Chapter IV

RESULTS AND DISCUSSION

1. Mixing /ater Reguired to Produce Uniform Coating of Asphalt

Tn order to obtain a uniform mix of soil-emulsion mixture,
a minimum suitable amount of water should be added to soil before it
is mixed with cmulsion. This added water will precoat the soil
particles and help to prevent immediate chemical reaction between
the negative surfacs charge of soil particles and the cationic
emulsion, and 2lso will tend to delay thc mixing time. By trial-
and-error method described in Chapter III, the minimum perccntages of
water required for adding to silty sand ~ad beach sand before being
mixed with various percentages of emulsion vere determined and
summarized in T-ble 7, The results for s0il-lime-emulsion stabiliza=-
tion and soil-cement-emulsion stabilizaticon are also shown in the
table. For soil-cmulsion mixture, it is found that, with same ierccntage
of emulsion, the required amount of added water for silty s-and is
equal to that for beach sand. However, these values of mixing water
appear to be varied with the percentage of emulsion. The higher the
percentage of emulsion, the smaller amount of water is required, Such
decrease in mixing water with the increase in emulsion content is
considered to be due to the fact that the emulsion itself consists of
asphalt and water.

In the case of soil-lime-emulsion stabilization, as mentioned

in Chapter III, lime was mixed with dry soil and emulsion was added
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Table 7 - Mixing Water Required to Produce Uniferm

Coating of
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later to soil-lime mixture. The results shown in Table 7 for this
type of stabilization are the values of tho percentage of added water
required for moistcning the soil-lime mixturc before the emulsion is
added, ''ith thc same percentage of emu}sion, the amount of mixing
water for silty sand with 3 % lime appewrs to be slightly larjer than
that for silty sand without lime., This phenomenon may be explained
by the addition:l =mount of fimes in the ~dicd lime which rejuire more
precoated water, ac well as by chemical rzoction. But as lime is ~dded
to beach sand, the reversal occurs. The rosulis obtained show that,
when mixed the same percentage of emulsion, the amount at water required
for adding to beach sand with 3 % lime is much samller than for adding
to beach sand without lime. This indicates thot lime added to keach
sand has significant effect on the dispersion of emulsion thus . uniform
coating of asph-lt can be produced with the presence of very small
amount of added water.

Tor sojl-cement-emulsion system, as cement is added later
to soil-emulsion mixture, the suitable cinimum amount of mixing water
for this type of stabilization is therefor: the same as that for
producing 2 uniform mix between soil and :»mulsion in soil-emulsion
system.

One word of caution should be given here. Although -
uniform mix could be obtained when soil or soil-lime is precoated
with such amount of mixing water as shown in T-ble 7, the st:bilized
mixture of beach sond appears to be so much sensitive that just little
disturbance will cnuse the reduction in the dcgree of uniformity

of the mixture. Thus the mixing process must be stopped immediately



as the uniform mixture is obtained, otherwise, the balling of
asphalt will be produced., However, as the already prepared
mixture of beach sand is disturbed during the molding process,
there appears to be no method to prevent the decrease in the
degree of the uniformity, hence the compacted stabilized beach
s;nd will finally become non=-uniform. This faifure is believed

to be because of very poor adhesion between the particles of

beach sand and cationic emulsions,

2. Compaction Characteristics

As emulsion is added to a soil, it has important effects
on the behaviour of the mixture during compaction and on the voids
content, The emulsion will lubricate the soil structure during
compaction and help to prevent segregation; it will also fill
or partially fill the voids in the soil system. The presence
of emulsion, therefore, will cause the changes in the compaction
characteristics of soils.

Figures 4 and 5 illustrate the effect of addition of
emulsion on the compaction characteristics of silty sand and
beach sand. The results show that the presence of emulsion
causes an increase in maximum dry density and a decrease in
optimum moisture content of both sands. This is undoubtedly
because of the effects of emulsion having been described above,

With the same percentage of molding moisture content,
the results show that the dry density of soil-emulsion increases

with increasing emulsion content. However for the high value
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of molding meisture content (the wet side of cempaction curves),

it was found that the dry density of soil-emulsion with higher
emulsion content became lower than that with lower emulsion content.
This is because of the effect of water contained in the asyphalt
emulsion. The higher the emulsion content, the greater is the
amount-of water in the system of soil-emulsion.

When lime is added to z soil, the process of agglomeration

or flocculation of clay particles will take place and the soil will

(continued on page 41)
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pecome coarser and more friable, Thus the added lime will causc the
change in the compaction eharacteristics of o soil. The decreases
in the maximum dry density and increascs in optimum moisture content
ususlly occur with the presence of lime. In this study, the results
in Fig.6 show th2t addition of lime tends to increase the maximum
dry density of silty send instead of decrc .sing as usual in the other
soils. This may be explained by the fact th-t as the soil-lime mixture
is compacted immediately after mixing, limc %cnds to act as filler materials
rather than to rcact with clay particles in silty sand. So, adding
lime into silty sand will result in improving the grain size distribution
and thus higher density cculd be obtained, However, Figure 6 shows
that addition of lime to silty sand has no cffect on the optimum
moisture content, The compaction curves of silty sand and beach sand
stabilized with 3% lime and various percent cmulsion are shown in Tig, 6
and Fig. 7. The effect of emulsion on the compaction characteristics of
soil=lime mixturc is found to be similar to th~t when emulsion is 2dded
to soil without lime,

