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Soil-Water Transfer Mechanism for Solidified
Dredged Materials

W. Zhu'; C. L. Zhang?; and Abraham C. F. Chiu®

Abstract: The paper presents a study of the soil-water transfer mechanism for solidified dredged materials. Soil-water consists of free
water, bound water, and hydration water. The resulting hydrates change the soil-water composition in a cement-based solidification
process. A soil-water transfer model is postulated to explain the relationship between soil-water composition and cement content. The test
results of solidified specimens cured after 7 and 28 days showed that the hydration water increases linearly with the cement content, and
the bound water increases nonlinearly with the cement content. There exists a threshold cement content beyond which the free water is
eliminated from the solidified specimen. Further, the model is used to predict the mechanical behavior of the solidified dredged materials.
Below the threshold cement content, the unconfined compressive strength may be related to the bound water content. Above the threshold
cement content, the shear strength may be related to the hydration water content. In addition, brittle stress-strain behavior commences

when the incremental increase of bound water content begins decreasing.

DOI: 10.1061/(ASCE)1090-0241(2007)133:5(588)

CE Database subject headings: Dredging; Cement; Solidification; Pore water; Compressive strength.

Introduction

Dredging is necessary to keep harbors and waterways navigable,
to prevent rivers from flooding, and to restore the ecosystem of
degenerative water bodies (Winkels and Stein 1997; Forstner and
Calmano 1998). Existing disposal techniques for dredged material
(DM) have concentrated on ocean and land disposal. In recent
years over 100X 10° m*® of DM were disposed annually into the
ocean in China (Zhang et al. 2004). However, the presence of
contaminants has generated concern about ocean disposal as such
operations may pose a potential threat to water quality and
aquatic life. Moreover, increasing pressure from urbanization
leads to a rapid reduction of available on-land disposal sites.
Thus, utilization of DM for beneficial uses such as fill is being
considered to reduce the need for new disposal areas.

In general, DM are very soft soils which have very low shear
strengths (¢, <<50 kPa) and natural water contents higher than
their liquid limits. Cement-based solidification is one of the tech-
nologies used to convert the semi-solid materials into monolithic
solids. Cement is used as a binding agent and mixed with the DM
to produce a mechanically stable soil matrix. The general objec-
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tives of solidification are to increase the strength and stiffness,
reduce free liquids, and immobilize possible contaminants
(Mitchell 1981; Meegoda et al. 2000).

The mechanical properties of the solidified (or cement) soft
soil have been extensively studied in the past (Connor 1990;
Nagaraj et al. 1996; Tatsuoka et al. 1997; Tremblay et al. 2001;
Dermatas et al. 2003a,b; Lee et al. 2005; Horpibulsuk et al. 2005).
Many studies have focused on the influence of cement content or
water—cement ratio on the strength and stiffness of the solidified
soil (Lee et al. 2005; Horpibulsuk et al. 2005); few focus on the
mechanism of solidification. Microstructural studies of solidified
soils reveal that their behavior is governed primarily by the hy-
drates (Locat et al. 1996; Rao and Rajasekaran 1996; Dermatas
et al. 2003a,b; Chew et al. 2004). Hydrates are the reaction prod-
ucts between cement, clay minerals in the soil, and water. In
general, the microstructure of the hydrates can be qualitatively
investigated and identified by methods such as scanning electron
microscopy and X-ray diffractometry (XRD). However, it is dif-
ficult to identify the hydrates by performing the XRD analysis
because the soil minerals normally dominate the diffraction
patterns and the characteristic Bragg angles of the hydrates are
concentrated around the low angle regime (Taylor 1997; Derma-
tas et al. 2003a). In addition, the existing qualitative XRD analy-
ses only yield information on the crystalline phases present in the
material. The possibility of significant amorphous content in the
solidified soil cannot be ruled out. This material may have a pro-
found effect on the physical properties of the solidified soil. Thus,
there is a need for a simple and practical method which can reflect
the contribution of the hydrates in the solidified soil matrix.

