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Abstract Ground improvement with soil solidification
has been widely applied and has proven to be an effective
pre-treatrent of soft soil deposits. The solidification pro-
cedure usually involves addition and thorough mixing of
hydraulic binders with m situ soils, consequently trans-
forming the soft materials inw a stconger and stiffer stra-
twm for load bearing, Much has been done on the binder’s
ellectiveness and resulting enhanced properties of the soils,
bui not as much has been reported of the [actors govermning
in situ mixing efficiency in producing uniform mixmres.
While advancement in machinery and computerization of
operatichs have significantly improved soll mixing, indi-
vidual factors contributing to the process can be further
cxamined to refine the effectiveness. This paper describes a
series of labaratory (ests, mainly unconfined compressive
strength tests complemented with X-ruy computer fomog-
raphy, conducted on cemenc-stabilized dredged Kawasaki
clay of different uniformities. A number of factors affect-
ing uniformity were examined, namely the water/cement
(W) ratios, number of cement layers in the inital state as
well as the number of mixing cycles adopted. Test speci-
mens Were prepared based on a systemalic combination of
these factors (o enable a comprehensive cross-analysis of
the results. It was found that the clay’s milial consistency
was markedly allered by cement addition, which resulted in
either enhanced or reduced workability of the mixture.
While increased mixing vigor could apparently overcome
poor distribution of binder in the mixture, the resulting
strength remained very much affected by the WC ratio,
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suggesting dependency of the mixture’s overall uniformity
on a combination of the factors.
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Unconfined compressive strength - X-ray computer
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Introduction

It was reported as far back as 1999 by the Japan Port and
Harbour Asseciation that the country produces 10-15 mil-
lions m” of dredged soils from maintenance of water channel
and the construction of marine structures alone, yearly. The
dredged material, considered as waste, has mostly been
stored in specially built bulkheads together with other waste
products. It made up nearly half the total storage, incurring
construction costs of tens of billions Japanese Yen (10 billion
Japanese ven is equivaleni to approximately 130 million US
Dollar). With increased maritime traffic and international
trade via sea ports, the numbers can only be expected to
escalate further. Nevertheless, this costly containment mea-
sure was necessary, considering that uncontrolled offshore
dumping of dredged malerial can cause severe degradation of
natural coastal or marine ecosystems (Kapsimalis et al
2010). Trresponsible offshore disposal of dredged materials
can result in irreversible and severe distuption Lo the sensilive
marine food chain too (Harvey et al. 1998). Besides, Simo-
nini et al. (2005) pointed out the risk of contamination by
entical levels of heavy metals and hydrocarbon with such
offshore dumping of dredged soils, where the release of these
cortaminants could result in Jeng-term damaging pollution
(Leotsinidis and Sazak!i 2008).

Heightened environmental awareness as well as fore-
sight for sustainable development has ushered in an era of
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dredged material reutilization. Tt was generally acknowl-
edged that it is beneficial to the environment to re-intro-
duce the dredged soil into the production cycle of
secondary raw materials (Kan 2009). Lee and Sturgis
(1996) termed these recycled materials ‘manufactured
sotl’, providing a long-term solution (o the dredged soil,
From the geotechnical engineering point of view, dredged
soils are considered a very soft geomalteral with high water
content, limited strength, and excessive compressibility,
Their reuse would require certain pre-treatment such as
solidification with chemical mixing. With rhe addinon of
binders, like cement, the originally poor properties of the
material can be improved, This technique, since ifs
inception in the 1960s, has been widely adopted for inland
development of sites with poor underlying soil strata. The
most appealing factor of the method is arguably the ‘reuse’
instead of ‘replace’ concept, which inadvertently gives a
sustainable value to the enginecring endeavor (Chan 2009,
Lee and Chan 2008). There is no lack of research effort in
that direction for dredged material too. For instance, Sun
et al. (2010} successfully solidified dredged Nagoya Port
clay with cement and gypsum by reducing the rate of
structural decay, while Okumura et al. (20000 introduced
air bubbles and expanded polystyrene beads into dredged
soils Lo form the Super Geo Material (SGM), a ligltweight
reated soil suitable for backiilling retaining structures.
These innovaiions have effectively given a second life to
the dredged material, simultaneously conlaining possible
contamination and creating usable geomatenals.

