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This paper analyzes the strength development in cement-stabilized silty clay based on microstructural
considerations. A qualitative and quantitative study on the microstructure is carried out using a scanning
electron microscope, mercury intrusion pore size distribution measurements, and thermal gravity anal-
ysis. Three influential factors in this investigation are water content, curing time, and cement content.
Cement stabilization improves the soil structure by increasing inter-cluster cementation bonding and
reducing the pore space. As the cement content increases for a given water content, three zones of
improvement are observed: active, inert and deterioration zones. The active zone is the most effective
for stabilization where the cementitious products increase with cement content and fill the pore space.
In the active zone, the effective mixing state is achieved when the water content is 1.2 times the optimum
water content. In this state, the strength is the greatest because of the highest quantity of cementitious
products. In the short stabilization period, the volume of large pores (larger than 0.1 lm) increases
because of the input of coarser particles (unhydrated cement particles) while the volume of small pores
(smaller than 0.1 lm) decreases because of the solidification of the cement gel (hydrated cement). With
time, the large pores are filled with the cementitious products; thus, the small pore volume increases, and
the total pore volume decreases. This causes the strength development over time.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Soil in northeast Thailand generally consists of two layers. The
upper layer (varying from 0 to 3 m thickness) is wind-blown and
has been deposited over several decades. It is clayey sand or silty
clay with low to moderate strength (12 < N < 20, where N is the
standard penetration number). This upper soil is problematic be-
cause it is sensitive to changes in water content [1]. Its collapse
behavior as a result of wetting is illustrated by Kohgo et al. [2];
and Kohgo and Horpibulsuk [3]. The lower layer is residual soil that
is weathered from claystone and consists of clay, silt, and sand [4].
It possesses very high strength (generally N > 30) and very low
compressibility. One of the most common soil improvement tech-
niques for upper soil is to compact the in situ soil (in relatively a
dry state) mixed with cement slurry. This technique is economical
because cement is readily available at a reasonable cost in Thai-
land. Moreover, adequate strength can be achieved in a short time.
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Stabilization begins by mixing the soil in a relatively dry state
with cement and water specified for compaction. The soil, in the
presence of moisture and a cementing agent becomes a modified
soil, i.e., particles group together because of physical–chemical
interactions among soil, cement and water. Because this occurs
at the particle level, it is not possible to get a homogeneous mass
with the desired strength. Compaction is needed to make soil par-
ticles slip over each other and move into a densely packed state. In
this state, the soil particles can be welded by chemical (cementa-
tion) bonds and become an engineering material.

The effects of some influential factors, i.e., water content,
cement content, curing time, and compaction energy on the engi-
neering characteristics of cement-stabilized soils have been exten-
sively researched [5–20]. However, these previous investigations
have mainly focused on the mechanical behavior: the microstruc-
tural study is limited. It is vital to understand the changes in engi-
neering properties that result from changes in the influential
factors.

Models of the microstructure of fine-grained soils have been
developed and modified since 1953 by geotechnical engineers to
help understand soil behavior. Lambe’s model is the first concep-
tual model, which considers clay particles to be single platelets.
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Since Lambe developed his theory, there have been significant
improvements in microstructure observation techniques, leading
towards complete description of the microstructure of fine-grained
soils in relation to their engineering behavior such as the works re-
ported by Gillott [21] and Collins and McGown [22]. Aylmore and
Quirk [23]; Olsen [24]; and Nagaraj et al. [25] have revealed that
the basic element of the microstructure of natural clay is not the
single platelet but domains composed of various aggregated
platelets.

Because cement and clay interacts with water, when clay is
mixed with cement and water, clay and cement particles group to-
gether into large clay–cement clusters [26]. The cement gel is sta-
ble in the intra-aggregate and inter-aggregate pores because of the
attractive forces (caused by physicochemical forces), and the cap-
illary forces between the clay–cement clusters and the cement
gel, respectively.

Abduljauwad [27] observed the microstructure changes of sta-
bilized soils using scanning electron microscopes (SEMs). Kesha-
warz and Dutta [28] reported that the particles of uncemented
soil appear as a blocky arrangement of loosely packed particles
while the cemented soil has an abundance of tobermorite crystals.
Previous works focusing on clay mineralogy [27,29–32] used X-ray
diffraction techniques to investigate the mineralogical changes and
to identify the reaction products formed when lime is added to clay
soils.