The solidification of the cement treated DM involves the fol-
lowing: (1) the hydration of the cement; (2) the pozzolanic reac-
tions of the clay minerals in the DM; and (3) the interaction
between the resulting hydrates and soil particles (Connor 1990;
Taylor 1997). Table 1 shows the major chemical reactions in-
volved in the solidification process. The principal reaction is the
hydration of the cement. The major hydrates formed are calcium
silicate hydrate (CSH). calcium aluminate hydrate (CAH), and
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Table 1. Chemical Reactions during Solidification

Reactions

Chemical formulas

Hydration reactions of portland cement
(Lea 1970)

Pozzolanic reactions

hydrated lime (calcium hydroxide). Secondary pozzolanic reac-
tions also take place between the hydrated lime and the leachable
silica and alumina from the clay minerals in the DM to form
additional CSH and CAH. The extent of the pozzolanic reactions
depends on the activity of the clay minerals (e.g., kaolinite is
more inert than montmorillonite). It is shown in Table 1 that the
water consumption is proportional to the resultant hydrates in the
hydration reactions. In addition, CSH and CAH have very high
specific surface areas with irregular hydrogen bonding which can
attract water molecules around its vicinity. Hence, the develop-
ment of the hydrates within the soil matrix may alter its soil-
water composition.

Based on the binding forces acting on the water molecules in
the soil matrix, soil-water can be classified into: (1) hydration
water; (2) bound water; and (3) free water (Mitchell and Soga
2005). Hydration water (HW) is chemically bound water which is
an integral part of soil minerals. Bound water (BW) refers to
those water molecules physically bound in the vicinity of soil
particles (double layer) by adhesive forces. Free water (FW) is the
loosely held water which is controlled by surface tensional forces
and gravity. In conventional soil mechanics, pore water (PW) in
the soil matrix is comprised of BW and FW.

Fig. 1 shows the schematic diagram for the soil-water transfer
mechanism during solidification. The initial masses of FW, BW,
HW, and PW per unit volume of the pretreated soil are repre-
sented by Mg, Mpwgs Mhwg, and my,,, Tespectively, where
Mo =Sum Of mg,q and m,. After adding the cement, the masses
of FW, BW, and PW per unit volume of the solidified soil are
represented by my,, my,,, and m,,, respectively, where my,,=sum
of myyo and Amy,,; and my, =sum of mg, and my,,.

Pre-treated Solidified
m T
e — Amh“
| Em=
| .
— 5
Inb\\(»

Soil mineral

Fig. 1. Schematic diagram for soil-water transfer mechanism during
solidification

2(3Ca0-Si0,)+5.5H,0 — 3Ca0-28i0,- 2.5H,0+3Ca(0OH),

tricalcium silicate CSH

2(2Ca0- 5i0,) +3.5H,0 — 3Ca0- 25i0, - 2.5H,0 + Ca(OH),
bicalcium silicate CSH

3Ca0- AL 05 +12H,0+Ca(OH), —4Ca0- ALLO,- 13H,0
tricalcium aluminate CAH

3Ca(OH),— Ca®*+20H"

Ca?*+20H"+S5i0;, ( clay silica) — CSH
Ca®* +20H"+Al,04 (clay alumina) — CAH

During cement hydration, there is a loss of PW. The hydration
reactions consume part of the PW which becomes the HW
bounded into the newly formed hydrates. In addition, some water
evaporates by the heat of hydration during the cement reactions.
Thus, the loss of PW (m,0~m,,) during solidification is bal-
anced by the following equation:

Amhw""ne'_':rnwO"'mpw (1)

where Amy,, and m,=change in the mass of HW and the mass of
water loss in evaporation per unit volume of the solidified soil,
respectively; and Amy,, ~amount of HW bounded in the hydrates
during the cement hydration which may reflect the amount of the
products from hydration found in the solidified soil. In addition,
part of the PW is transferred to BW because the formation of
CSH and CAH which can attract more water around their surface.
Thus, the change in BW content (Am,,,) may reflect the extent of
the hydrates (products from hydration and pozzolanic reactions)
developed in the solidified soil. Thus, knowledge of Am,,, and
Amy,,, can be used to evaluate the amount and extent of the hy-
drates developed in the solidified DM.

