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ABSTRACT

Cement mixing is one of the popular ground improvement technologies in geotechnical engineering practice. In ord-
er to eŠectively and conˆdently design cement-mixed soil structures for speciˆc purposes, its stress-strain behavior
needs to be well understood. Though there have been many studies on cement-mixed soils using diŠerent types of soils,
their behaviors have not been generalized yet. As is the case with concrete materials, the hydration of cement in
cement-mixed soil continues with time, thereby improving the strength and deformation characteristics of cement-mix-
ed soil over time. In the ˆeld, the cementation bonds are formed under stress in case of in-situ soil. However, in the
usual testing techniques, cementation bonds under stress has not been a point of consideration in most of the previous
studies. This has led to an underestimation of the stress-strain behavior of cement-mixed soil. On the other hand, soils
are subjected to conˆning stress during loading which has also some eŠect on the strength and deformation characteris-
tics of soil which has not been considered yet in the case of cement-mixed sand. This study investigates the eŠect of cur-
ing stress and period on the strength and deformation characteristics of cement-mixed sand. The eŠect of conˆning
stress in the triaxial test is also investigated in another series of specimens. A series of consolidated drained (CD) triaxi-
al compression (TC) tests were done along with the small strain cyclic loading and bender element tests during mono-
tonic loading to determine the small strain Young's modulus (Ev) and shear modulus (Gvh) respectively. The eŠect of
the curing period is signiˆcant in the peak strength, stiŠness, Ev, Gvh and also in the post peak regime. The curing stress
also has a signiˆcant eŠect on the peak strength, Ev and Gvh. The conˆning stress has an eŠect on the peak strength,
stiŠness and in the post peak regime. However, the eŠect is small compared to clean sand.
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INTRODUCTION

Cement-mixed soil is a product of soil mixed with a rel-
atively small amount of cement powder and properly
designated quantity of water, which is expected to im-
prove sustainability, and strength and the deformation
characteristics of untreated soil. In recent years, it is
widely used in ground improvement projects such as the
reinforced soil wall in the bridge abutment backˆll on the
bullet train line in Kyushu, Japan (Kongsukprasert et al.,
2005) and in highway embankments in Japan. A schemat-
ic illustration of the reinforced soil wall used in the Ut-
sunomiya ‰yover bridge project is shown in Fig. 1. The
use of cement-mixed soil is found to be relatively simple
and economical compared to deep piling and the use of
reinforced concrete structures since less concrete is re-
quired.

In order to eŠectively and conˆdently design cement-

mixed soil structures for speciˆc purposes, its stress-
strain behavior needs to be well understood. Though
there have been many studies on cement-mixed soil using
diŠerent types of soils (Consoli et al., 2000, 2007; Tay W.
B., 2005; Kongsukprasert et al., 2007), the behavior has
yet to be generalized. Moreover, with the use of diŠerent
testing techniques, there are discrepancies in the test
results.

Hydration of cement in cement-mixed soil continues
over a very long period (Kongsukprasert et al., 2007)
which strengthens the cementation bonds between the
particles and therefore more resistance to shearing. On
the other hand, the cementation bonds in in situ soil are
formed under stress. However, in the usual testing tech-
niques, cementation bonds under stress have not been
given the attention they should have been given. As a
result, the stress-strain behavior of cement-mixed soil has
been under-estimated (Consoli et al., 2000; Taguchi et
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Fig. 1. Example of use of cement-mixed sand for reinforced soil wall

Table 1. Properties and ratio of raw materials

Speciˆc gravity, Gs

Toyoura sand (S) 2.645

High-early-strength Portland cement (C) 3.130

Water (W) 1.000

S C W C/S W/C

Ratio (z) 87.62 3.62 8.76 4.13 242

Table 2. Test cases to study eŠect of curing stress and period (Series 1)

Specimen
type

Curing
overburden

stress

Curing time
(days)

EŠective
conˆning

stress (kPa)

Cement-
mixed sand

0 kPa

7 98

28 98

90 98

98 kPa

7 98

28 98

90 98

Clean sand — — 98

Table 3. Test cases to study eŠect of conˆning stress (Series 2)

Curing overburden
stress

Curing time
(days)

EŠective conˆning
stress (kPa)

0 kPa

7 98

7 147

7 196

28 98

28 147

28 196

98 kPa

7 98

7 147

7 196

28 98

28 147

28 196
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al., 2002). Moreover, soils are subjected to diŠerent con-
ˆning stresses at diŠerent ground depths, which may
aŠect the strength and deformation characteristics of the
soil during loading. However, the eŠect of conˆning
stress has been given very little considerationin the case of
cement-mixed sand.