As shown in Fig. 8 and Fig. 9,moisture-density curves of
soils and soil-ccment with various percentiges of .umulsion were plotted.
The results show that addition of cement to silty sand increnses the
maximum dry density and decreases the optimum moisture content,
Similar to soil-emulsion, soil-cement-emulsion appears to give higher
density and decrease the optimum moisture content when the emulsion
content is increased. By comparing the rcsults presented in Figures 8
and 9 to those in Figures 4 and 5, it can bec clearly seen that the

maximum density of soil-emulsion is increased when 3% cement is added;
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this is true for both silty sand and beach sand,

3, Unconfined Compressive Strength VS, Molding Moisture Contcnt

Various mix samples of soil-cmulsion, soil-lime-emulsion,
and soil-cement-emulsion were preparcd by the method having been
stated in Art. 2.5 of Chapter III. The rcl-tionship between unconfined
compressive strength and molding moisture content were determined 2nd the
results are shown in Figuresl0, 11 and 12, Although two kinds of sandy
soils were used in this study, unfortanately, only the results for silty
sand conld be obtained and presented in the figures. As previously
reviewed, the stabilized mixture of beach sand tends to lose the uniformity
of asphalt distribution when being disturbed by the compacting effort
during the molding process. Theorfore, with small proportion of emulsion,
the cohesive strength of stabilized beach sand was found to be so little
that almost every specimen was cracked -nd disintigrated immediately
as it was extruded out of the mold, {ith the presence of 3% lime in
soil-emulsion system, it appears that no spccimen couwld be prepared
though the relitively large amount of emulsion wns used, For this
reason only the specimens of some types of mix of beach sand could be
successfully prepared, such as beach sani with emulsion of the percentages
higher than 4, and beach sand plus 3% cement with emulsion of the
percentages higher than 3, These already prepared specimens, however,
were found to possess little or no compressive strength when they were
subjected to the unconfined compression test; Owing to these problems,
the relationship between unconfined compressive strength and the molding
moisture content for stabilized beach sand could not be determined =znd

presented in this study. For silty sond, the results in Figure 10 show
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that the moisture content of the compacted specimens have significant
effect on the compressive strength of soil-emulsion, whereas there
appears to be no relationship between the strength and the dry density
to which the specimens were compacted. Jith the same percentage of
emulsion, only small values of unconfined compressive strength could
be measured when the specimens were prepcored by using high percentage
of molding moisture content. As the valve of molding moisture content
was reduced, the unconfined compressive strenzth was found to be increased;
and with the further reduction in moldins moisture content, the strength
tends to be increased even more. Although the addition of water to
silty sand before being mixed with emulsion can provide good Cispersion
of asphalt throughout the soil system, the prescnce of water in the
compacted specimen appears to lubricate the soil particles and thus
cause the decrense in shear strength.

As stated in Chapter II, for a given set of conditions, the
diffence in emulsion content will result in changing the strength
of emulsion ~ stabilized sand., In general, the higher strength can
be obtained by increasing the percentage of emulsion. However, when
the emulsion content reaches a certain value known as optimum emulsion
content, the strength will be no longer increased, At this point,
the maximum strength of soil-emulsion will be obtained; and with the
higher value of emulsion content, the reduction in the strength will
take place. Unfortunately, for the sake of cconomical design, no
test was performed in this study with ecmulsion content higher th-n 5%
As shown in Fig. 10, the unconfined compressive strensth of silty

sand with 5% emulsion is slightly higher thion that of silty s~nd with
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4 and 3% emulsion;
For soil=lime-emulsion and soil-cement-emulsion, Figures

11 and 12 show that the unconfined compressive strength for e-ch
type of mixes of stabilized silty sand iz influenced not only by the
molding moisturc content but also by the dry density. As same 28 for
soil-emulsion, the deorease in molding moisture content causes the
increase in strength. However, to a certxin value the molding moisture
content is reduced, the unconfined compressive strength appears to be
increased no more., This value of moldingz moisture content for each type
of mixes is found to be on the dry sidec of the optimum moisture content
at which the moximum dry demsity is abtninod; The decrease in strength
with the further reduction of the molding molding content is considered
to be because of the relatively low density of the compacted specimen
which affects the cementing action of lime or cement. As shown in
Figs. 10, 11 and 12, it can be clearly scen that with the same percentage
of stabilizer of 3%, soil-cement gives much higher strength than soil-
lime and soil-emulsion. The results indic-te that the addition of
emulsion into soil-lime system not only provides the watervrocfing
property, but also causes the increase in shenr strength. The cmulsion
content seems to have same effect on the strensth property of soil-
lime~emulsion as of soil-emulsion. However, for soil=-cement cumulsion,
when 3% cement was added to soile-emulsion, the strength tends to be
lower than when the same amount of cement was ndded to soil ~lone,
The higher the emulsion content, the smaller is the strength of soil-
cement-emulsion, This can be explained by the fact that with the

presence of emulsion, the soil particles of silty sand will bc partially
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coated with asphilt ind thus some part of cementing action will be
prevented, This effect is more promounced as the higher perccuntage

of emulsion is applied.