The composition of FW, BW, and HW in the solidified soil
depends on the cement content (a.). A soil-water transfer model
is proposed and shown in Fig. 2. In this model, Am,,, and Am,,
are functions of a.. It is further assumed that there is a threshold
cement content (a,,) beyond which the FW is eliminated. The
model assumes that Amy,, increases with a, and Am,, increases
with a, for a,<a,. The objectives of this study were to (1) in-
vestigate the solidification process of the DM based on the pro-
posed soil~water transfer model and (2) correlate the strength and
stress—strain behavior of the solidified DM with the proposed
model. In this study, three different DM were treated by cement.
After curing the specimens for 7 and 28 days, the soil-water

P

m o
-
E
e E—
£ =
E — —
2 3
- 7
15
3
=
= .
&
mbwu
// ]

a
Cement concent atkg/ m])

Fig. 2. Soil-water transfer model for solidified soil
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Table 2. Basic Physical Properties of DM

Physical index L M R
Gravimetric water content (%) 108 93 95
Volumetric water content (%) 74.1 71.8 71.7
Liquid limit (%) 75 73 62
Plastic limit (%) 29 32 35
Plastic index 47 41 27
Specific gravity 2.65 274 2.67
Bulk unit weight (kN/m?) 14.0 14.6 4.4
Organic content (%) 0.45 0.31 0.32
Clay content (<2 pm) (%) 20 32 30

composition, unconfined compressive strength, and stress—strain
curves were determined. The effects of cement content on soil—-
water composition, i.e., the water content parameters Amy,, and
Amy,, were investigated. Further, correlations between the afore-
mentioned water content parameters and engineering behavior,
such as unconfined compressive strength and stress—strain behav-
ior were suggested.

Experimental Studies

Materials

In this study the DM were taken from three different locations in
China: (1) a lake sediment (L) from Wuxi; (2) a marine sediment
(M) from Shenzheng; and (3) a river sediment (R) from Guang-
zhou. The basic physical index tests were conducted in accor-
dance with the procedures given in GB/T 50123-1999 (Ministry
of Construction P. R. China 1999). The grain size distribution
curves were obtained from wet sieving and hydrometer methods.
The basic physical properties and the grain size distribution
curves of the DM are summarized in Table 2 and Fig. 3, respec-
tively. According to the Unified Soil Classification System, L and
M are classified as clay of high plasticity and R is classified as silt
of high plasticity. XRD analysis of the untreated DM was carried
out by a Rigaku D/max-rC rotating anode X-ray powder diffrac-
tometer. Air-dried powdered samples (particle size less than
75 pm) of the untreated DM were used. The X-ray source was a
Cu anode operating at 40 kV and 100 mA using Cu K« radiation
(A=1.5406 A). The run speed was 3°/min. Data were collected

100 - ap
\'1\\\ o,
Al -
80 BTy,
N
| \§
% 60 ; SR
b i :
& : 3L Q
= : R
8 NN
é‘:, 40
AN
204" L : -
-a-M P ;
Hinal : ; i
0 Uil T I :
1 0.1 0.01 0.001

Grain size (mm)

Fig. 3. Grain size distribution curves for untreated DM
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Fig. 4. XRD patterns for untreated DM

between 5 and 65° in 20 increments (Mitchell and Soga 2005).
Mineralogical analysis of X-ray diffraction pattern of the un-
treated DM was carried out by comparing with the X-ray powder
diffraction standard files (Joint Committee for Powder Diffraction
Standards 1995). The XRD patterns are shown in Fig. 4, which
reveal that kaolinite, illite, and montmorillonite are the predomi-
nant clay minerals in the DM. Type I Ordinary Portland cement
(OPC) was used as the cementing agent. The chemical composi-
tion of the OPC was determined by the ARL-9800 x-ray fluores-
cence spectrometer and is shown in Table 3.

Specimen Preparation

Water was initially added to the slurries of the three DM in order
to achieve similar initial volumetric water contents. The speci-
mens were prepared from mixing the slurries of the DM with dry
cement powder. For a unit volume of slurry, seven different ce-
ment contents, a, (50, 100, 200, 300, 400, 500, and 700 kg/m?),
were used but the volumetric water content was maintained
around 72-74%. Previous studies (Tang et al. 2001) showed that
the unconfined compressive strength (g,) of the solidified DM can
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Table 3. Chemical Composition of Type I Ordinary Portland Cement