The objective of this study is to investigate the coupled
eŠect of curing stress and period on the strength and
deformation characteristics of cement-mixed sand. To
determine the eŠect of conˆning stress in triaxial tests on
the mechanical properties of cemented sand cured in the
absence of stress and under stress is another objective of
this study.

SPECIMEN AND METHODOLOGY

Specimen
The amount of high-early-strength Portland cement

used is 60 kg per 1 m3 of Toyoura sand, to achieve an un-
conˆned compressive strength of 400–500 kPa after 7
days of curing which is typical in a method used for the
highway embankment introduced in Fig. 1. The compo-
nent ratio is calculated such that the wet density of
cement-mixed sand rt＝1.6 g/cm3. Wet density is the
moist density of the specimen just after preparing the
sample: i.e., the moist density of specimen before curing.
It is the ratio of the total mass of cement, sand and water
to the total volume of the specimen. The properties and
the ratios of the raw materials used in cement-mixed sand
are shown in Table 1. The composition of cement-mixed
sand used in this study is the same as that used in the

study of cement-mixed sand by Kuwano and Tay (2007).
As noted, the amount of cement used is only 4.13z of

the total weight of sand. This is small compared to nor-
mal cement mortar (C/S＝50z). Moreover, the water-
cement ratio used is about 242z, which is higher com-
pared to W/Cº100z for cement mortar. This amount
of water was used to spread out the small amount of ce-
ment and ensure that the hydration of cement occurs
throughout the specimen.

Specimens were cured for 3 diŠerent curing periods of
7, 28 and 90 days in order to study the eŠect of curing
period on the stress-strain characteristics of cement-mix-
ed sand. For each curing period, specimens were cured
under 2 diŠerent curing stresses, sv of 0 kPa and 98 kPa,
to investigate the eŠect of stress during the formation of
cementation bonds.

In another series, 7 and 28 days specimens were cured
without any stress and under stresses (0 kPa and 98 kPa),
and each specimen was sheared under 3 diŠerent eŠective
conˆning stresses, 98, 147 and 196 kPa, to investigate the
eŠect of conˆning stress in triaxial test. To compare the
test results of the cement-mixed sand, the specimen pre-



653

Fig. 2. Consolidation mould for applying curing stress with BE
monitoring

Fig. 3. Schematic illustration of triaxial system (not in scale); Specimen dimensions: h＝150 mm, d＝75 mm (Chaudhary et al., 2004)
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pared with untreated Toyoura sand was tested in a triaxi-
al compression testing machine. The specimen with clean
Toyoura sand was prepared by pouring sand from a fun-
nel with a constant falling height to control uniform den-
sity all through the specimen height. The density of the
specimen prepared with clean sand was 1.54 g/cm3. All
the test cases are shown in Table 2 and Table 3.

Sand and cement were mixed thoroughly together and
then water was added to the mixture and they were mixed
thoroughly again. The mixture was then compacted into
moulds of height 150 mm and diameter 75 mm to control
the wet density of the specimen 1.6 g/cm3. Compaction
was done in 5 stages of about the same amount of
cement-mixed sand each time. For ease of compaction,
the top layer was compacted using an additional 30 mm
height of the mould, which can be separated into parts.
The specimens were then stored under constant tempera-
ture of 209C and humidity of 50z for the speciˆed num-
ber of days before they were used for experimental pur-

poses. Specimens to be cured with stress were set in a spe-
cially made consolidation apparatus as shown in Fig. 2.
The specimens were then loaded with the desired amount
of overburden stress immediately after the moulds were
ˆlled. The loading was applied using air pressure in the
bellofram cylinder mounted on that special apparatus.
The change in shear modulus during curing with stress
was monitored using a pair of bender elements attached
at the top and bottom ends of the specially made consoli-
dation apparatus as shown in Fig. 2.