While the binders, dosages as well as mixing methods,
have gained remendous advancement over the years, there
remains the question of how much mixing is necessary (o
attain the target strengths. This is especially relevant in
terms of time, energy, and money wastage for overdoing
things on site. No report has been made to date, as far as
the author is aware of, specifically on the mix upiformity
aspect of induced solidification. Some of the more recent
related work is included here though. }n\hnherg and Holm
(2009} examined the effect of time lapse berween mixing
and compaction of the mix:ure and reported anomalies in
the strength measured. The time lapse etfect may be offset
by higher water content of the mixtures, where the retarded
structural change allowed ‘healing” of the mixed material
(Hammond 1981). Marzanc et al. (2009) found that the
inilal waler content of a mixiure has an inverse relation-
shup with the unconlined compressive strength and secant
Young's modulus (Esy). In compiling the daia from an

“international collabovative study of lab-mixed specimens,
Kitazume et al, (2009} drew several insightful conclusions:
(1) prolonged mixing up 10 2 h has no significant influence
on the resulting solidified strength; (2) tapping and rodding
are preferable to static and dynamic compaction to ensure
homogeneity of the mixture; (3) maturity, a function of
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curing temperature and time, was found to be dependent on
the scil type, binder type, and dosage in solidified clayey
sails.

The present study examines the relatdonship between
mixing guality of cement-treated dredged cluy and the
unconfined compressive strength, This aspect is of partic-
ular importance in mass solidification works of shaflow
depths (nol exceeding 5 m), where backhoes are commonly
used to mix the materials. As uniformity of the mixture 15
well known to have a significant effect on the resulting
improved properties, the scooping motion of a backhoe
may have limitations which can be aided by initial condi-
tions of the materiuls, i.e., water/cement (W) ratio, mix-
ing waler content, and distribution of cememnt powder. For
this purpose, the study has been conducted with the
dredged Kawasaki clay at a range of WC between 4 and 15,
with varying cement dosages, mixing water contents,
mixing frequency, and number of cement layers introduced
initially, Interaction between the factors was examined in
relation to the unconfingd compressive strength, a param-
eter widely used in the assessment of solidified soils.
Complementary images from the X-ray CT scans were also

©ingluded for better illustration of the mix uniformity under

the different conditions.

Experimental work
Test materials

The soil used in the present study was originally dredged
from the shipping channels of Kawasaki Port in Japan. The
dredged clay was removed of any foreign materials, such as
pebbles, shell, and driflt wood fragments and then wel-
sieved to obtain only the soil particles, Properties of the
soil can be found in Table 1. Note that silt constituted
approximately half of the soil’s composition. Mixing watet
content used in preparing the specimens was based on
multiples of the liquid [imit, LL = 55.2 %. As the natural
waler content was beyond that of LL, the clay was in lig-
uefied form prior to mixing. Ordinary Portland cement was
added to the clay as the binder (G, = 3.13).

Preparation of test specimens

The clay was remolded in a conventional kitchen mixer a
day prier to mixing. This was mainly to identify the actual
water content of the clay so that the correct cement dosage
and guantity of additional water required could be deter-
mined. The measured out distilled water was added to the
clay to achieve the consistency of 1.5LL, 2.0LL, 2.5LL, or
3.0LL, respectively. The cement powder was oven-dried at
105 *C to remove any entrapped moisture, then added to
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Table 1 Properties of soil used in the study

Properties Values
Natural water conlenl, Wy, 735 %
Specific gravity, G, 2.702
Consistency limits
Liquid limt, LL 552 %
Plastic lirut, PL 244 %
Plasticity index, P1 308 %
Particles size disuibution
75 um~2Z mm 16.4 %
5-75 pm 49,7 %
<5 pm 339 %

the clay at dosages (C) of 8-41 %, corresponding to water/
cement ratios (WC) ranging from 4 to 15. Table 2 gives a

summary of the specirnens and mix ratios. The cement was -

placed either in single (S}, double (D) or iple (T) layers in
the specimens at equal distances. Disposable plastic molds
measuring 50 mm in diameter and 135 mm in height were
used to form the specimens, which were wimmed o
100 mm height upon demolding.