4, Emulsion St-bilization

\s mentioned in the previous ch-pter, in selecting the suitable
moisture content for molding the specimens, the test results for the
relationship between unconfined compressive strength and molding
moisture content should be considered. Tor oach mix, the moisture
content giving 2 maximum strength should be selected to mold the
specimens. However, in the case of silty s-nd stabilized with emulsion,
as shown in Fig, 10, the test result did nct show a peak value of the
unconfined compressive strength. For staibilized beach sand, as has
been stated in the previous section, no test for unconfined compressive
strength could be carried out. According to thesc problems, the range
between 6 and 7 percent of moisture content were considerably selected
to mold the specimens for various mix of this type of stabilization.
The specimens were prepared, cured, =and tested by using the me thods
explained in Arte 2,6 of the previous chipter. A1l detailed test
results are given in Appendix B and Appendix C. In this chipter, only

the significant experimental results arc presented and discussed,

4,1 Effect of Emulsion on Strensth F-rameters Cu and ﬁu

\s reviewed in Chapter II, addition of emulsion has the
effect of giving unconfined sand some cohesive strength and 2t the
same time reducing the angle of shearing resistance. In general,

for a given set of conditions, the increase in cohesive strength
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and reducticn in angle of shearing resist:nce will take place as the
percentage of cmulsion is increased, By using silty sand and beach
sand, the results obtained in this study scoem to show the similar trend.

Fig. 13 shows the effect of the addition of emulsion upon the
strength parameters Cu and ﬁu of silty sand; The result for silty sand
with 5% emulsion presented in the figurc werc obtained from those specimens
cured in senled platic bags for 7 days.

It 2ppears that silty sand itself exhibits no cohesive strength.
The presence of 5% emulsion causes the volue of Cu to increase from O
to 12,5 psi. However, the angle of sheariu- resistance of silty s=nd
was found to be decreased by three degrees ns 5% emulsion was -pplied.
This points cut that the strength parameters Cu and ﬁu of silty sand
are affected by emulsion in a similar manner -~s usual for the other
sands.,

Unfortunately, according to the problem in preparing the
specimens, the strength parameters for untrected beach sand could
not be determined, Thus the effect of emulsion on the stength
parameter Cu and ﬁ; of beach sand could not be clearly evaluated in
the present study.

Fig.14 illustrates the changes in Cu and 4, of stabilized
silty sand and stabilized beach sand due to varying emulsion content,
Undonbtedly for silty sand, increase in caulsion content results in
increasing the value of Cu and reducing tic value of ﬁu. For bexch
sand, the result shows that with 4% emulsion, the cohesion interccpt
Cu has not developed, whereas a small v-luc could be measurc? from the

specimens with 5% emulsion.
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By comparing the results for silty s-nd and beach sand cs
shown in Fig, 14, it can be concluded th~t the addition of cmulsion
has much morc significant effect upon the strcngth parameters Cu and

Aﬁ of sity sand than those of beach snnd;

L,2 Effect of Curing Time on Strength of Soil=Emulsion

The unconfined compressive strength and the strength parameters
Cu and du silty s2nd with various percent emulsion are plotted against
the curing time as shown in Figures 15 ~nd 16, In the case of beach
sand, as has been discussed in Art. 3 this chapter, little or no
unconfined compressive strength could be mcosured from the specimens
of stabilized beach sand. Therefore in this study, only the undrained
triaxial test was employed to evaluite ths «ffect of curing time §n
the value of Cu and ﬁﬁ of beach sand stbilized with 4 and 5 percent
emulsion., The results are shown in Fig, 17;

It should be noted here that 2ll spccimens of stabilized
silty s2nd and beach sand for this study were cured in sealed plastic
bags at room temperature., By this method of curing, it was expected
that the evaporation of moisture in the cowmpicted specimens could
be prevcnted. However, as shown in \ppen’ix C, the moisturc content
retained in the specimens after test werc found to be somewhat less
than the molding moisture content. The diffcrence between the molding
moisture content and the moisture content nicasured after test was
found to be slightly larger with longer period of curing. Some further
discussion about this will be presented later in Art. 4.3 of this

chapter,
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As shown in 7ig. 15, the strensti dovelopment of the specimens
of silty sand with %% emulsion are in ~ sinil-r manner 2as those of
silty sand with 4% -nd 5% emulsion. For cach emulsion content, the
rate of strength increase was found to be fister during the e-rly
curing period and then became slower with longer curing time. For
one-day curins period, it was found thnt the unconfined compressive
strength of silty sand with %% emulsion (547) was nearly equal to
those of silty s-nd with 4% emulsion (S+4i). This is due to the fact
that the molding moisture content used for ureparing the specimens of
S+3E was slightly less than the value used for preparing the specimens
of S+4E. Such effect of molding moisturc coutent has already been
explained in irt. 3 of this chapter. However, with longer curing time,
the effect of increasing emulsion content :ppears to be more significant,
thus, the strength of S+4E was finally hiznhcr than of S+3E ~fter curing
for longer time,

In Figure 16, it is apparent th:t the vilue of Cu of silty
sand with emulsion iacreases with ircrensin. curing Y
time. The increasing rate is nearly the s mc for each emulsion content.
By comparing the curves plotted for th. valucs of Cu in Fig, 16 to
those in Fig. 15, it can be seen that the incrense in Cu are similar
to the devclopment of the unconfined com v..ssive strength.

