrinkage 

during curing since they showed the largest overall expan- 

sion (Figure 4.1), As with untreated fine-grained soils» 

stabilized soil compacted dry of optimum apparently has 

a more flocculated fabric than when compacted wet of 

optimum and therefore undergoes less shrinkage. This 

appears to be especially true for the stabilized soil 

used in this investigation, since the samples compacted 

dry of optimum lost the mo^t water during curing but 

showed the smr '.lest volume change during curing. 

Since the cracking is cavsed by differential shrinkage, 

another factor that could contribute to the observed behavior 

is differences in the soil fabric between the top and bottom 

of the compacted layers. As with untreated soil, when soil- 

cement is dry of optimum, comoaction docs not significantly 

alter its fabric and, therefore, the fabric of the top and 

bottom of the compacted layer is similar, however, wet of 

ootimum, compaction can significantly alter the fabric, in 

which case the fabric of the soil close to the top of the 

layer will be less flocculated than that at the bottom of 

the layers. This can result in large differential shrinkage 

between layers causing severe cracking. Furtherp static 

compaction causes less change in fabric than kneading com- 

paction and therefore the differential shrinkage should be 

greates in samples compacted wet of optimum using kneading 
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compaction.    This was the case for M-21 + 51 eansnt sine« 

the kneading samples compacted wet of optimum showed lar- 

ger expansion during curing than the corresponding static 

samples compacted at the same water content and dry density 

(Figure 4.1). 

In conclusion»  based on the behavior during curing» it 

is seen that the fabric of stabilized  soils» like untreated 

soils»  is influenced by rwlding water  content and type of 

compaction.    Stabilized samples compacted wet of optimum 

are less flocculated than samples corwacted dry of optimum 

and therefore undergo more differential snrinkage during 

curing.    Further» wet of optimum» kneading compaction pro- 

duces a less flocculated fabric than static compaction» 

causing the kneading compaction samples to shrink more 

than the corresponding static compaction sample. 

4.3    Void ^atio Versus Consolidation Pressure 

4.3.1    Untreated Soil 

From Figure 4.2 it can be seen that the initial compres- 

sibility   (the decrease in void ratio during saturation and 

consolidation to  5 kg/cm*)   is to a large extend dependent on 

the as-molded void ratio  (dry density) .    The higher the as- 

molded void ratio»  i.e.»  the lower the as-molded dry density» 

the larger the initial compressibility.    Further» at a given 

as-molded void ratio  (dry density)» the initial compressibility 

88 



is ftMtor for th« toll coiMpactcd wat of optiaaa than for 

thm soil ooapactod dry of optima.    This was to ba expactad 

sinca the soil wat of optimum has a lass flocculatad fabric 

and is tharefora aora cos^rassibla.    similarly,  kneading 

compaction produces a lass flocculatad fabric than static 

compaction and»  therefore» at any given molding condition 

the initial compressibilitie« of the kneadinq samples are 

greater than those of the corre^pondino static samples* 

However,  at  very hioh consolidation ni-n^cvr^s   (25  to 

50 kg/cm2),  the «ore flocculated the fabric« the more com- 

pressible the soil since a flocculated fabric will gradually 

collapse at theae high pressures.    Therefore, at high con- 

solidation pressures samples compacted dry of optimum have 

a higher compression index than samoles compacted wet of 

ootimum at the same dry density   (see  '.op of "iruro 4.2). 

Similarly,  the samples compacted  statically have a higher 

compression in<fex than the corresoondino kneading compac- 

tion samples since they have more flocculated fabrics. 

4.3.2    Stabilized Soil 

Prom Figure 4.3 it is seen that the shapes of the curves 

for intial compression  (decrease  in void n.tio)   during satura- 

tion and  consolidation to 5 kg/era^ versus nolding water con- 

tent bear  striking similarities  to the shapes of the curves 

of volume  increase during curing.    This  strongly suggests that 
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this Initial compression is primarily caused by the closing 

of cracks that developed during curing. 

At high consolidation pressures   (from 25 kg/cm2 to 

50 kg/cm2)  the compressibility of the stabilized soil is 

lower dry of optimum than wet of optimum.    This  is contrary 

to the behavior of  the untreated soil  and the compressibility 

nay still be due to crackinc during curing since the samples 

dry of optimum underwent less volume change during curing 

than did the samples wet of optimum.     Similarly,  the kneading 

samples were more compressible than the static samples» which 

again could be due to the fact that the kneading samples 

expanded more than the static samples during curing. 

4,4    Permeability Behavior 

4.4.1    Untreated Soil 

According to Lambe   (19 54b and  1958)   and Mitchell 

et.al,   (1965),  the permeability of compacted fine-grained 

soils is primarily controlled by the as-molded soil fabric. 

The less flocculated the as-molded soil fabric,  the lower 

the permeability of  the soil.    For example Michaels and Lin 

(1954)  and Lambe   (1954a)   have shown that the permeability 

of  fine-grained soils at a given dry density  (void ratio) 

can be reduced 6  to 10 times by adding a chemical dispersant 

to the molding water prior to compaction.     As stated by 

Lambe, the decrease in permeability is due to a higher 
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degree of particle orientation   (leas flocculation)  which 

causes the soil to have a more tortuous seepage path« 

Lambe   (1958)  and Seed et.al.   (1960)  have shown that 

molding water content and type of compaction also influence 

the as-molded soil fabric.    For example kneading compaction 

produces a  less flocculated fabric than static compaction, 

especially when the soil is wet of optimim.    Further,   a 

soil is less flocculated when compacted wet of optimum 

than when compacted dry of optimum. 

The influence of molding water content on the permea- 

bility of untreated M-21 was shown in Figures 3.12 and 3,13. 

The results given in Figure 3.12 were obtained using a con- 

stant kneading compaction effort  and are similar to those 

reported in the literature,  i.e.,   the permeability decreases 

rapidly with increasing molding water content and reaches 

a minimum  slightly wet of  optimum,  beyond whiLch there  is 

a slight increase in permeability with increasing molding 

water content.    In the case of the static compaction test 

soecimens   (Figure 3,13),  the permeability also decreased 

with increasing molding water content.    However,  there was 

not a significant increase in permeab" lity wet of optimum. 