Chemical property Percentage
Calcium oxide (CaO) 52.77
Silicon dioxide (SiO,) 22.04
Aluminum oxide (Al,O3) 13.56
Sulphur trioxide (SO5) 4.00
Magnesium oxide (MgO) 322
Ferric oxide (Fe,03) 2.34
Potassium oxide (K,0) 0.94
Titanium dioxide (TiO,) 0.55
Loss on ignition 0.55

reach up to 1 MPa for a, of 150 kg/m> which meets the strength
requirement for typical fill materials. Cement contents greater
than 150 kg/m? were also studied in order to find out the thresh-
old cement content (a.y) beyond which FW vanishes. The slurry
and cement were mixed thoroughly inside a domestic mixing ma-
chine to achieve uniform mixing. The mixing was done as fast as
possible to avoid hardening of the cement—soil mixture. Six speci-
mens were prepared for each mix. The mixture was placed into
stainless steel molds 39 mm in diameter and 80 mm in height.
The mixing and placing was completed at room temperature and
took approximately 20 min. The specimens were wrapped by
plastic sheet and put inside an environmental chamber for curing
where the ambient temperature and relative humidity were main-
tained at 20+2°C and higher than 90%, respectively. After
curing the specimens for 7 and 28 days. unconfined compressive
strengths, PW and BW contents of the specimens were
determined.

As the cement reactions are exothermic, a control experiment
was conducted by monitoring the loss of water due to evaporation
during mixing at room temperature and curing inside the environ-
mental chamber. It was found that most of the evaporated water
was driven off during the mixing at room temperature and the
average value was 12kg.m’ for a, ranging from 50 to
700 kg/m?*. Then the water which evaporated inside the environ-
mental chamber reached a steady value after curing the specimens
for about 7 days and the average value was | kg/m?. Thus m, was
estimated as 13 kg/m’ for al specimens in this study.

Unconfined Compression Tests

After the designated cursg ume 17 or 28 days) had elapsed, the
specimens were taxtad for umconfined compressive strength (g,)
at a deformauon rae 1.1% mm/min. During each compression
test, the specimen =i covered by a rubber membrane to mini-
mize water loss & w evaporation. The tests were terminated
when the pesk srermgth was attained or 5% axial strain was
reached for speciroens exdubiting contractive behavior.

Water Contents Determination

Oven Drying Methad

After finishiee daz maconfined compression tests, a minimum of
30 g of w0il w2z wksn from each specimen to determine the PW
contents tm,, amd m .- The soil was oven dried to 105°C until
reaching a sszmdv mass. The drying process normally lasted for
24 h. m.,. was Jsermined from the measurement of the un-

treated spoames.

10" 10” 10' 100 10° 10 10° 10° (kPa)
0 1 2 3 4 5 6 7 PP _ .
1 | ] 38 1 | Soil suction
Free water(FW) Bound water(BW)
Pore water(PW) Hydsation water(HW)

Fig. 5. Classification of soil-water based on soil suction

Centrifuge Method
The distinction between BW and FW is not well defined. Fig. 5
shows the classification of soil-water according to the soil suc-
tion. pF is defined as —log(k), where h=water head (cm). In soil
science, Lebedev (1936) suggested to use a pF of 3.8 to distin-
guish between BW and FW. The centrifuge method (Gardner
1937) was used to determine the BW contents (my,, and my,,).
A commercially available Hitachi CR21 small-scale centrifuge
with an operable radius of 98 mm was used in the study. The
diameter and height of the specimen holder is 50 and 51 mm,
respectively. Fig. 6 demonstrates the principles used in the cen-
trifuge method for applying soil suction on a soil specimen. A
high gravity field is applied to a soil specimen in the centrifuge.
The base of the specimen is treated as the reference free water
surface. Gardner (1937) proposed the following equation to cal-
culate the suction in the soil specimen in a centrifuge:

2
g = %(r%-rb @)

where {s=suction in the soil specimen (N/m?); r,=radial distance
to the midpoint of the soil specimen (m); #,=radial distance to the
free water surface (m); w=angular velocity (s™'); and p=density
of the pore fluid (kg/m®). Eq. (2) shows that the applied soil
suction is a function of the angular velocity.

In the trial run, a test duration of 180 min is sufficient for the
specimen to attain equilibrium condition. All tests were conducted
at a controlled temperature of 20°C. After finishing the uncon-
fined compression tests, four specimens for each mix were used
for the centrifuge tests. The specimens in the centrifuge were
subjected to angular velocities of 6,000—9,000 rpm, which corre-
spond to pFs in the order of 3.5-4, respectively. The BW content
at a pF of 3.8 was determined by linear interpolation.