Even though available researches exists on microstructure of
cement-stabilized clay, they mainly focus on particular water con-
tent and curing time and do not cover all microstructural tests. This
paper attempts to investigate the microstructural changes in ce-
ment-stabilized silty clay to explain the different strength develop-
ment according to the influential factors, i.e., cement content, clay
water content and curing time. Two sets of cemented samples
were prepared for this study: samples with cement content
Table 1
Chemical composition of ordinary Portland cement and silty clay.

Chemical composition (%) Portland cement Silty clay

SiO2 20.90 20.10
Al2O3 4.76 7.55
Fe2O3 3.41 32.89
Cao 65.41 26.15
MgO 1.25 0.47
SO3 2.71 4.92
Na2O 0.24 ND
K2O 0.35 3.17
LOI 0.96 3.44

Fig. 1. Grain size distributions of Portland cement and silty clay.
C = 0–10% (practical range) and C > 10%. In the first set, the investi-
gation illustrates the role of the influential factors on the strength
and microstructure development and determines the effective
mixing state in the practical range. The second set is used to fur-
ther understand the strength and microstructure development
with cement to facilitate the determination of proper quantity of
cement to be stabilized. The unconfined compressive strength
was used as a practical indicator to investigate the strength devel-
opment. The microstructural analyses were performed in this pa-
per using a scanning electron microscope, mercury intrusion
porosimetry, and thermal gravity tests.
Fig. 2. SEM photos of cement and natural clay.

Fig. 3. Plot of dry unit weight versus water content of the uncemented and the
cemented samples compacted under standard and modified Proctor energies.



Fig. 4. Unconfined compression test result of compacted silty clay.

Fig. 5. Unconfined compression test result of the 5% cemented samples after 7 days
of curing.

Fig. 6. Effect of compaction energy and curing time on strength development.
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2. Laboratory investigation

The soil sample is silty clay collected from the Suranaree Uni-
versity of Technology campus in Nakhon Ratchasima, Thailand at
a depth of 3 m. The soil is composed of 2% sand, 45% silt and 53%
clay. Its specific gravity is 2.74. The liquid and plastic limits are
approximately 74% and 27%, respectively. Based on the Unified Soil
Classification System (USCS), the clay is classified as high plasticity
(CH). During sampling, the groundwater had disappeared. The nat-
ural water content was 10 percent. The free swell test proposed by
Prakash and Sridharan [33] shows that the clay is classified as low
swelling with a free swell ratio (FSR) of 1.0. Ordinary (Type I) Port-
land cement with a specific gravity of 3.15 was used. The chemical
composition and grain size distribution of the cement compared
with those of the silty clay are shown in Table 1 and Fig. 1, respec-
Table 2
Basic properties of the cemented samples in the active zone.

Cement (%) Atterberg’s limits (%) OWC (%) cdmax (kN/m3)

LL PL PI Std. Mod. Std. Mod.

0 74.1 27.5 46.6 22.4 17.2 14.6 17.4
3 74.1 45.0 29.1 22.2 17.5 16.2 18.5
5 72.5 45.0 27.5 21.8 17.3 16.2 18.7

10 71.0 44.8 26.2 22.0 17.4 16.4 18.8

Fig. 7. Strength development as a function of cement content.

Fig. 8. SEM photo of the uncemented sample compacted at the OWC under the
standard Proctor energy.



Fig. 9. SEM photos of the uncemented samples compacted at different molding water contents under modified Proctor energy.

Fig. 10. SEM photos of the 10% cement samples compacted at different water contents under modified Proctor energy after 7 days of curing.
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Fig. 11. Pore size distribution of the 10% cement samples compacted at different
water contents under modified Proctor energy after 7 days of curing.

Table 3
Ca(OH)2 of the 10% cement samples compacted at different water contents under
modified Proctor energy after 7 days of curing.

Water content (%) Weight loss (%) Ca(OH)2 (%)

14% (0.8OWC) 1.42 5.84
17% (OWC) 1.46 6.00
20% (1.2OWC) 1.52 6.25
24% (1.4OWC) 1.40 5.75
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tively. The grain size distribution of the cement was obtained from
laser particle size analysis. SEM photos of the cement and the nat-
ural silty clay are shown in Fig. 2. From the grain size distribution
and the SEM photos, it is found that the particles of the silty clay
are much smaller than those of the cement. The cement is irregular
in shape, and the natural silty clay shows groups of cluster with
various sizes.