Mixing was carried out using a small spatula in scooping
motions, mimicking field shallow mixing with a backhoe.
The mixing frequency was fixed at 5, 50, and 100 cycles, o
simulate a low-to-high agitation level of the soll-cement
mixture for attaining uniformity. The mold containing the
mixture was finally tapped 50 times to avoid formation of
large voids due to entwapped air, cxcessive adherence of
materials on the interior wall and an overly undulating top
surface. Both the number of cement layers and mixing

Table 2 Detatis of specimens

WIC =10
(€= 8-16 %)

WiIC =4
(€ =21-41 %)

c=1%
(WIC = 75-15.0)

1 5LL-8C-SS/DIT
1.SLL-8C-308/D/T
| SLL-§C-1008/DIT
2.0LL-11C-58/DNT
2.0LL~1 LC-50S/D/T
2.0LL- 1 §C- | G0S/DIT
2.5LL- 14 C-38/DIT
2.5LL14C-S0S/D/T
2.5LL-14C-1008/D/T
3.0LL-L6C-508/D/T
30LL-16C-SS/DIT
3.0LL-16C-1008/D¢T

1 5LL-21C-38/D/T
LSLL-21C-508/DIT
1.5LL-21 C-1008/DfT
2.0LL-28C-58/D/T
2.0LL-28C-505/0/T
2.0LL-28C-1008/D/T
2.5LL-35C-55/D/T
2.5LL-35C-508/DiT
2.5LL-35C-1008/D/T
3.0LL-41C-508/DfT
3OLL-41C-585/ 00T
3.0LL-41C-1008/DIT

15LL-11C-58/I4T
[.5LL-11C-505/0/T
1.5LL-11C-1008/DIT
2,0LL-11C-55/D/F
2.0LL-11C-508/DIT
2.0LL-11C-1008/DYT
2.5LL-11C-58/D/T
2.5LL-11C-308/DIT
2.5LL-11C-1008/D/T
3.0LL-11C-505/DiT
3.0LL-L1 C-58/00T

3 O0LL-11C-1008/DIT

Exwnple: 1.5LL-8C-508 represents specimen mixed at {5 dmes the
clay's liquid limit (1.5LL), with 8 % cement addition hy dry weight
ol the clay (8C), subjeeted (0 5-cycle mixing (5) and had an initial
single layer of cement (5}

cycles were considered primary factors affecting the mix-
ing quality, while the mixing water contents as well as
cement dosages served as the initial conditions of mixing
environment. All specimens were cured in an airtight
containgr at controlled room temperature of 20 °C and
relative humidity of 70 %.

Test methods

The unconfined compressive strength (UCS) test was
conducted when the specimens reached the age of 28 days,
following the standard procedure of JIS A [1216-1993
(Japanese Standard Association 1993). As a popular and
widely adopted test method for stabilized soils, it was also
considered appropriate for assessing the effect of unifor-
mity as it measures the representative strength of a speci-
men, which 1s a measurement of the average compression
resistance. Complementary observations ot the specimens’
uniformity were also carried out using X-ray CT {com-
puterized tomography) scans. The Shimidzu scanner
employed for the purpose had a cone-shape X-ray irradi-
ation angle of 60° and was equipped with micro-focus
function (minimum focus size, 4 pm) for capturing high-
resolution images of very small parts in a specimen.