Results and Discussion

Transfer of HW during Solidification

Fig. 7 shows the variation of PW content (m,,) with cement
content {a.) in the solidified DM after 7 and 28 days of curing.
The cement and water contents are expressed in mass per unit

Free water surface

_

Separated water holder

' . Tested speciman
Center of rotation ested sp

Specimen holder

Fig. 6. Basic principles for centrifuge test
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Fig. 7. Effect of cement content on PW content in solidified DM

volume (kg/m’) because the treatment of DM is based on the
volumetric calculation. Fig. 7 shows that m,,, decreases linearly
with a, for all three DM. In addition, m,, decreases with increas-
ing curing time. From Eq. (1), there are two probable contribu-
tions to the reduction of the PW: (1) The water consumption in
hydration reactions (Amy,) and (2) the loss of water due to
evaporation (m,). As discussed in the previous section, the aver-
age value of m, was estimated as 13 kg/m? for a, ranging from
50 to 700 kg/m?>. Mo 18 telated to the initial volumetric water
content of the unireated DM (see Tables 2 and 4). Thus Amy,, is
determined from Eq. (1) by subtracting . with my, and m,.
The variation of the change in HW content (Amy,) with a, are
shown in Fig. 8. A linear relationship emerged between Amy,,
and a,

Amhw=k1 X a. (3)

where k =gradient of the linear relationship shown in Fig. 8,
which reflect the extent of hydration reactions in the solidified
DM. The values of &, are summarized in Table 4. It is evident that
k, increases with the curing time. After 28 days of curing, the
values of k; are 0.16, 0.16, and 0.21 for L. M. and R, respectively.
Hence, the rate of hydration in R is faster than that in L and M.

Table 4. Parameters for the Soil-Water Transfer Model; Days of
Curing="7 and 28

L M R

Parameter 7 28 7 28 7 28

Mowo (kg/m?) 741 741 718 718 717 717
Mo (kg/m®) 262 262 212 212 245 245
k(=) 0.10 0.16 0.12 0.16 0.13 021
k, (m?/kg) 0.004 0006 0.006 0009 0.006 0.008
ky (kg/m3) 500 500 500 500 500 500

Based on the chemical analysis of cement hydration, the water
consuraption is approximately 0.2-0.25 of a,. (Lea 1970). Thus it
is postulated that the hydration reactions may be far from com-
pleted after 28 days of curing in the specimens of L and M.
Further study is required to understand how the mineral compo-
sition may affect the rate of hydration in the DM.
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Transfer of BW during Solidification

Fig. 9 gives the relationship between BW content (my,,) and a. in
the solidified DM after 7 and 28 days of curing. All three DM
have different initial BW contents (my,), which may reflect the
different mineral compositions of the three untreated DM. The
values of my,, are 262. 212. and 245 kg/m?, for L, M, and R,
respectively. The change in BW content (Amy,,) is obtained by
subtracting my,, With my,q. Fig. 10 shows the variation of Am,,,
with a,. It is found that for a.=< 100 kg/m?, Am,,, increases lin-
early with a, for all three DM. The incremental increase of Amy,,
begins decreasing as a, increases beyond 100 kg/m?, It is evident
that Am,,,, approaches a peak value at a threshold cement content
{a.o)- Beyond a no FW is available as discussed later. In general
a.o reduces with increasing curing time. On the other hand, Am,,,
increases with the curing time for a.<a.. The relationship be-
tween Amy,, and aq, for a.=a, can be expressed by the following
expression:

.lm-[.__ = ‘3( 1- e_kzal') (4)

where k,=parameter which controls the rate of increase in Amy,,
i.e., the development of the hyvdrates within the soil matrix; and
ky=fictional value of Am.,, at a.>a. As the maximum values of
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Amy,,, are between 390 and 450 kg/m?, a reasonable estimation of
ky is 500 kg/m?>. The values of k, for the three DM are summa-
rized in Table 4. It is evident that k, increases with the curing
time. Among the three DM, L has the smallest k, and M and R
have similar values of k,. It will be shown in the coming section
that 7, equals to my,, for a,>a.