The silty clay was passed through a 16-mm sieve to remove the
coarser particles. It was air-dried for at least 3 days, and then the
water content was adjusted for the compaction test. At least five
compaction points were generated. The compaction was carried
out according to ASTM D 698 and D 1557 in a standard 100-mm
diameter mold for standard and modified Proctor energies (592.5
and 2693.3 kJ/m3, respectively). The compaction characteristics
(optimum water content, OWC, and maximum dry unit weight,
cdmax) are 22.4% and 14.6 kN/m3 for standard Proctor energy and
17.2% and 17.4 kN/m3 for modified Proctor energy.

To investigate the role of cement content (in the practical
range) on the index properties and compaction curve of the ce-
mented clay, the clay–cement mixture was then thoroughly
mixed with water specified for index and compaction tests in a
soil mixer for 10 min as recommended by Miura et al. [13]. The
total mixing and testing time was less than 40 min for both tests,
which is less than the initial set time of the cement (about 2 h)
[15].

For the strength test, having obtained the compaction curves of
the base (uncemented) clay, the clay water content, w, was ad-
justed to 0.8, 1.0, 1.2 and 1.4 times the OWC for the first set of
the cemented samples and adjusted to 1.2OWC for the second set
of the cemented samples. In this study, the OWC of the base clay
was used as a reference state for the stabilization. In practice, the
OWC is very useful as the reference state for laboratory and field
works because the OWC is intrinsic for a given clay and depends
only on compaction energy. It is well recognized that the OWC of
some clays compacted under various energies can be estimated
from their index properties [34–36]. Recent works [36–38] have
also revealed that the OWC at any compaction energy can be sim-
ply and rapidly approximated from the known OWC at a particular
energy.

All the moist clay samples were mixed with cement and com-
pacted in the standard mold. After 24 h, the cemented samples
were removed from the molds, wrapped in vinyl bags and stored
in a humidity chamber at a constant temperature (25 ± 2 �C). The
unconfined compression test was run on the samples after 7, 28,
and 60 days of curing. The rate of vertical displacement was fixed
at 1 mm/min. For each curing time, compaction energy and combi-
nation of water content and cement content, at least three samples
were tested under the same conditions to check for test consis-
tency. In most cases, the results under the same testing condition
were reproducible.

The cemented samples at the required water contents and
curing times (7, 28, and 60 days) were carefully broken from the
center into small fragments for the microstructural tests. SEM sam-
ples were frozen at �195 �C by immersion in liquid nitrogen for
5 min and evacuated at a pressure of 0.5 Pa at �40 �C for 5 days
[39]. All samples were coated with gold before SEM (JOEL JSM-
6400) analysis.

The pore size distribution was measured using a MIP with a
pressure range from 0 to 288 MPa that is capable of measuring
pore size diameters as small as 5.7 nm (0.0057 lm). A cubic sample
with a volume of 1–2 cm3 was used for testing. Hydration of the
MIP samples was stopped by freezing and drying, as in the SEM
examination preparation. Mercury porosimetry is expressed by
the Washburn equation [40]. A constant contact angle (h) of 140�
and a constant mercury surface tension (c) of 480 dynes/cm were
used for the pore size calculation.
Thermal gravity (TG) analysis is one of the widely accepted
methods for determining the hydration products, which are crys-
talline Ca(OH)2, calcium silicate hydrates (CSH), calcium aluminate
hydrates (CAH), calcium aluminum silicate hydrates (CASH) and
ettringite. The CSH, CAH, and CASH are regarded as cementitious
products. The Ca(OH)2 content was determined based on the
weight loss between 450 and 580 �C [41,42] and expressed as a
percentage by weight of the ignited sample. When heating the
samples at temperatures between 450 and 580 �C, Ca(OH)2 is
decomposed into calcium oxide (CaO) and water, as in Eq. (1).

CaðOHÞ2 ! CaOþH2O ð1Þ
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Because of the heat, the water is lost, which decreases the over-
all weight. The amount of Ca(OH)2 can be approximated from this
lost water by Eq. (1), which is 4.11 times the amount of lost water
[41]. The change in the cementitious products can be expressed by
the change in Ca(OH)2 because they are the hydration products.
Prior to TG testing, the hydrated samples were ground in a ball mill
and sieved through a 100-mesh (150 lm). Approximately 10–
20 mg of the sample was taken for the analysis. All samples were
heated up to 1000 �C at a rate of 10 �C/min.
Table 4
Ca(OH)2 of the 10% cement samples compacted at 1.2OWC under modified Proctor
energy at different curing times.