This may be due to the fact that the static compaction  sam- 

ples were not compacted at a constant effort but rather 

the compaction effort was varied  in order to obtain the 

same as-molded dry densities  as  the corresponding kneading 

91 



samples at the same molding water content« 

The permeability results given in Figures 3.12 and 

3.13 were obtained after the test specimens were saturated 

and consolidated to 5,  10,  25 and 50 kg/cm2.    Void ratio 

changes that are dependent on molding conditions took place 

during saturation and consolidation,  and therefore the per- 

meability results shown in the figures include the influence 

of these void ratio  changes,    Figures 3,14  and 3,15 showed 

the influence of void ratio on the kneading and static 

compaction samples,respectively.    For a given as-molded 

soil fabric   (i.e.  for a given molding water content and 

type of compaction),   a linear relation existed between 

log permeability and void ratio.    The rate of decrease in 

permeability with decre?.s.-!.ng void ratio was  greatest for 

samples  compacted dry of or at optimum, because these sam- 

ples were initially more flocculated  and therefore could 

undergo larger changes in fabric during Isotropie consolida- 

tion.    For samples  compacted wet of optimum,  the rate of 

decrease in permeability with decreasing void ratio was 

less than for samples dry of optimum,   and it was not very 

sensitive to molding water content. 

Using Figures 3.14 and 3.15,  it is possible by inter- 

polation to determine the permeability as  a function of 

molding water content at constant void ratio,  thus elimi- 

nating the influence of void ratio on the results that were 
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shown in Figures 3.12 and 3,13,    This has been done in 

Bigure 4,4» which is a plot of log permeability versus 

molding water content at a void ratio of 0*350«    When the 

influence of void ratio differences is eliminated»  the 

permeability of the soil decreases with increasing molding 

water content* because wet of optimum the soil is   less 

flocculated than dry of optimum.    However»  it should be 

noted that the decrease in permeability with increasing 

molding water content at constant void ratio   (Figure 4.4) 

is considerably less than that observed when the results 

were not corrected for differences in void ratio   (Figures 

3.12 and 3.13). 

As was shown in Figure 3.16a,  type of compaction had 

no significant influence on the permeability of the untreated 

soil when it was compacted dry or very wet of optimum, 

Apoarently» static and kneading compaction produce the same 

fabric when the soil is  stiff   (dry of optimum)   and when the 

soil  is very weak   (very wet of optimum) .     However»   between 

these two extremes» kneading compaction produces a  less 

flocculated fabric than static compaction ?.nd consequently 

the kneading compaction samples had lower permeabilities 

at a given void ratio   (Figure 3.16b),    The influence of 

■T^e samples compacted at W    = 17%  (very wet of optimum) had 

slightly higher permeabilities than samples compacted at 

W. - 15%. m 
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type of compaction on the permeability of M-21 at a void 

ratio of 0.350 is also shown in Figure 4.4. 

From a practical point of view, it is useful to know 

the influence of molding water content on permeability as 

a function of consolidation pressure.  This is given in 

Figure 4.5, which is a plot of log permeability versus 

log consolidation pressure.  The striking resemblance of 

these curves to the e - log 5 curves is due to the fact 

that linear relations exist between void ratio and log 

permeability .  It is seen from Fig. 4.5 that large decreases 

in permeability (up to a factor of 10) can occur due to in- 

2 
creasing the consolidation pressure from 5 to 50 kg/cm   . 

The decrease in permeability is probably primarily due  to 

the decrease  in void ratio that occurs during consolidation 

rather  than due  to changes  in the  soil   fabric. 

4.4.2     Stabilised Soil 

Before discussing the permeability behavior of the 

stabilized  soil  specimens,   it  should be recalled that 

cracks developed during the curing period.    As mentioned in 

Art.   4.2,   the kneading samples exhibited more severe cracking 

than the static samples and samples compacted wet of optimum 

cracked more  than samples compacted dry of optimum.     The 

existence of open cracks in a test specimen can significantly 

increase  the permeability of the  samples,  especially if the 

cracks  extend  in  the same direction as   the applied hydraulic 

gradient. 
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The permeabilities of the stabilized soil samples as 

a function of molding    water content were shown in Figures 

3.19 and 3.20 for static and kneading compaction, respec- 

tively.    At consolidation pressures up to 25 kg/cm2,  the 

permeability decreased with increasing molding water con- 

tent up to optimum  (W    ■ 15%)  for the kneading samples and 

up to Wm » 13% for the  static samples,   following which the 

permeability started to increase with increasing molding 

water content up to 15% for the static  samples  and up to 

17% for the V'-eadinr sarapr.«*!,    ?he  static samples showed 

another permeability decrease when  going  from a molding 

water content of   15%  to 17%.    However,   at a consolidation 
2 

pressure of   50  kg/cm  ,   the* oerrneability decreases with 

increasing molding water content over  tho "hole range of 

molding water contents  invcs ligatpd,   '»xorot     ^r the kneading 

compaction sample at W    ■ 175, whr'.ch had a vary sligh':ly 

hioher oermeability than the kneiding sar.iple     t W    -  15%. 
- "in 

The above results   suggest  that  the cracks  thr\t do- 

voioped during curing closed completely s."-. a consolidation 

oressure of  50 kg/cm"  and the cracks no longer influenced 

the oermeability.    Therefore,  the results at a    =50 kg/cm 
c 

suggest that for  stabilized soil,  the perjree.bility decreases 

with increasing molding water content when cracking does 

not occur.    At  lower consolidation pressures,   the observed 

increase in permeability around optimum water content is 

probably due to the existence of cracks  that   ^re still open. 
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Figures 3.21 and 3.22  showed the influence of void 

ratio on the permeability of the stabilized samples. 

It is interesting to note that the rate of decrease in 

log permeability with decreasing void ratio is greater 

for the stabilized samples than for the untreated sam- 

ples   (compare with Figures 3.14 and 3,15),    This  again 

suggests  that the permeability of the stabilized  samples 

was  appreciably influenced by the existence of open cracks 

since if  the decrease in void ratio is primarily due to 

the reduction in size of  a few large pores   (the cracks 

in the stabilized samples) ,   they will cause a larger de- 

crease in permeability than if  the same decrease  in void 

ratio was due to a uniform decrease in the size of roost 

of  the smaller pores when nc cracks exist« 

In order to eliminate  the influence of void ratio 

differencei» on the permeability results shown  in Figures 

2 »19 and 3,20 and to examine  the influence of  molding 

water content per se, Figure?  3,21 and 3,22 can be used 

to estimate the permeabilities  at a constant void ratio. 