Results and discussions
Initial and final water contents

The measured initial and final water contents, wy,, and wp,,
are compiled and shown in Fig. I, A line of equality
(labeled O %) was included in the plots to represent no
change in the water conlents, where all data can be
expected to fall below the line. Notwithstanding the scatter
of the data, linear regression lines were fitted o the indi-
vidua) data sets with coefficients of correlation (R”) rang-
ing between 05882 and 07646 in Fig. 1 (see
accompanying table). Gradient of the regression lines is
defined as factor A, which is the Tatio between wy,, and wy,.
The effects of number of cement layers (N¢) as well as
mixing cycles (Mx) on the unuiformity of mixtures can be
inferred from this plot, where they are defined by taking the
ratio between A factors of specimens D/S and 100750,
respectively. First, factor A for specimens with the same
mixing cycles over those with a single cement layer, ie.,
50D/508 = 1.03, 5077505 = 0.97, 100D/1005 = 1.03, and
100771008 = 0.97, did not show significant differences
The very small differences were negligible, taking into
consideration possible errors avising from evaporation and
sample disturbance. As such, N was [ound o be .00,
taken as average of the four sets of data. An apparent
observation was made though, that with increased mixing
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cycles, wpy underwent greater reduction, indicating less
bleeding and a more well-mixed soil mass with more
exlensive cementation. Second, factor A for specimens
with the same number of cement layers over those with
50-cycle mixing, ie., 10077507 = Q989 und 100D/
50D = 0.990), again showed very negligible differences.
This gives an average My value of 0.988. The marginal
differences were attributed to the same reasons mentioned
abave for Nc.

Unconfined compressive strength {g,)

Taking the specimens with the same cement content (C),
e, 11C, a graph of unconfined compressive strength (g,)
VErsus mixing water content {w,;,.) was plotted (Fig, 2).
These specimens were chosen as they represented a full
range of mixtures with varying w,, but u fixed €, The data
were further differentiated as those subjected to 50- or
100-cycle mixing It can be quickly noticed that g,
decreased with increased water added for mixing initiafly.
Also, as the base clay became more liquefied with higher
Wi, the effect of mixing frequency diminished, where at
Wiix 0ver 180 9%, increased agitation of the mixture pro-
duced no difference in g,. While higher w,,;x enabled easier
mixing, insufficient agitation of the mixture could cause
the cement powder to either distribute unevenly within the

250
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150+

w (%)

100 +

(T4 J0 —

0 50 100 150 200 250

Wiy, (%)
Speciten i R L
508 D715 0.6423
1008 0713 .67
S0D 0.742 06685
100D 0.732 07646
50T 0.699 0.0186
LouT 0.691 0.5882

Fig. 1 Measured final (wy,) and initial water contents (wi,): cffects
of number of cement layers (N¢) and mixing cycles (My)
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specimen, or form cement-coated lumps of clay, both
leading to poor uniformity and compromised overall
strength. This is evident from similar ¢, values recorded for
the 13WC-3.0LL specimens in Fig 2. Besides, 50-cycle
mijxing at lower wy,;, was clearly detrimental to uniformity
of the specimens as shown by the uniformly lower g,
values for specimens with 7.5-12. 5WC.

In Fig. 3, the data presented were those of specimens
mixed at WC = 4 and 10, respectively. For both cases,
strength (g,) dropped with increased cement content
() and mixing water content (w,,), though the 10WC
specimens showed distinct clustering of the data points
with g, not exceeding 900 kPa. The cement content in the
10WC specimens were clearly much Jower, which conld
account for the low g, recorded. The mixing cycles also
showed less significant effect on g, as C Increased, but this
is atrributed 1o the higher wqi, of the specimens. Consid-
ering that both the specimen groups of 4 and 10WC had the
same mixing water contents hut varying cement dosages,
the cementanon effect is bound (o be more significant in
the former group, which contained on average 2.55 times
more binder than the latter group. This bhighlights the
overwhelming eiffect WC has on the performance of the
solidified soil.