Fer each type of mix, although the values of ﬁ; were different
when measured =t different curing period, there appears to be a tendency
that the ~ngle of shearing resistance does not depend on the curing
time, The rasulr . shows that adding 5% emulsion to silty s-ond c-uses

the angle of shenring resistance to decre~sc from 32.0° to 28,7° when
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measured ~fter curing for one day and then increase to 29.8° after
curing for 3 d~ys. But after 7 days, the v-lue of ﬁ; was.found to

be decreased to 29.0°. With longer curing timc, it was found that
the 15-day nnd 20=day values were nearly the s~me as the 7-day value.
The same behaviour was observed for silty sand stabilized with 3%
ond 4% emulsion. Thus it can be concludzl th-t the curing time has
no influence on the value of ﬁu of silty s-nd with emulsion,.

For beach sand with 4% emulsion (B+4E), as shown in Fig.

17, only 1 lb/ié!if cohesion intercept was developed after 15 days

of curing. /ith any other curing periods, the specimens of B+4E were :
found to exhibit no cohesive strength. for B+5E, although some
cohesive strength could be measured after curing for 3 days, it was
found thot with longer curing period, the increase in the value of Cu
did not take plice. Therefore it may be concluded that emulsion has
very little effect in improving the cohesive strength of beach sand;
and the strength of emulsion-stabilized bc-ch sand is independent of
curing time, This is believed to be bec-use of the loss of the
uniformity of st-bilized mixture of beach s-nd during the molding
process which results in producing the balling of asphalt. Thus, there
was a little or maybe no asphalt left to scrve as a binder,

As same as for silty sand, the ~ngle of shearing resistance
of stabilized beach sand is independent of the curing time. However,
it was found that the emulsion content hns some effect on the angle
of shearing resistunce. The higher emulsion content in stabilized

beach sand results in smaller angle of shearing resistance.
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4,3 BEffect of Curing Type on Strength of Soil-Emulsion

Figures 18 and 19 2rs plotted to show the effect of curing
type on the unconfined compressive strencth ~nd the strength par-meters
Cu and ﬁu of cuileemulsion, The results shown in the figures were
obtained from the specimens of silty sand with 5% emulsion cured by
two differeni methods, viz., in-sealed-plistic-bag method znd air-dried
method. The losses of moisture content which took place during the
curing and testing processes are alsc shown in Fig. 18, The decreases
in moisturs content of the specimens being cired in sealed plastic
bags indicnte thnt the evaporation of m~iszture could not be perfectly
prevented by this method of curing. This is because there was some
spacing inside the plastic bag, which en:bled the moisture to ev-porate
from the specimen, This evaporated water, however, could not escape
from the sealed plastic bag. Therefore, only small amount of moisture
in these specimens were reduced when this curing type was employeds

By ~ir-dried curing, it appears th-t the rate of evaporation
is very rapid nt the beginning cf curing ~n’ becomes slower with
increasing curing time. The test results show that after 15 d~ys
of curing, the water content of the specimens did not change. This
points out that 2ll specimens were completely 2ir-dry and no further
evaporation took place after that time,

In the following discussion, for siuplicity, the terms 'moist
specimens" ind "air-dried specimens' will be used for the specimens
cured in sealed plastic bags and those cured by air-dried methcd,
respectively.

Fig. 18 shows that with the same curing time, the unconfined

compressive strength of air-dried specimens of S+5E is much bisher
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than that of the moist specimens. After curing for one day, the
air-dried specimens developed strength of ~bout five times of that
developed by the moist specimens, dJith increasing curing time, the
rates of strength increase of the two curing methods are also different.
The nir-dried strensth increased rapidly during the first week of
curing time, Aifter 7 days of curing, the r-te of increase in strength
becrme slower, and a maximum strength wis reached within 15-day cufing
period,

For moist specimens, the strength increasing rate during the
first week of curing is relatively slow compared to that of the
air-dried specimens., However, after the [{irst week, the streugth
still grndually increased throughout the entire period of investigation.

As stated in irte. 3 of this chaipter, the moisture content
retained in the compacted specimens hais iupori:nt effect on the
strength of soil-emulsion. As the moisture coutent of the specimens
is decrensed, the increase in strength will toke place. In other words,
the specimens containing smaller amount of woter will exhibit higher
strength. This seems to be the reason why the strength of air-dricd
specimens is much higher than that of the woist specimens. Furthermore,
the rapid increase in strength at the beginning of curing pericd is
due to the fast rate of moisture evapor-tion which consequently
results in rapid hardening of the specimens, No further developmcnt
of strength after 15 days of air-dried curing is undoubtedly because
of no change in moisture content takinz pl-ace after that time.

s shown in Figure 19, the curing tyves tend to affect the

development of cohesion intercept (or cohesive strength) of soil-emulsion
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in a manner similar to that of the unconfiaed compressive strensth.,
However, it is quite clear from the figure th:t the angle of shearing
resistance is independent of curing types. Therefore it can be concluded
that the curing types will affect the cohesive strength of soil-emulsion

only, but not affect the angle of shenring resistance.