Unfortunately, for the stabilized samples,  it was neces- 

sary to extrapolate some of  the curves in Figures  3,21 

and 3,22  in order to estimate permeabilities at a given 

void ratio,    T is was done by  linearly extrapolating 

the straight line portions  of the log permeability versus 

void ratio curves.    Figure 4,6  shows the results for the 
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kneading and static compaction samples at a void ratio of 

0.470 obtained by this linear extrapolation«    There Is 

some question about the validity of the sudden large in- 

crease in permeability of the static compaction curve at 

Wm - 13%;  however, the results ehow that the permeability 

of the stabilized soil is much more sensitive than the un- 

treated soil  to molding water  content.    The permeability 

decreases by  4 to 5 orders of  magnitude when going from 

Wm ■ 9% to Wm « 17% at constant void ratio.    This compares 

with a factor of  just over t*o for the untreated soil. 

Further,  if  one neglects the questionably high permeability 

of  the static compaction sample at W    ■  13%, kneading 

compaction results  in higher permeabilities than static 

compaction.     This  is contrary to what was observed with 

the untreated soil, which showed higher permeabilities using 

static comoaction.    The higher periradDility of stabilized 

soil using kneading compaction may be due to the fact  that 

these samples  showed more cracking than the static samples 

during curing  (see Art,  4,2). 

Figure 4,7 shows the influence of  consolidation pres- 

sure on permeability of the stabilized soil.    The samples 

dry of optimum show a relatively small decrease in permea- 

bility with  increasing consolidation pressure; however, 

at optimum and wet of optimum,   there is  a sudden very 
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large decrease in permeability when going from a conaoli- 
2 

dation pressure of  25 kg/cm   to a consolidation pressure 
2 

of  50 kg/cm .    The samples dry of optimum showed very 

little cracking during curing, while the samples  that 

exhibited the large sudden decrease in permeability cracked 

considerably during curing*    Therefore,  the sudden decrease 

in permeability when going from a_ ■ 25 kg/cm2 to ä • 

50 kg/cm2 is further evidence that cracking has a major 

influence on the permeability behavior of the stabilized 

soil especially at low consolidation pressures. 
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Chapter V 

CLARIFICATION TESTSt     RESULTS  AND DISCUSSION 

5.1 Objectives 

The cracking that developed during curing of the 

stabilized test specimens used for the major testing 

program had a severe influence on their compressibility 

and permeability behavior.  Since the amount of cracking 

was dependent on the molding water content and the type 

of compaction, it was not possible to determine the influ- 

ence of molding conditions per se on the compressibility 

and permeability behavior of the stabilized soil.  The 

clarification tests, therefore, consisted of meapuring 

the compressibility and permeability behavior of stabilized 

tests specimens in which cracking during curing was mini- 

mized or eliminated, 

5.2 Testing Program 

The loss of moisture that occurred during standard 

curing of the stabilized test specimens   (see Art,3.2.1 ) 

was apparently the primary cause for the severe cracking. 

For the clarification tests,  moisture  loss from the test 

specimens was prevented during curing by wrapping the 

samples,  immediately after compaction,   in a thin polyvinyl- 

dene chloride film sealed with nonshrinking wax.    The 
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samples were then cured at 70°  for 14 days«    The wrapping 

was loose and therefore did not place any restraint on 

the samplest  they were free to expand if the cause for 

such expansion existed«    This type of curing is referred 

to as "sealed curing"   (see Art.  2,3«2). 

A few samples were also humid cured at room temper- 

ature(without being wrapped,  see Art,   2,3.2)   in order to 

study the influence of  curing temperature on the compres- 

sibility and oermeability behavior. 

The clarification program consisted of  ten stabilized 

test specimens.    The molding water contents  and as-molded 

dry densities of  these test specimens are shown in Figure 

5,1.    For comparison purposes,  the moisture-density rela- 

tion for M-21 + 5% cement obtained from the major testing 

program is also shown in the figure.    The appreciably 

lower as-molded dry densities of most of the clarification 

test specimens  are probably due  to a change  in the compo- 

sition of  the  soil  caused by segregation of  fines  at the 

bottom of the barrel.     This soil was used because it was 

the only soil remaining from the batch of M-21 used in 

the major testing program, 

5,3    Curing Behavior 

5.3,1    Sealed versus Unsealed Test Specimens 

Four test specimens were compacted at optimum water 
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content  (Wm * 13.5%), two using kneading compaction and 

two using static compaction•    One kneading and one static 

sample were subjected to standard curing  (unsealedr  14 

days at 70*C)  and the other two samples were subjected 

to sealed curing  (sealed,  14 days  at 704C)•    The sealed 

specimens  lost essentially no moisture during curing and 

did not undergo a measurable chanqe in length.    The un- 

sealed test specimens lost moisture and cracked,  causing 

them to expand during curing,     figure 5.2  shows the 

weight and length changes of  these test specimens during 

the hot-cure period of fourteen days.    As previously shown, 

the kneading unsealed specimen expanded more during curing 

them the corresponding unsealed static specimen,   i.e.   the 

kneading sample underwent more severe cracking.    Figure 

5.3  is  a photograph of  the cracked unsealed samples   and 

uncracked  sealed samples  after the fourteen days of hot 

curing, 

5,3.2    Room Temperature versus Hot Cure 

The two samples compacted, dry of optimum   (W^ =  10%)   and 

humid cured at room temperature for 35 days without sealing 

lost about  0,1 gms,   of moisture during the curing period. 

This compares with 4  to 5 gms.   of moisture lost by the 

dry samples cured at 70oC in the major testing program. 

The room temperature samples aleo showed no measurable 

10.8, 



expansion during caring.    The two samples  compacted wet 

of optinuro (Win ■ 15%)   lost 0.5 to 0.8 gma.  of moisture 

during 35 days of humid curing at room temperature# which 

is of the same order of magnitude as the loss in moisture 

experienced by the hot-cure samples compacted wet of opti- 

mum.    However, the room-temperature-cure samples did not 

undergo visible cracking nor did they measurably increase 

in length during curing, 

5,4    Compressibility Behavior 

5.4,?.    Sealed Versus Unsealed Test Specimens 

The influence of cracking durino curing on the com- 

pressibility behavior of M-21 plus   5% cement was investi- 

gated usinc two static compaction and two kneading com- 

paction test specimens having about the same molding water 

content and dry density.    The four samples were cured for 

fourteen days  at 700C,    One kneading compaction and one 

static compact:.on sample were wrapped and  sealed during 

curing to orevent moisture losses  and crackino while the 

other two samoles were cured in the standard way.    The 

void ratio changes  during curing and initial consolidation 

of the four samples  are shown in Figure  5,4. 