Soil-Water Composition in Solidified DM

Fig. 11 shows the variation of soil-water composition with a, in
the solidified DM after 7 and 28 days of curing. All three DM
exhibit similar pattern for the soil-water composition which is in
good agreement with the proposed soil-water transfer model
shown in Fig. 2. The PW content (m,,,) decreases linearly with a,.
The reduction of my, is assumed to transfer partly into HW dur-
ing cement hydration (Am,,,) and partly loss in evaporation (m,).
my,, is determined by substituting Eq. (3) into Eq. (1)
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M = Mo — kya, —m, (5) Implications to Mechanical Behavior of Solidified

The BW content (my,,) increases nonlinearly with a., which indi-
cates the increasing extent of the gel form CSH and CAH
hydrates developed within the solidified soil matrix. my, is evalu-
ated by the following equations:

for a. = ay (6a)
for a, > a. (6b)

Mo+ k3(1 — e752%)
My =

Moy

a.g=threshold cement content beyond which the FW is elimi-
nated and it is the intersection point of Egs. (5) and (6a). The FW
content (my,) is calculated by subtracting Eq. (6a) or (6b) from
Eq. (5). In this model the soil-water composition is controlled by
five parameters: myug, Mpug, ki, Ky, and k3, where my,q and
my.o= initial PW and BW content, respectively; k; and k, govern
the rate of increment in HW and BW, respectively. k;=fictional
value of Amy, at a.>>a,, which is taken as 500 kg/m? in this
study. Table 4 summarizes the values of parameters for the three
DM used in this study. It is evident that parameters &, and k,
increase with the curing time.

Sediments

Stress—Strain Relationship

Fig. 12 shows the stress—strain curves obtained from unconfined
compression tests for . of 50, 100, and 200 kg/m?>. It is evident
that ductile behavior is observed for a,. of 50 kg/m>. As a, in-
creases beyond 100 kg/m>, the solidified specimens become
more brittle with a defined peak strength. Chew et al. (2004)
suggested that the increase in the brittleness of the solidified DM
is caused by the formation of structure within the solidified soil
matrix. When the CSH and CAH gels are formed around the soil
particles, more FW are drawn towards the resultant hydrates. As a
result the potential of the PW is altered, some portions of FW
become BW, and Amy, commences to increase. Hence, Amy,,
may be an appropriate indicator which reflects the structure
formed by the interaction of the hydrates and soil particles in the
solidified soil. Fig. 10 shows that the increase in Amy,, becomes
nonlinear at cement contents of approximately 100 kg/m?>. Based
on the limited experimental data, it seems that the brittle behavior
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Fig. 12. Stress—strain relationships of solidified DM

commences when the incrememal increase of Amy,, begins de-
creasing, i.e., the derivative of Am,, with respect to a. becomes
negative. As the extent of the structures continues to develop by
adding more cement. it is genting more difficult to draw additional
FW toward the hydrates. Hence a reduction in the incremental
increase of Amy,,, may signifv a certain extent of structures devel-
oped in the soil matrix.

Unconfined Compressive Strength

Fig. 13 shows the relationships berween unconfined compressive
strength (g,) and a, for the solidified DM after 7 and 28 days of
curing. A minimum cement content ta ) is required before the
strength improvement becomes apparent. The values of a,, range
from 30 to 70 kg/m" for the three DM used in the study. Beyond

d.ms 4, Increases nonlinearly with a,.. In addition, ¢, increases
with the curing time for a given a..

As discussed in the previous sections, Amy,, increases with a,
(see Fig. 8) and Am,,, increases with a, for a,=a, (see Fig. 10).
In addition, both parameters increase with the curing time for a
given a,. It seems that Am,,, and Amy,, may correlate to ¢,. Figs.
14 and 15 show the relationships of Amy,, and g,, and Am,,, and
q,.> for a,<a., respectively. The following empirical expressions
can be obtained:

(7
(3)

39.5(Amy,, — 0.76)
gu= 9.5(60'013'\’""“ _ 1)