Triaxial Test Apparatus
The triaxial compression test system used in this study

consists of 2 main parts, triaxial test and bender element
test. In triaxial test, output voltages from all measuring
sensors are converted into digital signals which were
recorded on the PC through a 16-bit AD converter. In
turn, the control signals from the PC are converted into
voltages for each control sensor, through a 12-bit DA
converter as shown schematically in Fig. 3 (Chaudhary et
al., 2004). The local strain was estimated for the Young's
modulus from the measurement of the LDT as shown in
Fig. 3 as the LDT has a lower electrical noise level. Since,
however, the measuring range of the LDT is only 2.5z,
the measurements of inner LVDT are used as a supple-
ment to the LDT beyond the range of 2.5z. The measur-
ing range of the inner LVDT was 15z.

In the bender element test, a function generator sends
out a sine pulse wave, as proposed by Viggani and Atkin-
son (1995), to the transmitter at one end of the specimen.
The receiver at the other end of the specimen receives this
wave. Both wave patterns at the transmitter and receiver
ends are outputted into an oscilloscope screen. The time
taken for sine pulse wave to pass through the specimen is
the time lapse between the start of transmitting wave and
the start of the receiving wave pattern, as shown in Fig. 4.

Figure 5 shows the arrangement of bender elements
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Fig. 4. Measurement of time taken by shear wave to pass through the
specimen

Fig. 5. Arrangement of bender elements

Fig. 6. Stess path for all the tests
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used in this experiment. The transmitting and receiving
ends are denoted by (T) and (R) respectively. The shear
wave is denoted by Svh, v refers to the direction of propa-
gation and h refers to the direction of motion of soil par-
ticles. The distance traveled by the shear wave is taken as
the distance between the tips of the transmitter and
receiver bender elements, proposed by Dyvik and Mad-
shus (1985).

The shear modulus is then calculated using the follow-
ing equation:

G＝rV 2 (1)

r: Density of specimen
V: Shear wave velocity

Experimental Conditions
Specimens were taken out of their moulds after their

respective curing days and saturated with de-aired water
in the triaxial cell. Backpressure and cell pressure were
then applied up to 200 kPa and 225 kPa respectively,
while the eŠective conˆning stress was kept constant at 25
kPa. For Series 1, the specimens were then isotropically
consolidated to an eŠective conˆning stress of 98 kPa, af-
ter that, drained monotonic loading was applied. For
Series 2, the specimens were isotropically consolidated to
their respective conˆning stresses i.e., 98, 147 and 196
kPa. After that, drained monotonic loading was applied

as it was to Series 1. In case of specimen prepared with
clean Toyoura sand, the specimen was isotropically con-
solidated to an eŠective conˆning stress of 98 kPa, and
then drained monotonic loading was applied. The stress
path for all the test cases is shown in Fig. 6. The eŠective
vertical and horizontal stress are denoted by s?v and s?h,
respectively.

In all test cases, the loading strain rate was kept con-
stant at 0.01z/min. Cyclic loading at an amplitude of
±4 kPa to produce small strains of about 10－5¿10－4 and
the bender element test were carried out at intervals to ob-
tain the change in the Young's modulus and the shear
modulus during shear loading. Properties of specimens
are as shown in Table 4.

EFFECT OF CURING STRESS AND PERIOD
(SERIES 1)

Consolidation and Drained Monotonic Loading
Figure 7 shows the stress-strain relationships for speci-

mens cured without and under stress. It can be observed
that the deviator stress q increases with the axial strain ev,
reaches to peak and then reduces gradually. This brittle
behavior in the post peak region is more prominent in
case of specimens cured for longer periods of time. The
cementation bonds result in changes in the cement-mixed
Toyoura sand from a ductile to stiŠ brittle material, its
strength increases by a factor of approximately 3.5 over
90 days. The stiŠness of specimens increases with curing
time regardless of the availability of acting stresses during
curing. On the other hand, specimens cured under stress
are noted to be slightly stiŠer than those cured in the ab-
sence of stress, as shown in Fig. 7. This could be ex-
plained by the coupled eŠect of the specimen becoming
denser upon loading during the initial curing stage and
the hydration process of the cement.