The compressibility behaviors of the four samples at 

consolidation pressures up to 50 kg/cm2  are shown in Ficure 
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5.5.    Even at the higher consolidation pressures,  the 

sealed specimens showed much smaller void ratio decreases 

with increasing consolidation pressures than the corres- 

ponding unsealed specimens.    Also    void ratios of the un- 

sealed specimens at a consolidation pressure of  50 kg/cm2 

were considerably higher than those of the corresponding 

sealed  specimens.    Both of these observations  clearly 

indicate that  the crack«;  that developed durinc curing of 

the unsealed  specimens remain partially open even  at the 

very high consolidation pressure of  50 kg/cm .     The engi- 

neering properties,  especially the permeability»  of sta- 

bilized soils can therefore be expected to be influenced 

by cracking during curing over the full range of  consoli- 

dation pressure encountered in practice.    Obviously, 

cracking will have the largest effect at low consolida- 

tion pressures where   -he  cracks are largest. 

5.4,2    Influence of Molding Water Content  and Type 

of Compaction 

The experimental results on the compressibility of 

the stabilized soil  as  a function of molding water  con- 

tent and type of compaction also included the influence 

of molding conditions on the degree of cracking that de- 

veloped during curing.    To eliminate the effects of cracking 

and to study the influence of molding conditions  per se on 
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the compressibility, four stabilized test specimens were 

wrapped and sealed during the hot curing period. The 

compressibility behavior of these samples is given in 

Figure 5,6. 

From Figure 5.6 it is seen that for the uncracked 

stabilized soil: 

^ The compressibility is greater dry of optimum 

than at optimum. This is opposite to that observed with 

standard cured, cracked samples (e.g. see Figure 4.3), 

which was due to the more severe cracking that occurred 

in the samples compacted at optimum. For the uncracked 

samples, the higher compressibility dry of optimum is 

probably due to these samples having a lower as-molded 

dry density (higher as-molded void ratio) than that of 

the samples at optimum and therefore will compress more 

easily, 

(2)  Dry of optimum type of compaction does not 

significantly influence the compressibility behavior, the 

kneading sample beino slightly more compressible than 

the static sample. This was also observed with the unsealed 

test specimens compacted dry of optimum (see Figures 3,17a 

and 3,17b). Based on the volume change behavior during 

curing of the unsealed specimens dry of optimum, it was 

concluded that they did not undergo severe cracking during 

111 



curing.    This is reinforced by the observation that the 

sealed samples dry of optimum showed larger void ratio 

decreases during consolidation than the corresponding 

unsealed specimens   (compare Figure 5.6 with Figures 3.17fi 

and 3.17b),    The higher compressibility of the sealed speci- 

mens is due to their much lower as-molded dry densities« 

(3)    At optimum water content»  the kneading sample 

was more compressible them the static sample especially 

at the higher range of consolidation pressures.    This 

may be due in part  to the slightly lower  as-molded dry 

density of kneading samples;  however,  its less flocculated 

soil fabric is probably the primary cause, 

5,4.3    Influence of Curing Conditions 

Oue to the fact that wrapoino and sealing of stabilized 

soil test specimens prior to curing is  a  time-consuming 

operation and is  not representative of field conditions, 

stabilized samples  are frequently humid cured at room tem- 

perature by storing them in sealed containers  at close to 

100% relative humidity without wrapping the individual 

samples.    This curing procedure is probably more represen- 

tative of field conditions;  however,  samples  cured in this 

manner do undergo some moisture and volume changes.    These 

changes are much smaller than those observed when unwrapped 

samples were cured at 70eC, 
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Figur«*  5.7 and S.8 coMpare the comprenibllity b«- 

havior of unsealed samples humid cured at room temperature 

for 35 days with sealed and unsealed specimens cured for 

fourteen   'ays at 70*C,    The results show that, with the ex- 

ception of sample PK-R2*,  the unsealed room-temperature- 

cured samples are  less compressible than the corresponding 

unsealed hot-cured  samples,  even though the cementation 

in the hot-cured samples was probably stronger than that 

of the room temperature cured samoles   (14  days curing at 

70oC produces mor hvdration of cement than 35 days curing 

at 23*C),    This strongly sugoests that cracking is probably 

not a major problem when unsealed samples  are cured at room 

temoerature. 

The fact that from Fioure 5,8  the room temperature 

".frxcle was slightly more comorer ;ible than the hot sealed 

samr>le can be due to its much lower  as-molded dry density 

and/or its weaker cementation.    It does not necessarily 

mean that the room-temperature sample underwent cracking 

during curino. 

5.5    Per eability Behavior 

5.5.1    Sealed Test Specimens 

Fioure 5.9 shows the influence of molding water con- 

T?".ese results  are questionable • 
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tent and type of compaction on the void ratio-permeability 

behavior of hot-cured, sealed M-21 specimens stabilised 

with 5% portland cement.     The three orders of magnitude 

higher permeability of the samples compacted dry of opti- 

mum cannot be due to the slightly higher void ratios of 

these samples.    The very large decrease in permeability 

going from dry of optimum to optimum molding water content 

is  probably due to larcre differfinces  in the  Boil  fabric 

that occur with increasing molding water content.     Compac- 

ting dry of optimum apparently produces  a much more floc- 

culated fabric than  compacting at or wet of optimum. 

Dry of optimum,   compaction method has very little 

influence on the fabric of  stabilized soils  since  the per- 

iiieabilities of the kneading an<2 static compaction  samples 

were about the same   (sample nos, PS-W2 and PK-W2  in Figure 

5.9) .    At optimum,  kneadinc compaction produces  a   less floc- 

culated fabric than static  comoaction since kneading sample 

No.   PK-Wl had a higher void  ratio than the static  sample 

No.  PS-wir wheareas both samples had about the same permea- 

bility. 

The relatively large decrease in permeability due 

to an extremely small decrease in void ratio for the 

samples compacted wet of optimum is probably not a direct 

effect of ehe observed decrease in void ratio.    Rather, the 

114 



in parmobility is causad by a time effect* that had been 

observed in a preliminary investigation conducted several 

years ago  (Klem#  1964).    Some of these results are pre- 

sented in the following articles. 