Following the discussion above, while certain pattern
can be observed of the g—wmix and ¢,—C relationship, it is
appavent that hoth w;, and C are fundamental parameters
that govern the solidification effectiveness. This is not
tovel though, as pointed out by Horpibulsuk et al. (2003)
and Miura et al. (2001), who formulated a predictive model
for similar treated soils based on Abram’s law, a well-
established equation used in the studies of cement. None-
theless, there are a couple of arguments which the author
would like to put forth referring to the work of the afore-
mentioned researchers, First, well-mixed solidified soils
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W 75WC-LSLL116.50
Y7 EWC-L.5LL 11C-100
4+ 10WC-2,0LL-11C-50
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A 12 5WC-2.5LL-11¢-100
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Fig. 2 Unconfined compressive strength (g} against mixing water
content {Wying) PlOLs
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Fig. 3 Unconfined compressive sirength {g,) against cement coalent

(C) plots

with the same WC do not necessarily display the same
strength, suggesting that WC is not an ¢xclusive signamre
for estimating the strengrth. Second, due to the diversified
mineralogy and chemical composition of the base seils, a
universil predictive model that suits all soils when sub-
jected ta chemical treatiment is higbly debatable These are
further highlighted in the following analysis and discus-
sions of the present work.

Figure 4a compiles g, of the specimens plotted against
WC, where each plot-represents specimens prepared with
the same mixing water content (w,;,),i.e., 1.5, 2.0,2.5, and
3.0LL. Within the WC range up to 10, it is apparent that
gradient of the g,—WC curves reduced with higher wiu,.
Although the specimens with more liguehed hase clay (ie.,
higher wy,;,) contained significantly higher cement dos-
ages, the cementation effect did not prevail in the ¢y
measured, This indicared the overwhelming effect of initial
‘wet’ condition on the resulting sclidification, despite the
presence of greater quantities of cement. Furthermore, as
meniioned earlier, the mixing cycles ceased to influence
the solidified strength of the specimens as the ease of

mixing was enhanced with higher w,,i. Consequently, it is
suggestive that the compromised strength of the specimens
was due o the non-uniformity of cementation within the
specimens as a result of either (1) insufficient or (2) inef-
fective mixing. The former is evident in the strength dis-
parity between specimens with 50- and 100-cycle mixing,
particularly at lower wy,;x. The latter, on the other hand,
was caused by the cement powder coagulating and sectling
1o the bouom of the more liquefied specimens. These
extreme ends of initial mixing condition clearly play a
dominant role in the uniformity of solidified soils. In
practical terms, mixing under an overly dry condition
requires higher energy consumption for mixing power and
duration, while mixing in an overly wet condition can be
outright futile regardless of the mixing vigotr employed.

Figure 4b shows the combined plots of all the speci-
mens, as derived by using natural tog-based regression on
the data sets in Fig, 4a. The log-hased equations are pre-
sented in the same figure. In spite of the scatter of dara,
especlally in the 1.5 and 2.0LL data sets (see Fig. 3), the
plot reveals a unique mixture identity at WC = 10, where
all the trend lines intersect ar approximately 380 kPa. Tt
appears that the solidified material will attain the same
strength irrespective of the initial mixing conditions (i.e.,
as determined by w, and €}, as long as WC s kept at 10.
However, as a more liquefied soil needs a higher cement
dosage to atiain the optimal WC of 10, it is imperative from
the economic point of view fo identily the most practical
combination of wpi, and C. The unique signature WC
value serves well as a reference and target in both the
design as well as quality conrrol stages of work on site.
Also, with higher w . the decline in g, can be observed to
be less dramatic and that the mixture's identity waned with
increased liquefied condition of the mixture.

Solidification effect is known to be enhanced with
decreasing WC. However, Miura et al. (2001) reported that
specimens with identical WC demonstrate the same siress—
strain behavior as well as strength characteristics in
unconfined compressive strength tests. It was further
elaborated that WC up to 10 is considered in the low range,
where the fabric of the clay-cement mixtures plays a
negligible role in the shearing resistance or load-bearing.
At higher waler conlents, the ploCs gradient takes a geniler
turn, indicating lesser dependency of WC ratio on the
cement dosage. With increased water content, the effect of
Tabric diminishes, particularly if the cemenl percentage
added is comparatively low.