Figure 8 shows that the peak strength qmax increases
with curing time regardless of the availability of acting
stresses during curing. Specimens cured under stress are
noted to have higher peak strength during shearing than
those cured in the absence of stress. The rate of increase
in peak strength with curing period for specimens cured
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Table 4. Properties of specimen

Curing period
(days)

Curing stress
(kPa)

Conˆning stress in
triaxial test (kPa)

Wet density, rt (g/cm3) Void ratio, e
Before curingBefore curing After curing

Cement-mixed
sand

7

0

98 1.641 1.625 0.7772

147 1.637 1.621 0.7813

196 1.635 1.619 0.7836

98

98 1.636 1.628 0.7826

147 1.636 1.633 0.783

196 1.644 1.636 0.7732

28

0

98 1.616 1.620 0.8046

147 1.607 1.611 0.8151

196 1.626 1.629 0.7936

98

98 1.636 1.645 0.7826

147 1.63 1.638 0.7879

196 1.631 1.639 0.7704

90
0 98 1.631 1.640 0.7879

98 98 1.647 1.655 0.7704

Clean Toyoura sand — 98 1.54 — 0.7176

Fig. 7. Stress-strain relationship for specimens cured without and un-
der stress (Series 1)

Fig. 8. Change of peak strength with time (Series 1)
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without any stress and under stress can be expressed by
the following Eqs. (2) and (3) respectively, which are ob-
tained directly from Fig. 8.

qmax＝380＋460 log T (2)

[For specimens cured in the absence of stress]
and

qmax＝338＋596 log T (3)

[For specimens cured under stress]
where, qmax＝Peak strength in kPa and T＝Curing period
in days.

These two equations show that the rate of increase in
peak strength is higher for the specimen cured under
stress especially in the early stage of curing. This again
shows that the acting stresses during curing enhance the

formation of the cementation bonds and thus improve
the specimen's resistance to shearing. Figure 9 shows the
relationship between volumetric strain and axial strain
during shearing for specimens cured in the absence of
stress and under stress. Here, the positive and negative
value of the volumetric strain indicates the dilative and
contractive behavior respectively. It is observed that
specimens become less compressive and more dilatant
with longer curing times.

As expected, specimens cured under stress are more
dilatant than those cured without stress. However, the
reverse is seen in specimens cured for 28 days and also af-
ter 1.25z of axial strain for 90 days specimens. The con-
centration of strain at the slip surface may result in the
concentration of the volume change around the slip sur-
face, making the specimen as a whole less dilatant.
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Fig. 9. Volumetric strain curve for specimens cured in the absence of
stress and under stress (Series 1) Fig. 10. Change of Young's modulus for specimens cured in the ab-

sence of stress and under stress (Series 1)
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Cyclic Loading Test
Young's modulus Ev is dependent on the loading stress

s?v and the void ratio e of specimen. The following equa-
tion can be used to represent Ev (e.g., Hardin and Blan-
dford, 1989; Chaudhary et al., 2004):

Ev

pr
＝CvF(e)Øs?h

pr
»

nhØs?v
pr

»
nv

(4)

where

F(e)＝
(2.17－e)2

(1＋e)

Cv, nh and nv are constants and can be obtained from ex-
perimental data, while pr is the reference stress. In this
study, the reference stress pr is taken as 1 kPa. Since the
void ratio, e is almost same for all the specimens, F(e) is
constant for all specimens. Also, since the eŠective con-
ˆning stress, s?h is constant for all the specimens, Eq. (4)
can be expressed in the form Ev＝A(s?v)n, where A and n
are constants. This is a straight line when Ev and s?v are
plotted in logarithmic scale. Therefore, Ev is plotted
against vertical eŠective conˆning stress, s?v in a
logarithmic scale, as shown in Fig. 10.

Figure 10 shows the change in Ev during the monotonic
loading for specimens cured in the absence of stress and
under stress. It can be observed that Ev increases with s?v
and follows Eq. (4). Ev drops when vertical eŠective stress
s?v is about 45z to 60z of its peak value. This may be ex-
plained as follows: Ev increases when specimens become
stiŠer with increases in the vertical contact forces between
the sand particles during monotonic loading, but it
decreases when the cementation bonds start to break
down.