5,5.2    Influence of Curing and Permeation Time 

The influence of curing time and time of permeations 

on the permeability behavior of M-21 stabilized with  5% 

Portland cement were investigated in 1964 as part of a pre- 

liminary study.    A different batch  of M-21 was used for 

this  investigation and the samples were prepared using 

two-end static compaction at c    ompaction pressure of 400 

psi.     The stabilized test specimens were cured at room 

temperature in the same manner as  that used for the unsealed 

samples  in this report.    The samples were permeated in low 

pressure trinxial cells following consolidation to an effec- 

tive pressure of 1,6 kg/cm2 under a back pressure of  7.6 

kc/cnr  to ensure saturation.     Figure  5,10 shows the influence 
• jv.e. to the  low oerineability of the  samples compacted at 

optimum,  it was necessary to permeate them for at least a 

week at each consolidation pressure  in order to be able to 

reasure flow.     This compares with one to two days of permea- 

tior needed for the samples  compacted dry of optimum.    The 

oermeability of sample PK-W1 at c    ■  50 kg/cm    shown  in 

Figure  5,9 is probably in error since the eguipment used is 

not accurate enough to reliably measure such  low permeabilities. 
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of curing time and permeation time on the permeability 

of samples of M-21 plus 51 cement compacted at optimum 

water content.    The results show that both  time of per- 

meation and curing time prior to permeation tend to de- 

crease the permeability of the stabilized soil.    The 

decrease in permeability due to increasing curing time 

is shown in Figure 5.11,    The pemeability results plotted 

in that figure  are the initial permeabilities! determined 

during the first day of permeation immediately after sat- 

uration and consolidation.    This decrease in pemeability 

is probably due to clogging of pores caused by the cement 

gel as it hydrated.     From Figure 5.10  it is  seen that 

the permeability of  the untreetad soil decreases slightly 

with incre?.sinCT time of. permeation and this is probably 

caused by secrregation  of fines due to the seepage gradients. 

For the stabilized soil the decrease in permeability with 

increasing permeation tine is much 1    ger than for the 

untreated soil.    The effect is greatest at the initial 

stages of permeation and for samples having short curing 

times.    The actu&l cause of this decrease in permeability 

has not been investigated but is probably due to segregation 

of some cement hydration products. 

5,5.3    Influence of Curing Conditions 

Figure 5.12 shows the influence of curing conditions 
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on the    permeability behavior as a function of void 

ratio of M-21 plus 5% cement compacted at about optimum 

water content.    Even at the highest consolidation pressure 

of  50 kg/cm2  (lowest void ratios), the unsealed hot- 

cured samples. (Nos.   Pk-Nl and PS-N1), which underwent 

severe cracking during coring, had permeabilities that 

were three orders of magnitude larger than the correspond- 

ing values for the hot-cured sealed specimens.     This  is 

further evidence that the cracks do not close completely 

even at oc ■ 59 kg/cm*»    At a    «5 kg/cm ,  the cracked 

unsealed samples had permeabilities five orders of magni- 

tude larger than the sealed uncracked specimens. 

The unsealed samples cured at room temoerature* had 

permeabilities that were lower than the unsealed hot-cured 

samples but they were higher than those of  the hot-cured 

sealed samples.    This does not necessarily mean that the 

room-temoerature samples  developed cracks during curing 

since hot-curino for fourteen days at 70oC causes more 

hydration of the cement than  thirty-five days  at 230C,  and 

it was  shown above that the permeability of cement-stabilised 

y-21 decreases with  increasing curing time. 

Figure 5,13  comp res  the permeability behavior of 

•The void ratios  of  sample No,   PS-R1 are questionable. 
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sealed and unsealed samples of M-21 plus 51 cement com- 

pacted dry of optimum and hot cured for fourteen days« 

The sealed samples had higher permeabilities than the 

unsealed  samples because they had significantly lower 

as-molded dry densities*    These results suggest that 

cracking was not a problem with  the unsealed samples 

compacted dry of optimum. 

Vet of optimum  (Figure  5.14) «  the permeabilities of 

the unsealed hot-cured samples  and the unsealed room-tem- 

perature cured  samples were of the same order of magni- 

tude.    This  suggests that crackino may be a oroblem when 

unsealed samples  are cured at room temperature»  or it 

may be due to  less hydration of  the cement at room temoer- 

atvre. 

5.5,4     Influence of Molding Conditions 

Due to the limited amount of soil that remained from 

this batch of M-21,  it was not possible to study the 

influence of  sealed hot curing and unsealed room tempera- 

ture curing on the permeability behavior of M-21 plus   5% 

cement over the  full range of moldinc water contents used 

in the major testing program.     However,  the permeability 

behavior of  treated and untreated M-21 as a function of 

molding water content was  investicrated in  1964 using a 
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different batch of soil.    Further,  in that Investigation 

two-end static compaction at a constant compaction pres- 

sure of 400 psi was used to prepare the test specimens. 

This compares with five-layer static compaction at 

varying compaction efforts   (to reproduce the same densi- 

ties as the kneading samples)  that was used in the recent 

(1967-1968)   investigation.    The stabilized test specimens 

in the .,.964  investigation were unsealed',  anc?. humid cured 

at room temperature for one week»  followed by one-day 

soaking prior  to consolidation and saturation in the tri- 

axial cells.     All  1964   samples were consolidated to an 

effective oressure of  1.7 kg/cm2 prior to permeation, 

Even though  the procedures used in  the 1964  investi- 

gation differed from those used in the recent program,  it 

i«? possible,   at least  in a qualitative manner,   to study 

the influence of  curing temperature  on the permeability 

behavior of M-21 plus  5% cement. 

Figure 5.15  compares  the moisture-density-permeabil- 

ity behavior of the 1964  and 1967-1968 batches of untreated 

M-21,    The differences   in th» moisture-density relations 

of  the two batches  is probably orimarily due to the dif- 

ferent number of  lavers  and the different comoaction 

pressures used  in  the two investications.     '''he moldinc 

water content-permeability relations for the two batches 
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are very similar. The 1964 samples had h'nher permea- 

bilities because they were consolidated to a lower 

2 2 
effective pressure (1.7 kg/cm versus 5 kg/cm ) and 

therefore had higher void ratios during permeation. 

Based on these results, it can be stated that the two 

batches of M-21 did not differ significantly. 