S5« Lime-Fmulsion Stabilization

A combination of 3% lime and 3% emulsicn was selected to add
to silty sand ind beach sand for the purpose of studying the strength
characteristics of soil=-lime-emulsion mixtures, The specimens for
this study were prepared, cured and tested by using the method stated
in Chapter III. In molding the specimens, the moisture content
varying from 6% to 7% was used. This rnic of molding moisture
content is the same as that used in preparing the specimens for
soil-emulsion stabilization. By this condition, the results for
soil=-lime-emulsion and soil-emulsion could be reasonably compared.

Three percent lime alone was also used to stabilize silty
sand and beach saond in order to evalunte the effect of lime on s£rength
properties of s~ndy soils. The specimens for soil=lime were -lso
molded by using approximately the same molding moisture content
as for other mixes,

However, it was found that almost every specimen of stabilized
beach sand was cracked after being extruded from the compaction mold,
Therefore, only the results for stabilized silty sand could be obtained

in this study.
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5.1 Effect of Lime and Lime-Zmulsion on Strength Porameters

Cu wnd g i

Fig. 20 is plotted to show the effecct of ~dding 3% lime
on the strenyth parameters Cu and d; of silty snnd. The results
presented in this figure was obtained from tl: specimens cure? in
sealed plastic bags for 7 days. The values cf Cu and dﬁ for untreated
silty sand are 2lso shown in the figure,

It appears that both Cu and Au of silty sand are affected
by the addition of 3% lime. The specimeus of silty sand with 3%
lime (S+3L) developed 11.0 lb/in2 of cohesion intercept after 7 days
of curing, and about one degree of ﬁ; was increased at the some time.

The development of cohesive strength of stabilized
silty sand is believed to be mainly due to the pozzolanic reaction
between lime 2nd silty sand which results in cementing soil particles
together. The increase in ﬁ; of silty soul with the presence of 3%
lime is undoubte?ly because of the azslomer-tion reaction. Throuzh
this process, the fine particles are llowe: tc form coarscr groins
and thus the v-lue of ﬁh is incrensed,

Fig. 21 compares thc Mohr envelones . f 5+3E, S+3L and S4+31+3E
after curing for 7 days. It can be seen ta~t the cchesion intercept
exhibited by 3+3L is slightly higher th-n ti: t exhibited by 3+3E. This
points out that the effect of 3%'1ime o the cohesive streasth of
silty sand is greater than that of 3% cmulsion, However, it is cbvicus
from the figure that silty sand stabilized with 3% lime plus 3% emulsion
(S+3L+3E) gives higher value of Cu than tht with only ¥ lime or %%

emulsion, This tends to indicate that th- addition of emulsion to
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scil=lime mixturc causes an increase in the cohesive strength. In
other words, the cchesive strength of soil-cmulsion can be improved
by pretreatinz the raw soil with lime before adding emulsion.
Emulsion added to lime-treated silty sand appears to affect
the parameter dﬁ in the same manner as when it is added to untreated
silty sand, Three percent emulsion causes du of S+3L to decrease
from 33.3° to 32.0°. This is undoubtedly due to the lubricating
effect of emulsion. However, it can be seen thzt the value of ﬁu
of S+3L+3E is still higher than that of S+3E. This may lead to the
conclusion that the presence of lime in soil-cmulsion system not only
improves the cchesive strength of soil=-ewmulsion,. but also increases

the angle of shearing resistance,

5.2 ZEffect of Curing Time on Strength of Soil=lime=-Zmulsion

The unconfined compressive stren:th exhibited by the moist
specimens (cured in sealed plastic bags) of 3+3E, S+3L and S+3L+3E
are plotted ngainst the curing time ns shown in Fig. 22. After one
day of curing, silty sand with 3% lime plus 3 emulsion shows higher
strength thin that with 3% lime or with . 3% emulsion only. By
comparing the one-day strength of soil-lime to that of soil=-emulsion,
it can be seen that with the same percent-ge of stabilizers used,
soil=~lime give higher strength than soil-emulsion,

With longer curing, the strength of the specimens continues
to increase at different rate. The increise in strength of scil=
lime-emulsicn with increasing curing time cppe-rs to be faster than

those of soil-lime =and soil-emulsion. As mentioned in Art., 4.3 of
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this chapter, the strength development of soil-emulsion is in fact
caused by the evaporation of moisturc in the specimens, For soil=-
lime and 1lso soil-lime-emulsion, the levelopment of strength is
partly due to the change in moisture content ~nd partly due to the
¢hemical reaction between lime and soil particles.
Tn soil-lime-emulsion system, when iime is added to silty
sand, the chemical reaction will start immediztely as soon as water
is added, Agzlomeration, flocculation and bise exchange will gradually
occur, allowing fine particles to form co .rser grains. The emulsion
added to soil=-lime will then be distributel ~nd partly coat those
agglomerated conarser grains. Upon molding nd compaction of the
mix, the free void between soil grains is reluvced and the dispersed
emulsion prrticles ire squeezed out into fil-ments and laminar, which
occupy 2 rather l:rze fraction of the void space. Therefore the
strength of this mix in this stage comes »-rtly from internil
friction bstween agzlomerazted seils and n-rtly from adhesion between
agglomerated soil=-lime resulted from addel emulsion. Pozzolanic
reaction, which tikes place rather slowly in the mix, is the muin
factor allcowing the specimen to develop sirength over long peried
of time. ‘isphalt from the emulsion iu the mix, which partly coats
the agglomerited soil, will help to eliminate the undesirable carbona=-
tion reaction. For these reasons, addition of 3% emulsion to soil-
lime in this study rcsults in increasing the strength of scil-lime,
Fig. 23 is plotted to show the effect of curing time on the
parameters Cu =2nd du of soil-emulsion, soil=lime and soil=-lime=-cmulsion,