Mixing efficiency rato {guiw/Guso)
The muixing efficiency ratio is defined as gy of a specimen

of the same mix ratio subjected to [00-cycle mixing over
that ot 50-cycle muxing, i-€., ¢uio0/guso Note that g, at
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Fig. 4 a Unconlined compressive strength (g,) against water/cement
ratio (W/C) plots. b Cumbined plots of g,~WC

S-cycle mixing was not used as the reference value as most
of the specimens were too weak for extraction from the
mold, let alone tesred. Effect of cement content on the
mixing efliciency ratio is lustrated in the g,100/Guso—
Wnixing PlOU I Fig. 5. While all specimens were prepared at
the samc cement content of 11 %, the varying mixing
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water content resulted in a range of WC between 7.5 and
15. The vertically stacked data points of each mix consisted
of specimens with initial single, double, or lriple cement
layers. As expected, the riple-layer specimens consistently
gave the highest strength increment, due mainly to the
more effective dispersion of the binder. Interestingly
though, WC = 10 emerged the optimum mix for 11 %
cement addition. The plots further revealed a significant
drop in strength increase on both sides of the eptimal peak,
indicaling a narrow band of w g permissible for effec-
tive solidification to take place. The severe drop of the
mixing efficiency ratio in either ‘too dry’ or ‘too wel’
conditions can be explained as follows:

1. On the “dry’ side: Mixing was hampercd by the soff
clay-cement where the repeated scooping
motions failed to agitate the materials tnto a uniform
mix. This formed a random matrix of partially
solidified clay, unreacted cement lumps coated by
clay, large voids as well as unbound clay.

2. On the ‘wet’ side' The ease of mixing was obvious but
ineffective, as there was simply msufficient cement (o
react with the excessive water present. This caused the
specimens to be bottom heavy: the partially solidificd
clay settled at the bottorn of the mold and was averlain
by the gradual sedimentation of unbound clay parti-
cles. Bleeding was also severe.

mass,

Figurc 6 shows the mixing efficiency ratio plotted
against the cement content (C), for the 4- and 10WC
specimens. A uniform mix clearly resulted in significant
strength enhancement, giving an increment ratio between
appreximately 5 and 25 at cement dosages of 8 and 11 %,
respectively. However, initial water content of 2.0LL
produced greater workability and increased mix unifor-
mity, as evidenced by the mixing efficiency ratio which
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Fig. 6 guio0/guse against cement content (C) plots

falls within the higher range of 15-25. Increased mixing
water content does not necessarily impede cementation of
the clay, albeit al the same WC ratio, i.e., WC = 10. This
is in accordance with observations made earlier referring to
Fig. 5, with the oplimum mixing water content playing a
crucial role in achieving maximum strength improvement
when the same cement dosage was adopted.

For this particular clay, the mixing eificiency ratio was
reduced to a mere average of 2 at WC = 4, and when the
mixing water content went beyond 2.0LL (Fig. 6). This
was despite the much higher cement dosages in the spec-
imens. Note that the actual g, values were higher for the
WC = 4 specimens (see Fig. 3), but the mixing efficiency
ratio reveals inefficiency of the mixing process when the
maximum workability has been exceeded. This is clearly
denoted by the sharp kink in the plot of Fig. 6. Considering
that the mixing efficiency rato is an index of the effect of
mixing cycles or level of agitation, the plateau in the plot
suggests the redundancy of nuxing energy expended in
mixpures of high workability. In practice, with greater case
of mixing provided by a more workable mixture (i.c.,
higher mixing water content), mixing efficiency can be
markédly improved by reducing the mixing duraion, for
instance. This, however, should not be confused with
achieving the ultimate target strength, where cement dos-
age remains the dominant factor,

Inital binder distribution factor (g,7/g,s}

The initial binder distribution factor (q,71/qys) is simply &
‘measure of the effect of the number of cement layers
placed in the specimen in terms of unconlined compressive
strength. In Fig. 7, the factor is plotted against the mixing
water contenl for specimens with the same cement dosage,
i.e., 11C. Generally, benefits of the mitial cement distri-
bution increased with higher mixing water confent, as
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Fig. 7 gurigys against mixing water content (Wy;yng) plots

represenled by the enlarging vertical gap between the daia
points. The data ponus lying along the upper line are those
of specimens subjecied to 100-cyele mixing This suggests
the importance of adequate mixing in order to optimize the
distributed binder. The etfect of clay’s consistency is also
apparent, as seen in the gradual rise of the plots.