Figure 5.16 compares the moisture-density-per- 

meability behavior of the unsealed hot-cured samples of 

M-21 + 5% cement obtained in the recent (1967-1968) 

investigation with the behavior of the unsealed room- 

temperature-cured samples obtained in 1964.  The per- 

meability results for samples compacted dry of optimum 

indicate that the hot curing did not cause more severe 

cracking than room-temperature curing since in both 

cases the decrease in permeability with increasing mol- 

ding water content was about the same. The hot-cure 

samples dry of optimum had lower permeabilities because 

they had higher as-molded densities and because they 

were more extensively cured than the room-temperature 

samples (14 day? at 70oC versus 7 days at 230C). 

The permeability of the room-temperature samples 

decrease with increasing molding water content and reached 

a minimum close to the maximum water content investigated 

(wet of optimum).  In contrast the hot-cured samples had 

higher permeabilities at optimum and wet of optimum than 

dry of optimum. As stated previously in this report. 

120 



this behavior is due to the severe cracking that occurred 

during hot curing of the samples compacted at and wet of 

optimum* 

It is of  interest to note that the sample compacted 

at 13.5% water content and cured at room temperature was 

considerably more pervious than the  hot-cured sealed 

sample compacted at the same water content   (sample No« 

?S-W1).    The   lower permeability of   the sealed sample can 

in oart be due to its higher as-molded dry density  (121.4 

pcf versus  118,5 pcf)   and the more extensive curing to 

which it was   subjected.    Nevertheless, the  possibility 

that minor cracking occurred during  room-temperature 

curing of the unsealed sample contributed  to its higher 

permeability cannot be discarded. 
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TABLE 5.1  SUMMARY OF CT.ARIFICATlnN TEST PEbL'LTS FOR M-21 ♦ 5» CFMFNT 

Sample Type   of Typp of 
Moldlnq Conditio ns 

ConsoliHation Void Permcabi1ity Water Dry VölT~ 
No. Compaction Citn 

Content Density 
,d,   p.c.f. 

Ratio. 
c 

Prensure, 
:c.   Wen/ 

Ratio 
r 

kf   cr/r.ec. 

PS-N. .static nt.iruijrH n.c 121.7 0.1125 0.21 0.446 2.8 x  10_^ 
1.6   X   10", 
6.0 x  10'' 
5.0 x   10_ 

3.1 X   10"" 

5.0 0.442 
I 0.0 0.441 
25.0 0.439 
50.0 0.426 

1.B2* 0.431 

PK-N: Kneadinq St .-nH.'ird u.s 120. fl 0.41f 0.21 0.4R0 4.5   x   Ifl"' 
2.4   X   10_^ 
1.3   x   10_, 
R.5 x  10', 

5 .0 0.462 
10.0 0.460 
25.0 0. 458 
50.0 O.A2<* 1.5  x   10   ' 
l.f'2« 0.448 

;>c_ A ■ =■' J t 1 c Sofllcd 13, 'j 121.4 0.42" 2.0 
"• .0 

1.C, 0 
2:. .o 

0.414 
n . 41 d 
0.4' ■< 

7.^. io:;« 

:>• -A^ 

1 

:-..., .»a 10.  ' m.f '1. r'?(- 5.0 
10,0 
?.:. o 

D, 4 71 

o." -1 -■ 1 
-1   /l^'1 

...7   x 
'.I    X 
^ . ri    X 

• n 

-t 

1   "■'■ 

• 

Kneadinc 

l 
i 

"d 
13.5 !2n.7 0.4 37 

c.. n 
in. o 
2^.: 
v^. r 
2.0. 

Q. 4 2 4 

0,42 i 
^. 4 ? 2 
5.4: r 
'v.4r3 

7.?   x 
2.0  >; 
' . "i  > 
1. o  v 
j . :' , x 

I 
i 

•   Kneading 

1 

'.od 1? . 0 113.6 0.527 5." 

25,0 
'"'0. 

' . ^ * 

" . 'l 7 P, 
0.4?-, 
o. 4 r, 9 
0 . 4 4 R 
n # ^ r, q 

Ul 
-o-f' 
i n ~ *■"' 

■ r ~   ' 

IO-* 

t 
7. J'■ Ir RnoP e.P. 12.° 0,497 

^. 0 * 

■ 

0.421 
o. /: r r 

2.5  x 
2.0  x ":5 

ic"' 

i 
s 1 a 11 - rjo' in '"en p. im.o ".4 "5 

1 r i, n 
t                    T -       ■ « 

0 . 4 r, 9 
0. 45" 

1, ^   X '-" "7     i 

':■," I'M -.■.i 
I 0. 0 
25. 0 

■ ■'■'•■      I 

.436      j 

.448 

10. 0 
' 

ccnsolidati jn pressure. 
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Chapter VI 

SUMMARY AND CONCLUSIONS 

6.1    Objectives of  the Investigation 

Since  1961 stabilization research at M.I.T, has concen- 

trated on determining the  influence of  artificial cementa- 

tion on the engineerinc nrooerties of  soils.     While previous 

reoort? studied  the  shear  strength behavior  of   «■tabilized 

soils,  the nresent rersort covers  the  influence of  artificial 

cementation on the compressibility and permeability proper- 

ties of soils.    A high pressure triaxial-permeability setup 

was constructed for this  investigation.    With this ecruip- 

me.nt five specimens  could be tested  simultaneously over 

a wide range of confining oressures   (0 to 70  kg/cm2)  under 

a back pressure of up to 15 kg/cm2,    Using a constant 

hvdraulic gradient of   250   (2 kg/cm2 oressure difference 

across a specimen 8  cm.  long)   and  a sample having a cross- 

sectional  area of  10  cm2,   oermeabilitie- down  to 5 x 10"1° 

cm/sec could be measured accurately with this  eouipment. 

To measure  lower permeabilities,   higher hydraulic gradients 

can be applied  or the  length of the test snecimen must 

be reduced and  its cross-sectional  area  increased.    Alter- 

natively,   the sensitivity of  the volume change measuring 
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burettes can be increased from ± 0.01 cc to t  0.001 cc 

by reducing their capacity from 5 cc to 0.5 cc. Since 

most of the test specimens used in this investigation 

had permeabilities greater than 5 x 10*  cm/sec, it was 

not necessary to improve the sensitivity of the equipment, 

6.2 Compressibility Behavior 

6.2.1 Untreated M-21 

The  influence of molding water  content on the compres- 

<?:.bility of  kneadingly and statically compacted untreated 

M-21 was determined  over  a consolidation pressure range 

from 5 3cg/cm" tc Mi k^/cm",    Thr result? showed that: 

(1) ?t lew consolidation pressures  (from 5 to 10 
t 

kg/cz\'':   '.I'   cc-. 'ass-'bi.*'. ity  f.s hiyhesi for corinacted 

soil having  the least floco-1lated fabric,   i.e.,  kneading 

ccHnpactioti»  '■-"'■. '.■'■'.  opt.Lraj.nt,     ' "v.-ev ..r,   ?.•: high  consolidation 

pressures   (from 25 to 50 kg/c^-),   the highest  compressibility 

may oenr.- when the as-molded fabric  oi the  soil  is most 

flocculated,   i.e,,  static compaction dry of optiraum.    This 

can be explained by a '.'ollapse o.^ the flocculated fabric 

at hiah consolidation pressures,   (nee Figure 6.1 and Figure 

4.2). 