Curing time (days) Weight loss (%) Ca(OH)2 (%)

7 1.52 6.25
28 1.65 6.78
60 1.85 7.63
3. Compaction and unconfined compression test results

Compaction and strength test results for samples with C = 0 to
10% are shown in Figs. 3–6. Fig. 3 shows the plots of dry unit
weight versus molding water content of the uncemented and the
cemented samples compacted under the standard and modified
Proctor energies. It is noted that the maximum dry unit weight
of the cemented samples is higher than that of the uncemented
samples whereas their optimum water content is practically the
same. This characteristic is the same as that of cement stabilized
coarse-grained soils as reported by Horpibulsuk et al. [19]. The
adsorption of Ca2+ ions onto the clay particle surface decreases
the repulsion between successive diffused double layers and in-
creases edge-to-face contacts between successive clay sheets
[43,44]. Thus, clay particles flocculate into larger clusters, which
increases in the plastic limit with an insignificant change in the li-
quid limit (vide Table 2). As such, the plasticity index of the mix-
ture results from the significant increase in the plastic limit. This
finding is consistent with the test results of the cement-stabilized
Bangkok clay reported by Uddin [9], which is also classified as a
low swelling clay [45]. Because the OWC of low swelling clays is
mainly controlled by the liquid limit [35,36], the OWCs of the unce-
Fig. 12. SEM photos of the 10% cement samples compacted at 1.2
mented and the cemented samples are almost the same (vide Table
2).

Typical stress and strain relationships of the uncemented and
cemented samples for different water contents are shown in Figs.
4 and 5. It is noted that the strength and stiffness of the unce-
mented samples increase with water content up to the optimum
water content (densest package) and decrease when the water
content is on the wet side of optimum. This characteristic is differ-
ent from that of the cemented samples in which the maximum
strength and stiffness are at 1.2OWC.

The role of curing time and compaction energy on the strength
development of the cemented clay is illustrated in Fig. 6. It is
shown that at a particular curing time, the strength curve depends
on the compaction energy. As the compaction energy increases, the
maximum strength increases and the water content at maximum
strength decreases. For the same compaction energy, the strength
curves follow the same pattern for all curing times, which are al-
most symmetrical around 1.2OWC for the range of the water con-
tent tested.

The role of cement content in the strength development at a
particular water content is now examined. Fig. 7 shows the
strength development with cement content (varied over a wide
range) of the cemented samples compacted under the modified
OWC under modified Proctor energy at different curing times.
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Proctor energy at 1.2OWC (20%) after 7 days of curing. The strength
increase can be classified into three zones. As the cement content
increases, the cement per grain contact point increases and, upon
hardening, imparts a commensurate amount of bonding at the con-
tact points. This zone is designated as the active zone. Beyond this
zone, the strength development slows down while still gradually
increasing. The incremental gradient becomes nearly zero and does
not make any further significant improvement. This zone is re-
ferred to as the inert zone (C = 11–30%). The strength decrease ap-
pears when C > 30%. This zone is identified as the deterioration
zone. From all the test results, it is concluded that C < 11% is the ac-
tive zone in which the optimal water content (effective mixing
state) is 1.2OWC for all the compaction energies and curing times,
regardless of cement content. The same is not true for C > 11%: the
optimal water content depends on cement content. As such, the
improvement zone proposed is valid only for w = 1.2OWC.
a

b

28 days of curing

7 days of curing

4 hours of curing

C = 0

60 days of curing
4. Microstructural analysis

4.1. Uncemented samples

For compacted fine-grained soils, the soil structure mainly con-
trols the strength and resistance to deformation, which is governed
by compaction energy and water content. Compaction breaks
down the large clay clusters into smaller clusters and reduces
the pore space (vide Figs. 2b and 8). Fig. 9 shows SEM photos of
the uncemented samples compacted under the modified Proctor
energy at water contents in the range of 0.8–1.2OWC. On the wet
side of optimum (vide Fig. 9c), a dispersed structure is likely to de-
velop because the quantity of pore water is enough to develop a
complete double layer of the ions that are attracted to the clay par-
ticles. As such, the clay particles and clay clusters easily slide over
each other when sheared, which causes low strength and stiffness.
On the dry side of optimum (vide Fig. 9a), there is not sufficient
water to develop a complete double layer; thus, the distance be-
tween two clay platelets is small enough for van der Waals type
attraction to dominate. Such an attraction leads to flocculation
with more surface to edge bonds; thus, more aggregates of plate-
lets lead to compressible flocs, which make up the overall struc-
ture. At the OWC, the structure results from a combination of
these two characteristics. Under this condition, the compacted
sample exhibits the highest strength and stiffness. The role of com-
paction energy is clearly shown in Figs. 8 and 9b. More aggregates
are seen for the modified Proctor energy.
Fig. 13. Pore size distribution of the 10% cement samples compacted at 1.2OWC
under modified Proctor energy at different curing times.
4.2. Cemented samples