Amy,, increases linearly with g, in other words, g, is proportional
to the amount of hydrates formed from the hydration reactions. In
addition, Am,, increases nonlinearly with ¢, and the gradient of
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Fig. 13. Effect of cement content on UCS of solidified DM

the curve increases substantially around Amy, of 200 kg/m?,
which corresponds to the linear limit of the relationship between
Amy,, and a,. (see Fig. 10). As discussed previously this linear
limit may be used to indicate the onset of brittle behavior of the
solidified DM which is consistent with a significant increase in
the corresponding g,. The coefficients of correlation (R?) for Egs.
(7) and (8) are 0.84 and 0.93, respectively. It seems that reason-
able correlations can be obtained between g, and the water con-
tent parameters Amy,, and Amy,, for a.<a.. Fig. 16 shows the
relationship of Am,,, and g, for a, ranging from 50 to 700 kg/m?.
It should be noted that the measurements at a, of 500 kg/m? for
the specimens of R were not used in the data analysis because
of unexpected low values of g, [see the question marks in
Figs. 13(c) and 16]. The following empirical expression can be
obtained:

g, =0.14Am>% (9)

R? for Eq. (9) is 0.82 which is similar to those of Eqs. (7) and (8).
It is proposed that g, may be correlated to either Am,,, or Amy,
for a.<a,, and to Amy,, for a.>a,.

Conclusions

A study of the soil-water transfer mechanism for the solidified
DM is presented. Soil-water consists of pore water (free water
and bound water) and hydration water. In a cement-based solidi-
fication process, the formation of hydrates converts part of the
free water to the hydration water which is chemically bound
within the structure of the hydrates. In addition part of the free
water is transferred to the bound water which is physically bound
to gel-form hydrates.

Type 1 Ordinary Portland cement was used to solidify three
different DM, from which the effects of cement content (a.) on
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the soil-water composition were studied. The test results of speci-
mens cured after 7 and 28 days showed that: (1) the change in
hydration water content (Amy,,) increases linearly with a, and the
ratio of Am,,, to a. indicates that complete hydration does not
take place and (2) the change in bound water content (Amy,)
increases nonlinearly with a, and its maximum value occurs at a
threshold cement content (a,,) beyond which all free water is
eliminated.

A soil-water transfer model is postulated to explain the rela-
tionship between soil-water composition and a, for the solidified
DM. The composition of hydration water, bound water, and pore
water is controlled by five parameters: m g, Myyo, k1, k2, and ks,
where ..o and my, are initial pore water and bound water con-
tent, respectively, k; and k, govern the rate of increment for Am,
and Amy,, respectively, which increases with the curing time. k3
is a fictional bound water content corresponding to a cement con-
tent higher than a.

The proposed model is used to interpret the mechanical behav-
ior of the solidified DM. Based on the limited experimental data,
it is postulated that the brittleness of the solidified DM may be
related to the bound water content and the brittle behavior com-
mences when the incremental increase of Amy,,, begins decreas-
ing. On the other hand, the unconfined compressive strength of
the solidified DM may be related to either Amy,, or Amy,, for a,
<agy and to Amy,, for a.>a.
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Notation

The following symbols are used in this paper:
a, = cement content per unit volume (kg/m?);
a., = minimum cement content per unit volume (kg/m?);
a. = threshold cement content per unit volume (kg/m?®);
; = undrained shear strength (kN/m?);
water head (m);
ky = parameter which controls the rate of hydration
water increment (—);
k, = parameter which controls the rate of bound water
increment (m?/kg);
ky = fictional bound water content per unit volume at
a,>ay (kg/md);
m,,, = mass of bound water per unit volume (kg/m?);
my.o = initial mass of bound water per unit volume
(kg/m’);
m, = evaporated water content (kg/m?);
my, = mass of free water per unit volume (kg/m?);
Mg, = initial mass of free water per unit volume (kg/m?);
my.o = initial mass of hydration water per unit volume
(kg/m’);
m,, = mass of pore water per unit volume (kg/m’);
Mmoo = initial mass of pore water per unit volume (kg/ m%);
g, = unconfined compressive strength (kN/m?);

=0
[/l

r; = radial distance to the midpoint of the soil specimen
in the centrifuge (m);
r, = radial distance to the free water surface in the
centrifuge (m);
Amy,, = increment in mass of bound water per unit volume
(kg/m’);
Amy, = increment in mass of hydration water per unit
volume (kg/m?);

p = density of the pore fluid (kg/m?);

U = soil suction (N/m?); and

o = angular velocity (s77).
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