(2) The swelling when rebounding the test  specimens 
2 

from a consolidation pressure of   50 kg/cm    to about  1,5 
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2 
kg/cm   was greatest for the samples having the most 

flocculated as-molded fabric,   i.e.,  static compaction 

dry of optimum.    This strongly suggests that a portion 

of the compressibility of  the soil at high consolidation 

pressures is due to recoverable elastic deformation of 

the soil particles. 

6.2.2     M-21  +  5% Cement 

For the 'najor  testina orograir,  unsealed hot curing 

caused crack.-.ng of  the «itabi-lized test  SDec:.irens.     Even 

at high consolidation pressures   (25 to  50  kg/cm ) ,  this 

cracking controlled  the compressibility of  the stabilized 

soil. 

The cracking was most severe for samples compacted 

slightly wet of  optimum using kneadincr compaction«    The 

samples  showing the most severe cracking were cilso the 

Tiost compressible   (see Figure 4.3), 

When cracking was orevented by sealing the test 

specimens during the hot-cure oeriod,   the comoressibility 

of the stabilized  soil was primarily dependent on the as- 

molded dry density,   i.e.,   the higher the  as-molded dry 

density,   the  lower  the compressibility   (see Figure 5,6), 

The decrease in compressibility with  increasing as-molded 

dry density is  in pe.rt due  to a decrease  in the as-molded 
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void ratio and in part due to an increase in the cemen-

tation between the strongly cemented soil aggregates, 

(see Wissa and Ladd, 1965). 

For unsealed samples, curing at room temperature 

caused less cracking than curing at 70°C since the 

room-temperatr.re-cured samples were less compressible 

than the hot-cured samples (see Figure 5*7; » 

6.3 Permeability Behavior 

6.3.1 Untreated M-21 

A l ine? r r > n »JC} t s bet^- vo. C. " a t i o and locr 

oermeab:'.lr.t*r•. provided t h e c.epac .od c:'" h'.r- t he e a s -

moldec" fabr : . ?, Thi • car; - •» •- oa . " gar , / . vrh-\ie 

the kneadina a,id - ; a t i c comp: c t i ,-i. of optimum 

- a v c about th^ •. f l c " ~ "si i c ' "i f. ~y i 

«hare t h e s a r» l i n a r r rt l a t i c i . jtveeii void rcfcic and "„og 

o e r m e a b i l i , F u r t h e r , ve y w i op . j irw : .. d ins 

and stat . f r : compaction npr>£ ,?enA ly har> t .< r - e is -mo'ded 

f a b r i c s ince both saup les 1a th<s s ^ e i ine i , r r e - a t i o r . . 

^t optimum and sliy;'.fcl j v e t of *pt *h l inaax '.relati ons 

betwcan void ratio aid log r ;..a«c.bili-i tore - the sane 

~or <nezdiny and static compel . i c 3 . I C \ V ) » '. he 

- .atic compaction samples have a more flocculated fabric 
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and therefore have higher permeabilities than the corres- 

ponding kneading samples at the same void ratio« 

Figures  3,12, 3.13,  and  5,15  showed the influence of 

molding water content on the permeability of untreated M-21, 

At a given consolidation pressure,  the permeability decreases 

with increasing molding water content and reaches  a mini- 

rrotn wet of  optimum.    This  is due to the soil fabric be- 

soming  less  flocculated with  increasing water content. 

Figure  4,4  showed the influence  of molding water con- 

tent and type of  compaction on the permeability of untreated 

M-21 at a constant void ratio.     While the influence of 

molding water  content  is not as  pronounced at constant 

void ratio as  at constant consolidation pressure,  the 

"fime trends exist, i.e, permeability decreases with in- 

creasincr molding water content and it  is lower for kneading 

compaction than for static compaction at molding water 

contents close to optimum, 

6.3.2     M-Z1. ±  5% Cement 

Molding water content and type of compaction had a 

marked influence on cracking of the stabilized samoles 

during unsealed hot curinc. Cracking was most severe at 

optimum water content and wet of optimum, and kneading com- 

paction caused more cracking than static compaction. The 
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effect of molding water content on the permeability of 

M-21 +  5% cement shown in Figures 3.19 and 3«20 reflects 

the influence of cracking during curing.    Like untreated 

M-21, at a constant void ratio the permeability of the 

unsealed hot-cured samples of M-21 + 5% cement decreased 

with increasing molding water content   (Figure 4,6),    How- 

ever, the decrease in permeability was much greater than 

for the untreated soil.    At the saune molding water con- 

tent and void ratio,   the static compaction samples were 

less pervious  than the kneading compaction samples. 

This is  opposite to the behavior of the untreated soil 

and is due to the kneading samples cracking more during 

curing. 

For room-temperature unsealed curing,   the permea- 

bility of M-21 stabilized with  5% cement decreased rapidly 

with increasing molding water content   JFigure 5.1(0.    Sealed 

hot curing, which presumably prevented cracking during cur- 

ing, resulted in the kneading compaction samples being 

less pervious than the static compaction samples.    While 

the difference in permeability was not very large, it 

agrees with the effect type of  compaction had on the un- 

treated soil. 

Figures 6.2 and 6.3  compare the influence of molding 
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water content on the permeability behavior of untreated 

and cement-stabilized M-21 using static and kneading 

compaction, respectively.  It is apparent from these 

figures that the permeability of the stabilized soil 

can be decreased by at least four orders of magnitude 

by increasing the molding water content whereas the 

permeability of untreated M-21 can be only decreased by 

r little over one order of macrnitude. Further, at 

ootimum water content, the permeability of the stabilized 

soil \s  about one and a half orders of magnitude lower 

th n that of the untreated soil even though it is at a 

higher void ratio. This decrease in permeability of 

the cement-stabilized soil is due to the clogging of pores 

bv the cement gel. 