The specimens of ench mix appear to develop cohesive strength in a manner
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similar to the development of unconfined compressive strength (I'ig.22).
Although higher value of ﬁu could be cbtained by adding liume,
there appears to be 2 tendency that ﬁﬁ of soil-lime and soil-lime-
emulsion as well as of soileemulsion (Fig;lé) is unaffected by the
curing time, Aifter curing for one diy, 3% lime causes ﬁu of silty
sand to increase by about one degree, Jith longer curing time, the
value of parameter ﬁﬁ of S+3L appeurs to be approximately the same,
This indic~tes that the agglomeration re «wtion, which produces the
agglomerated silty sand, takes place ind cosnletes within only one
daye For soil-limc=cmulsion (S+3L+3%), the result shows the sume
behavior as for soil=lime (3+3L.)., Therci-rz it can be coancluded
that the angle of =skiaring resistonce of soil-=ligme and elso¢ soil-
lim==emulsion are indepcndent of the curin: time, In other words,
the strength incresse of soil-lime cor soilw=lin:=cmulsion with increzsing

curing time is m:inly due to the develep.nt of cohzsive strencih,

5.5 Tffect of Curing Type on Strenzth of Soil-~lime~Emulsion

Figure 24 illustrates the effect of curing type on the
unconfined compressive strength of soil-lime-emulsion. A plot of
moisture content loss versus curing time for cach type of curing is
also included in the figure. The results show that with the same
curing time, the air-dried specimens of silty sand with 3% lime and
%% emulsion developed higher strength than the moist specimens,

The one-day strength exhibited by the air-dried specimens
is about three times of that exhibited by the moist specimens, With

longer curing time, the strength of air-dric! specimens was found
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to increase rapidly and reach a maximum value within 7 days of curing.
Large increase in strength of these specimens is believed to be due

to the evaporation of moisture in the specimens which took ploce
rapidly during the first 7 dayss The rapid rate of moixture evapora=
tion will then result in rapid hardening of cementitious gel produced
by the pozzolanic reaction. No more strength developed after 7 days
indicates that there was no further pozzolnic reaction occuring
after that time,

for moist spccimens, although some amount of moisture could
be evaporated during the curing process, the major portion of moisture
was still retnined in the specimens 1l thc pozzolanic reacticn could
take place gradually throughout the entire curing period of this
investigation., For this reason, increasing curing time will result
in continuous development of strength of the moist specimens.,

‘en tested by the method of undr-ined triaxial test, the
results s shown in Fig. 25 indicate that the curing type has
significant effect on the cohesion intercept (cohesive strength)
of soil=lime-eimulsion, By air-dried curin:;, it was found that
the specimens developed cohesive strength r-opidly at the beginning
of curing time. The one-day value of Cu exhibited by air-dried
specimens is about three times of that exhibited by the moist
specimens, With longer curing, the air-dried specimens increased
cohesive strength at a faster rate than the moist specimens, This
phenomemon can be explained by the same reason as used for explaining
the effect of curiny type on the development of unconfined comprezsive

strength of soil-lime-emulsion., For eich type of curing, it ¢ ke
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seen that the specimens of S+31+3E developed the value of Cu ~n° the
unconfined comvressive strength in the swure m nner.

‘s has already been discusuc:i . the previous section, the
agglomeraticn which causes du of soil-lime-caulsion to be incrensed
was fouand to completely take place within oa¢ day ﬁf cqring, and
the value of § of mpistmopeciscns is n .t affested. by increasine curing
time. For air-dried specimens, the results obtained also show the
similar trend. The one=day value of ﬁﬁ of ~ir-dried specimens was
found to be the same as that of moist specimens; and with longer
curing time, it appears that the angle -of shearing resistance of
air-dried specimens is also independent of curing time. The same

one-day value of # of air-dried specimens .nd of moist sp:cimens
u

indicates that the curing types have no effect on the agglomeration

reaction. In other words, the differvut moishure content of the

air-dried specimens and the moist specimens, after one-day curiag,
does not affect the process of agglomer.cion,

Therefore it can be concluded thst the angle of shearihg
resistance of soil=lime-emulsion is independent of curing tyoe. In
additirn, the cohesion int:rcrpt (cohesive ctrength) as well :s the

unconfined compressive strength are groitly affected by the curing type.

6. Cement-Imulsisn Stabilization

In this stuly, three percent cenent was used in conjunction

with three percent «mulsion for stabiliziag silty sand ~nd beach sand,.

. The methods for prepnring, curing, -nd testing specimens as well 2s

the molding moisture content were isc the same as those uscd for the
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specimens of scil-emulsion and soil=lime~-cuulsion,

In order to Olearify the effect of ccuent on the strength
properties of sandy soils, three percent wos used to stabilize silty
sand and bewch swn?, Unfortunately, it w.s found that the specimens
of beach sand with 3% cement (B+3C) coul! nut be molded. The strength
characteristic of soil-cement was thercf.rc evaluated from only the
test results of silty sand with 3% cement (3+3C).