4.2.1. Effect of water content
Fig. 10 shows SEM photos of the 10% cement samples com-

pacted at different water contents under the modified Proctor en-
ergy and cured for 7 days. It is clearly seen that the pores are filled
with hydration products (well-knitted framework), especially for
the samples with w = 17% (OWC) and 20% (1.2OWC). The samples
with w = 14% (0.8OWC) and 24% (1.4OWC) show fewer hydration
products. Water content influences not only the hydration prod-
ucts but also the pore volume, especially for 1.0–0.1 lm pores,
which have the highest volume (vide Fig. 11). The microstructural
change with water content in the cemented samples is similar to
that of the uncemented samples. The densest state (lowest total
pore volume) is at the optimum water content. The looser states
(larger total pore volume) are found on the dry and the wet sides
of optimum. Larger total pore volume is associated with larger
1.0–0.1 lm pore volume.

Even though the total pore volume of the sample for w = 17%
(OWC) is the lowest (Fig. 11), the strength is not the highest. This
implies that, for the cemented samples, in addition to the fabric,
the cementation bond controls the strength development. The
sample for w = 21% (1.2OWC) exhibits the highest strength because
it contains the highest amount of cementitious products, as shown
by the highest amount of Ca(OH)2 (Table 3). Thus, in the active
zone where C < 11%, 1.2OWC is optimal for cement stabilization.
4.2.2. Effect of curing time
Fig. 12 shows SEM photos of the 10% cement samples com-

pacted at w = 20% (1.2OWC) under the modified Proctor energy
and cured for different curing times. After 4 h of curing, the soil
clusters and the pores are covered and filled by the cement gel (hy-
drated cement) (vide Fig. 12a). Over time, the hydration products in
the pores are clearly seen and the soil–cement clusters tend to be
larger (vide Fig. 12b–d) because of the growth of cementitious
products over time (vide Table 4).

The effect of curing time on the pore size distribution of the ce-
mented samples is illustrated in Fig. 13. It is found that, during the
early stage of hydration (fewer than 7 days of curing), the volume
of pores smaller than 0.1 lm significantly decreases while the vol-
ume of pores larger than 0.1 lm slightly increases. This result
shows that, during 7 days of curing, the cementitious products fill



Fig. 14. SEM photos of the cemented samples compacted at different cement contents under modified Proctor energy after 7 days of curing.
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pores smaller than 0.1 lm and the coarse particles (unhydrated ce-
ment particles) cause large soil–cement clusters and large pore
space. After 7 days of curing, the volume of pores larger than
0.1 lm tends to decrease while the volume of pores smaller than
0.1 lm tends to increase possibly because the cementitious prod-
ucts fill the large pores (larger than 0.1 lm). As a result, the volume



Fig. 14 (continued)
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of small pores (smaller than 0.1 lm) increases, and the total pore
volume decreases.

4.2.3. Effect of cement content
This study focuses on understanding the microstructure devel-

opment with cement content for a particular water content. Figs.
14 and 15 and Table 5 show the SEM photos, pore size distribution,
and the amount of Ca(OH)2 of the cemented samples compacted at
w = 20% under the modified Proctor energy for different cement
contents after 7 days of curing. Fig. 14a–c, d–g, and h–j shows
SEM photos of the cemented samples in the active, inert, and dete-
rioration zones, respectively. The SEM photo of the 3% cement sam-
ple (Fig. 14a) is similar to that of the uncemented sample because
the input of cement is insignificant compared to the soil mass. As
the cement content increases in the active zone, hydration prod-
ucts are clearly seen in the pores (vide Fig. 14b and c) and the
cementitious products significantly increase (Table 5). The cemen-
titious products not only enhance the inter-cluster bonding
strength but also fill the pore space, as shown in Fig. 15: the vol-
ume of pores smaller than 0.1 lm is significantly reduced with ce-
ment, thus, the reduction in total pore volume. As a result, the
strength significantly increases with cement. For the inert zone,
the presence of hydration products (Fig. 14d–g) and cementitious
products (Table 5) is almost the same for 15–30% cement. This re-
sults in an insignificant change in the pore size distribution and,
thus, the strength. For the deterioration zone (Fig. 14h–j), few
hydration products are detected. Both the volumes of the highest
pore size interval (1.0–0.1 lm pores) and the total pore tend to in-
crease with cement (Fig. 15). This is because the increase in cement
content significantly reduces the water content, which decreases
the degree of hydration and, thus, cementitious products (Table
5). To improve the strength in this zone, higher clay water content
is required. The optimal clay water content for this zone is however
not studied in this paper because this range of cement content is
far from the practical range (active zone). It is concluded from this
study that for a particular water content, the input of cement in ex-
cess of the active zone is useless.