Note the dominant effect of the initial cement distribu-
uon (circled in plot) at wy,jxiee = 2 ILL or approximately
140 %, This ssemingly anomalous data point could indeed
be indicaling an optimal consistency of clay lo lake full
advantage of the inirial cement distribution !n comparison
with the mixing cfliciency ratio effect (Fig. 5), a less lig-
uefied clay was found to be more conducive for effective
agitation of the muxmre, i.e., Wgxeg = 2.9LL. As such,
while the twao factors may not always be compalible with
each other, increased mixing energy seems to be the more
dominant factor in the solidification of clay soils. Tn other
words, a vigorous mixing mechanism could compensale for
the mitial poor distribution of binder in the soil, provided
the clay has the right mixing warer content.

On the other hand, cement content did not appear to
have much influence on the g, /g5, a8 can be seen in the
horizontal spread of data points in Fig. 8 There is no
apparcnt patterr of change on the strength increment
induced by the cement content. This is in contrast with
earlier discussion on the influence of wixin, 0N the
strength increment of the specimens (Fig, 7). It is indic-
ative that as long as the base clay contains sufficient water
to facilitate effective mixing, the amount of cement added
and the number of cement layers initially introduced (ie.,
initial distribution) have negligible impact on the mix
uniformity, which is translated as the strength of the
specimens prepared. Neverlhcless, the adequacy of mix-
ing effort or prolonged mixing duration plays a vital role
in ensuring subsequent distribution of the dry binder
within the soil mass to achieve a uniform mix.
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Discussion on overall UCS test results

Difference in laboratory measured and field monitored
strengths of solidified soils has been known to he caused by
several factors, namely the degree of mixing, separation of
stabilizer in the water, cxecution method, and curing
environment {Coaslal Development Institule of Technol-
ogy (CDIT), Japan 2003). The aforementioned findings of
the present study apparently echoed these factors, partic-
ularly the former two. These two factors are nol mutually
exclusive indeed, as can be noied from the earlier discus-
sions, The degree of mixing is very much influenced by the
initial water content, where an excessively liquetied state
of the mixtre cannot be compensated by cfficient mixing.
Marzano et al. (2009) indicated the same, reporting of the
generally unchanged unconfined compressive strength of
selidified specimens prepared at clevaled water contents
despite the different molding technigues adopred, 1.e., static
and dynamic compaction. Interestingly, Ahnberg and Holm
(2009 found that higher mixing water content could result
in higher strengths, a phenomenon explained by the retar-
ded strucural transformation of the cementation process,
allowing time for the damaged structure to repair itself.
Low mixing water content, on the other hand, can lead to
lower degrees of saluration, which in (urn affecls the
stiffness of the solidified soil. Shear modulus, for instance,
was reportedly lower in solidified specimens of the *dry’
side (anhnberg and Holmeén 2009; Claria and Rinaldi 2008).
The risk of premature dehydration is also imminent [or
specimens prepared at low water content, where the
reduced fluidity of the soil-cement mixturc could hinder
cffective removal of entrapped air during mixing and result
in less than satisfactory strength gain (Kitazume and Ni-
shimura 2009)
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X-ray computer tomography (CT) images

Figures 9, 10 and 11 shows the X-ray CT images captured
of the specimens al 28 days curing prior to the UCS tests,
A quick glance 1s sulficient to reveal that vigorous mixing
(1.e., 100-cycle mixing) elfectively dispersed the cement
powder to blend with the soil, regardless of initial condi~-
tions of clay’s consistency and cement distribution. Inad-
equate mixing, on the other hand (i.c., 5-cycle mixing), was
most detrimental to the mixture’s uniformity in all cases. In
the *dry’ mix (Fig. 9), the cement formed clods and lumps
throughout the specitaens, though admittedly the increased
number ot cement layer did seem to result in smaller and
more dispersed cement aggregates. Severe cracks and large
voids were found in the 55 specimen, a consequence of
poor mixing and compaction as well as potential localized
cement hydration that caused shrinkage. Tn the ‘wet’ mix
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Fig. 10 X-ray CT images of specimens 10W(C-1.5LL

(Fig. 11}, 5-cycle mixing left almost all the cement
aggregates at the bottom of the specimen. The cloted
cement lumps were larger and apparently did not contribute
much to the selidification of the soil.