For the purpose ofstudyin: th: effict of curing type, another
set of specimens of silty sand with 3% cement and 3% emulsion (3+3C+3E)
were prepared and cured by the air-dried uethod, The results cbtained
from the air-dried specimens were then conpared to those from the moist
specimens (cure? in sealed plastic bazs).

11 of the detailed test results of this type of stabilization

are summarized in Appendices B and C,.

6.1 Effect of Cement and Cement-Tmulsic: on Strength Paramcters

Cu wd #
———11

Datn presented in Fig. 26 illustiates the effect of 3%
cement on Cu and ﬁu of silty sand, It c.u be seen that cement-treated
silty sand, after 7 days of curing, develoucd values of cohesion and
internal triction thit are markedly higher thn those for untreated
silty sand. The large increase in angle of shearing resistance, ﬁh,
of silty sand when 3% cement is added reflects the large incrcase
in effective maximum particle size and cawm e in gradation which take
place,

The strength parameters Cu and ﬁu for soil-emulsion, soil-
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cement and soil-cement-emulsion are compared in Figures 27 and 28,

It is obvious from the figure that when added to the mixture of silty
sand and emulsion, the effect of 3% cement on the values of Cu and
ﬁu is smaller than it is added to silty sand alone, This is in
agreement with the fact that with the presence ~f emulsion, the

soil particles will be partially coated with aspnalt and thus some
part of cementing action produced by hydration of cement will be
prevented,

The hizher values of Cu and éu of 3+3C+3E than of S+3E as
well as the hirsher values of Cu and ﬁu of B+3C+4E than of B+4E
indicate that the strength properties of soil=cmulsion could be
effectively improved by the addition of 3% cement. Adding 3%
emulsion to silty sand results in providing some cohesive strength
and in reduciug ﬁu by about one degree. Thc application of 3% cement
to mixture of silty sand and 3¥ emulsion causes the cohesion intercept
to increase from 8,0 psi te. #7.0 psi and also causes ﬁﬁ to increase
from 31.3° to 35.0°, This points out that stzbilization by using
emulsion in conjunction with cement not only provides the waterproofing
and cementing properties but also increases the angle of sheariug
resistances,

The decrcases in the values of Cu and ﬂu of soil-cement-
emulsion due to increasing emulsion content (from 3% to 4% by this
case) reflect the effect of additional asphalt in preventing the
cementing action. This tends to be true for both silty sand and
beach sand,

For comparison purposes, the 7 Jays values of Cu and ﬁu
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2ble 8 = Comparison of 7 - day values of Strength

‘Parameters Cu and du for Various types of

Stabilization
Types of Mixes Cu '
(posi) (deg)
Lintreated Silty sand 0 3240
S+3E 8.0 31.3
S+4m 8.0, 31,0
S+5E 12,5 29,0
S+3L 31,0 33,3
543143 15.0 32,0
S+3C 58.0 36,7
S+3C+3E 47.0 3540
S+3C+UE 40,0 | 31,8
B+4E 0 29.5
B+SE 2.5 29.0
B+3C+3E 8.0 31.5
B+3C+4E 745 30,0

* Obtained from the specimenswhich had been cured in

sealed plastic bags for 7 days




of silty sand and beach sand stabilized with various types of
stabilizers are summarized in Table 8, It is obvious from thel

table that with the same percentage of si-biliizers and the same
curing time, soil-cement develops much sre :er values of cohesion
and internal friction than soil-lime and svil-emulsion. Furthermore,
the use of 3% cement as an additive for soil-emulsion appears to

be much more effective than the use of 3% linme.

By comparing the results of stabilized silty sand and
stabilized beach sznd, it can be seen that the cohesion intercept
exhibited by S+3C+3E is much greater thin that exhibited by B+3C+3E.
This can be explained by the fact that the reaction between cement
and soil particles is more effective in silty sand than in beach

sand.

642 Effect of Curing Time on Strength of Soil=Cement-Zmulsion

A plot of unconfined compressive strength versus curing
time for silty sand stabilized with 3% cement and 3% emulsion
(8+3C+3E) is ziven in Figs 29. 4lso included in the figure are
data for silty sand with 3% emulsion (5+3%) and silty sand with
3% cement (3+3C). 411 of the results presented in the figure were
obtained from those specimens having been cured in sealed plastic
bags.

is discussed in Art, 4.2 and 4.3 of this chapter, the moisture
in the specicens would be somewhat evapor:ted when this type of
curing was employed. In the case of soil-emulsion, the increase

in strength with increasing curing time is said to be mainly due



to the loss of moisture content in the specimens. For soil=
cement and also soil=cement-emulsion, hydraztion of cement is
apother factor which causes anincrease in strength with increasing
curing time.