Finally, the permeability of cement-stabilized M-21 

decreases with increasing curing time and time of per- 

meation, and this is probably the reason why a linear 

relation does not always exist between void ratio and 

log permeability. The observed relatively large decreases 

in permeability due to small decreases in void ratio caused 

by consolidation are probably due to time effects rather 

than the very small void ratio decreases. 
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6.4    Conclusions 

This investigation has shown the severe effect un- 

sealed hot curing has on the permeability and compressi- 

bility behavior of M-21 stabilized with 5% cement.    The 

cracking during unsealed hot curing is probably also the 

cause for th« scatter in triaxial test results obtained 

recently when elevated temperatures were used to accelerate 

curing of the test specimens. 

The large decrease in permeability of soil-cement 

with increasing molding water content makes it suitable 

to use plastic soil-cement   (soil-cement at high molding 

water contents)   for canal linings;   however,  such a material 

is more vulnerable to cracking during curing and there- 

fore must be prevented from losing moisture during the 

curing period. 

Finally, the effects of curing time and time of per- 

meation on the permeability of soil-cement should be in- 

vestigated in further detail.    In addition,  the influence 

of molding water content on the permeability of room- 

temperature-cured and sealed-cured  soil-cement should be 

determined over a wider range of moisture conditon than 

those used  ir  this investigation. 
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APPENDIX A 

DISCUSSION OF TEST COMPUTATIONS 

A.l    Compaction Data 

The initial sample volume was calculated using the 

sample length as measured to 0.0001 inches with a dial 

guage,  as shown in Figure A.l#  and the inner diameter of 

the sample mole?.  (1,405 inches).     It was the volume deter- 

mined from these measurements  that was used in the com- 

outation of initial dry density.    The average of  two 

initial water contents was used to compute the dry den- 

sity  and weight of  soil  in  th3 samples. 

A.2    Computation of Void Ratio 

A,2,1    Void Ratio and Volume Durincr Curing 

To compute the volume change occurring during cure, 

only  a  length change was measured.     In addition to this 

length change, and from a sing?.e circumference measured 

immediately before the samples were mounted into the 

cells,   it was necessary to make  some assumption concer- 

ning the magnitude of lateral dimension change in order 

to calculate the volume change during cure.    The diameter 

measurements were taken as very aporoximate,  since the 

sample sides do not remain plane during cure and  since 
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only a single measurement was taken for each sample« 

Even a small difference in diameter is reflected as a 

relatively large change in volume,  and a single measure 

over a nonuniform surface is capable of being more than 

slightly in error. 

In order that the volume computation would not be 

endowed with any more surficial nrecision than  the 

(fata justifiec1,  an admittedly rough volume calculation 

based on proportionally equal width-to-length change was 

employed.    The solid line in Figure A.2  is a plot of 

axial length change versus volume based on the above 

mentioned assumptions.    From this plot,   the volumes were 

determined for use in the data involving void ratio 

change during cure. 

While the actual lateral-to-axial expansion ratio 

for a given  sample undoubtedly varies from the simple 

assumption made in Figure A,2,  the diameter measurements 

made after curing would suggest that the assumption is 

at  least generally correct.    Table A.l shows approxi- 

mate width  and length changes,   as well as initial dimen- 

sions of  the  samples that had significant volume change 

(Wm of  13,   15  and  17%)  during hot cure.     As can be seen, 

the calculated relationship between lateral and axial 
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length change is pretty close to the assumption of 

Figure A.2, i.e.   (Ad/do)/(AL/L)  ■ 1,    Since the accu- 

racy of the diameter measurements are no beatter than 

i 0.02 inches, the assumption of proportionally equal 

axial and lateral strains was considered to be more 

accurate and was used to compute sample v< lumes during 

cure. 

The void ratio during cure was computed using the 

sample volume computed using the procedure described 

above and the dry weight of  the test specimen.     It should 

be noted, however,  that  the void ratios reported during 

cure are applicable only to the sample as  a whole;   that 

is,  the cracking which took place during curing caused 

large Voids to exist within the soil sample.     It should 

therefore be remembered  that it was these overall void 

ratios which were used  to plot void ratio versus curing 

time in this report,  and these are not the true void 

ratios of the soil skeleton excluding cracks. 

A.2.2    Void Ratio Purina Consolidation 

The void ratio of  the rebounded sample was computed 

by using the relationship Gw « Se.    Saturation was assumed 

to be equal to 100%,   and the final water content was deter- 

mined by weighing the entire sample after the  test.     With 
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this information» the aoll weight»  and the volume change 

for each increment of consolidation pressure» the void 

ratios of the test specimens  could be computed at each 

consolidation pressure« 

A,3    Permeability Confutations 

As a general rule, permeability was computed from 

only those portions of the flow in which cruantity of 

flow had reached a steady state condition,    Where the 

hydraulic gradient had changec" during a period of per- 

meation» an average value was used for the computation» 

unless the distribution of head with time was known« 

Generally» the flow int-> the samples did not exactly 

equal the flow out of the specimens«    The differences 

were nearly always small»  and when   (rarely)   flow into the 

sample was greater than flow out,  the difference was not 

figured  into the volume chanae-void ratio calculations. 

when the flow out of the sample was greater than the 

flow in   (the  large majority of  cases) »  the change was 

generally considered to be due to additional consolidation 

and therefore was included in the void ratio calculations« 
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A,3,1    Area and Length of Samples for Permeability 

Calculations 

Permeability values were computed using initial length 

and area data throughout the complete stress range«    This 

procedure was followed since the actual   length and area 

changes induced by consolidation were relatively small, 

and the proportioning of the volume change between them 

for each increment of consolidation pressure would have 

been only aporoximate.     In addition the  length changes and 

cross-sectional area changes tend to he  self-cancelling 

with respect to flow since increasing length is accompanied 

by decreasing area and  the fonror will tend to decrease flow 

and the latter  iends ^o  Increase flew.     Thi nnt offo.et on 

permeability calculation :.a   ^he-re-fore   SVAV., 

Final sample measurements taken after testing indicated 

that this procedure induced no measurable error in the 

stabilized samples  and very small error  in even the wettest 

(most compressible)  untreated saoplaut 

A,3,2    Temperature and Permeability 

The room temperature undor which ^hc tost? were run 

was recorded periodically during the test and varied generally 

between 21 and 240C.    No corrections to the computed permea- 

bility values were made for these temperature variations, 
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