5. Discussion

Based on the cluster theory [25,32], the pores are classified into
two categories: inter-aggregate pores (larger than 0.01 lm) and in-
tra-aggregate pores (smaller than 0.01 lm). After mixing clay with
cement, the formation of clay–cement clusters due to physico-
chemical interaction reduces the small inter-aggregate pore
(0.01–0.1 lm) volume and slightly increases the large inter-aggre-
gate pore (0.1–10 lm) volume, resulting in the increase in the dry
unit weight. Because of the growth of cementitious products with
time, large inter-aggregate pores are filled, and thus, the total pore
volume decreases.

From this investigation, it is found that for the active zone,
w = 1.2OWC is the effective mixing state. Beyond this water con-
tent, the strength decreases because of the decrease in the clay–
water/cement ratio, wc/C [13–15,18,19]. The effective mixing state
(1.2OWC) for the cemented clays can be attained simply by the ra-
pid method of estimating the compaction curves and by the Mod-
ified Ohio’s compaction curves [36,38]. The relationship between
OWC/OWCst and compaction energy for various soils is unique
and is expressed in the form:

OWC
OWCst

¼ 2:02� 0:37 log E ð2Þ

where E is in the range of 296.3–2693.3 kJ/m3 and OWCst is the opti-
mum water content at the standard Proctor energy. From this equa-
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C = 0%
C = 3%
C = 15%
C = 30%
C = 45%

Fig. 15. Pore size distribution of the cemented samples compacted at different
cement contents under modified Proctor energy after 7 days of curing.

Table 5
Ca(OH)2 of the cemented samples compacted at different cement contents under
modified Proctor energy after 7 days of curing.

Improvement zones Cement (%) Weight loss (%) Ca(OH)2 (%)

Active 3 1.34 5.51
7 1.50 6.17

11 1.60 6.58

Inert 15 1.62 6.66
20 1.65 6.78
30 1.68 6.90

Deterioration 35 1.54 6.33
40 1.48 6.08
45 1.37 5.63
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tion, OWC at any compaction energy can be estimated from the
known OWCst. This is an advantage of the study using the compac-
tion characteristics of the uncemented clay as the reference state.
6. Conclusions

This paper analyzes strength development considering soil
microstructure using a scanning electron microscope, mercury
intrusion pore size distribution measurements, and thermal grav-
ity analysis. The following conclusions can be advanced from this
study.
1. The strength development with cement content for a specific
water content is classified into three zones: active, inert and
deterioration. In the active zone, the volume of pores smaller
than 0.1 lm significantly decreases with the addition of cement
because of the increase in cementitious products. In the inert
zone, both pore size distribution and cementitious products
change insignificantly with increasing cement; thus, there is a
slight change in strength. In the deterioration zone, the water
is not adequate for hydration because of the excess of cement
input. Consequently, as cement content increases, the cementi-
tious products and strength decreases.

2. In the active zone, the maximum strength of the cemented clay
(effective mixing state) is at a water content that is 1.2 times
the optimum water content. Under this condition, the inter-
cluster cementation bonding strength is strongest, even though
the total pore volume is higher than that at the optimum water
content. This implies that both fabric and cementation bonds
control strength development.

3. In the active zone, the effective mixing state is introduced in
terms of the optimum water content of the base clay. It is very
useful in practice because the OWC of a clay is intrinsic and
depends only on the compaction energy. The OWC for any com-
paction energy can be rapidly approximated using the Modified
Ohio’s compaction curves.

4. At the initial stage of stabilization, the volume of small pores
(smaller than 0.1 lm) significantly decreases while the volume
of large pores (larger than 0.1 lm) increases with increasing
cement. The increase in volume of the large pores is induced
by the unhydrated cement particles. After 7 days of curing,
the large pore volume and total pore volume decrease while
the volume of the small pores increases. This is because of the
growth of the cementitious products that fill the large pores.
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