As shown in Fig. 29, the rate of strength development of
S+3C and 3+3C+3E is much faster than that of S+3E. This tends
to indicate that the effect of hydration of cement is much pronounced
when compared to that effect due to the loss of moisture content
in the specimens.,

It has long been recognized that the strength of soil-cement
derives from (a) the strength of hydration products of the cement
particles and (b) the strength of the secondary reaction products
which are formed between the released lime and the soil. The
cement hydration usually coours in a relatively short period
of time, and the formation of secondary cementitious materials
due to the pozzolanic reactions is much slower (20). This points
out that the portion of strength of soil-cemcnt developed in the
early curing time is mainly due to the strength of hydration
products of cement, consequently, the increase in strength which
takes place gradually over the long period of curing is due to
the pozzolanic reaction. In general, with « proper amount of
cement, the major portion of strength in cement-treated soil is
developed at the beginning of curing time ~nd then increases at
a decreasing rate with logger curing.. The data obtained in
this study for silty sand with 3% cement also shows the similar

trend,
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It is obvious (from T'iz., 29) that the rate of strength
increase oI S43C+3E is slower than S+3C. This is undoubtedly
due to the fact that with the presence of emulsion, some part
of cementing action produced by cement hydration and also by
pozzolenic reaction is prevented by as;halt.,

The effect of curing time on the strength of scil-cement
and soil=cement=-emulsion can be illustrated separately in terms
cf cohesicn and internal friction as shown in Figures 30 and 31,
It can be clearly seen that for both silty sand and beach sand,
the curing time has marked influence on the development of cohesive
strength of soil-cement-emulsicn., By comparing between soil=-cement=-
emulsion and soil-cement-emulsion, the result from Fiz, 30 shows
that silty sand with 3% cement develops cohesive strength at a
faster rate than with 3% emulsion. This indicates that in soile
cement-emulsion system, the presence of emulsion is deleterious
to the development of cohesive strength. For beach sand, the
cchesive strength developed by 4% emulsion, if any, was found to
be very little and not affected by the curing time, But when 3%
cement was added, small value of cohesicn intercept could be
messured after curing for one day and then became larser with
longrer curing time.

Although addition of cement into soil or soil-emulsion
results in increasing the angle of shenring resistince, there
appears to be a tendency that very little or no change in the

value of ﬁu takes place after one-day curing. For each type of
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mix for both silty sand and beach sand, th¢ values measured at
age one day, 3 days, or at any longer curing pericds, were found
to be nearly thc seme., This indicates that tine internal friction
of soil-cement or soil-cement emulsion i. ~iready changed within
only one day «fter the addition of cement. It other words, the
curing time longer than one day does not affect the angle of

shearing resistince of soil-cement and soil-cement-cmulsion.

6.3 Effect of Curing Type on Strensth of Soil-Cement-Fmulsion

Figs, 32 and 33 show the effect of curing type on the
unconfincd compressive strength and the values of parameters
Cu and du of silty sand stabilized with 37 cement and 3% emulsion.
When cured by aire-dried method, the specimens appear to develop
strength (unconfined compressive strength) in a manner different
from those specimens cured in sealed plastic bags. After curing
for one day, the strength exhibited by air-dried specimens is
somewhat greater than that exhibited by the moist specimens,

“ith longer curing time, the air-dried specimens developed
strength rapidly during the first 7 days.

‘fter 7 days of curing, no further development of strength
of the air-dried specimens took place, whereas the strength of
the moist specimens continued to increase with increasing time
and became higher than that of the air-dried specimens when
measured at age 30 days. No more strength developed by the
air-dried specimens after 7 days of curing reflects the lack of

water in the specimens to permit the hydration of cement and also
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the pozzolanic reactiou (between released lime and soil particles)e

By comparing the results in Fig 32 with the results in
Fig. 24 (for soil-lime=-emulsion), it cam be seen that with either
type of curing, the strength development of soil-cement-emulsion
is quite similar to that of soil-lime-emulsion. Furthermore, it
likely seems that the effect of curing types is more pronounced
for soil-lime~emulsion than for soil-cement-emulsion. The air=dried
specimens of soil-lime-emulsion developed much higher strength than
the moist specimens, whereas for soil-cement-emulsion, the air-dried
strength is somewhat different from the strength exhibited by the
moist specimens with the same curing time, However, with the same
percentage of stabilizers and the same curing time and curing type,
soil-cement-cmulsion gives much higher strength than soil=lime=-
emulsion,

As a result from this comparison, it should be suggested
here that the air-dried curing type shcul: be reasonably employed
for curing the specimens of soil-lime=~cmul.ion, since with this
curing type, a relatively high value of sitreagth could be obtained,
For soil-cement-ecmulsion, the curing type wilh prevention of
moisture evaporaiicn appears to give better results than the
air-dried curinzg type.

\5 shown in Fig. 33, the effect ci curing types is illustrated
separately in tcrms of Cu and du. It can be seen that the curing
type has important c¢ffect on the developuent of cohesion intercept,
Cu, of soil-cement-emulsion. The different rate of moisture evaporation

tends to cause the cohesive strength to be increused at different rate.
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For each typo of curing, the development of cohesive strength

of S+3C+3E was found to be in a similar maunar as that of the
unconfined compressive strength (See Fige32)se In the case of
internal friction or the angle of shearing resistance, although
the values of du obtained from the air-dried spccimens and the
moist specimens are somewhat differcnt, it is quit- clear that
such difference is not resulted from the curing type. This will
lead to the conclusion that the the angle of shearing resistance
of soil-ccment-emulsion is independent of curing type. In other
words, the different condition in evaporation of the moisture in
the specimens has no effect on the angle of shearing resistance

of soil-cement-emulsion as well as of soil-emulsion and soil-lime=-
emulsion., Furthermore, the cohesive strength (cohesion intercept=Cu)
as well as the unconfined compressive strength of soil-cement-

emulsion is markedly affected by the curing type,
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