Intérestingly, 50-cycle mixing did nol make a signifi-
cant difference to the uniformity compared with
100-cycle mixing in- the ‘dry’ specimen (Fig. 9). The
specimens appeared similar with well-distribured small
cement aggregates and voids. With increased workability
of the mixture, i.e., with lower cement dosage (Fig. 10)
or increased water content (Fig. 11). the effect of inad-
equate mjxing was more pronounced between 50- and
100-cycle mixing. Larger cement aggregates can be seen
in the 50-cycle specimens, irrespective of the number of
cement layers introduced. Only when 100-cycle mixing
was adopted did uniformity prevail, with the images
showing a generally singular gray tone throughout the
specimens.
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Fig. 11 X-ray CT images of specimens 10WC-3.0LL

Petry and Little (2002) claimed that the degree of pul-
verization is a critical constructional factor in chemical
solidification of soils. -As pulverization is an indicator of
the presence of large clods or aggregates within a soil
mass, the claim appears valid for poorly solidified soils due
10 the formation of large cement and cement—soil aggre-
gates observed in the present study. Large ¢lumps of clay
are found to be detrimental to the solidification process,
compromising on the resulting strength and durability
(Petry and Wohlegemuth 1988). These large inclusions do
not only significantly reduce the avajlable surface area of
soil particles for effective cementation, but also entrap
unreacted cement powder within the soil-cement lumps.
This is evident in the white spots within light gray lumps of
the 5-cycle specimens in Fig. 11. Naturally, being denser
and heavier, these lumps sank to the bottom and remained
relatively disjointed, with unsolidified clay between their
gaps. In addition, prolonged curing up to 4 weeks did not
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contribute to solidification of the clay surrounding the
lumps. This is in accordance with the postulation of Boz-
hey and Garaisayev (2010) that breakdown of the clods
does not take place during the resting period, though the
authors did suggest the probable positive effect of pro-
longed curing,

In short, the CT images lend further visual evidence to
the observations and analysis discussed earlier, where
mixing vigor remains the dominant factor-in uniformity of
the mixture. Nevertheless, the level of uniformity or quality
of mix depends on the clay’s consistency, cement dosage,
and initial distribution of cement too. While an effective
mixing process ensures good dispersion of the binder, the
resulting strength of the stabilized soil is influenced by
each factor, where an optimum combination of all the
factors can only produce excellent uniformity and not
necessarily the target strength.

Conclusions

The present study on g series of cement-treated dredged
marine clay simulated at various levels of uniformity has
led to the following conclusions:

e Greater mixing efficiency reduces bleeding  and
increases the mixture’s uniformity, resulting in higher
compressive strength of the solidified specimens.
Nonetheless, the mixing water content plays the
primary role in producing uniform mixtures, on condi-
tion of sufficient mixing energy bemg expended.

e Essentially, benefits of the initial cement distribution
increase with higher mixing water content, where
greater mixing vigor enables more effective dispersion
of the bindet. Vigorous agitation of the mixwre could
eliminate risks of non-uniformity due to inidal poor
distribution of cement in the soil mass, though this is
very much dependent on the soil’s workability, as
determined by the mixing waler content.

e Between the mixing efficiency ratio (gu00/guse) and the
initial binder distribution factor (guT/gus). the former
emerges as a more domunant factor in the nux
uniformity of solidified clay. Efticiency of the mixing
process would be compromused when the maximum
workability of the mixture is exceeded, suggesting
energy and time wastage of prolonged mixing in highly
workable mixtures.

» The efficiency of mixing is further categorized into two

~ - conditions, Le., ‘too wet’ and ‘too dry’. The ‘wel’
condition results in lumpy, non-uniform mixtures,
while the ‘dry’ one causes segregation of materials
and bleeding, both detrimental 1o the performance of
the solidified clay.
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