It is found that the Young's modulus increases notably
with the curing period, regardless of the availability of
curing stress. Also, it is quite apparent that specimens
cured under stress have a higher Young's modulus,
regardless of the number of curing days. The rate of in-
crease of Ev with s?v, however, is higher for specimens
cured in the absence of stress. This shows that specimens
cured without stress are more compressive.

Bender Element Test
As is the case with the Young's modulus, the shear

modulus, Gvh is dependent on the vertical eŠective stress
s?v, the horizontal eŠective stress s?h and the void ratio of
specimen. The following equation can be used to
represent Gvh (e.g., Hardin and Blandford, 1989; Chaud-
hary et al., 2004):

Gvh

pr
＝CvF(e)Øs?h

pr
»

nhØs?v
pr

»
nv

(5)

All parameters here are the same as deˆned in Young's
modulus. The eŠective conˆning stress, s?h is also con-
stant for all the specimens. Therefore, Eq. (5) can be re-
written as Gvh＝B(s?v)m, where B and m are constants.
This is also a straight line when Gvh and s?v are plotted on
a logarithmic scale, as shown in Fig. 11.

Change in Gvh during Curing
Figure 12 shows the change in the shear modulus in the

vertical plane Gvh and change in void ratio e during the
curing stage. As the void ratio decreases during the load-
ing stage, Gvh increases; however, as time passes, Gvh con-
tinues to increase even when void ratio remains almost
constant. This can be explained by the strengthening of
the cementation bonds due to the hydration of cement.
This is also true for specimens cured without stress (clear
dots). This observation, i.e., the Gvh of specimen cured
under stress is higher than that of cured without stress,
again shows the coupled eŠect of loading during the ini-
tial curing stage and the hydration process of cement.

In the specimens cured in the absence of stress, Gvh ap-
proaches the Gvh of the specimen cured under stress as
time passes. Due to the time constraints of this study,
whether or not the Gvh of the specimen cured in the ab-
sence of stress actually increases to the level of that cured
under stress with time was not able to be observed.

Change in Gvh during Shear Loading
Figure 11 shows the change in the shear modulus Gvh

with vertical eŠective stress s?v in both isotropic consoli-
dation and triaxial compression stages for specimens
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Fig. 11. Change of shear modulus for specimens cured in the absence
of stress and under stress (Series 1)

Fig. 12. Change in Gvh and void ratio during curing

Fig. 13. Example of determination of phase trasnsformation points

Fig. 14. Relationship of PTPEv with s?v
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cured in the absence of stress and under stress during
shearing. For all the specimens, Gvh increases with the n
power of s?v which follows Eq. (5) and it drops when s?v
reaches about 40z to 60z of its peak value. As the speci-
mens become denser during monotonic loading, Gvh in-
creases and then drop when the cementation bonds start
to break. This is similar to what occurs in the case of the
Young's modulus. The shear modulus Gvh of cement-mix-
ed sand increases with time regardless of the availability
of the curing stress, as is the case with the stiŠness, peak
strength and the Young's modulus. On the other hand,
when compared to specimens cured in the absence of
stress and under stress, it should be noted that the speci-
mens cured under stress have a higher Gvh regardless of
the curing period. It is also observed that the rate of in-
crease of Gvh with s?v is slightly higher for specimens cured
without stress, which is also similar to what was found in
the case of the Young's modulus.

Phase Transformation Points
For all the specimens, the Young's modulus Ev and

shear modulus Gvh both increase with the increase in ver-
tical eŠective conˆning stress s?v initially and at a certain
level of s?v they start decreasing. The points at which Ev

and Gvh change from an increasing to a decreasing ten-
dency are introduced here as phase the transformation
points for the Young's modulus (PTPEv) and the shear
modulus (PTPGvh), respectively. The phase transforma-
tion points for Ev and Gvh are determined by drawing two
straight lines in the initial and ˆnal straight portion of the
Ev-s?v and Gvh-s?v curves respectively when they are plotted
in log-log scale, as shown in Figs. 10 and 11. The straight
lines in the initial and ˆnal straight portion of the Ev-s?v
and Gvh-s?v curves are obtained by drawing trend lines in
the form of Ev＝A(s?v)n, and Gvh＝B(s?v)m respectively,
which are derived from Eqs. (4) and (5), respectively. The
points where these two lines cross are the phase transfor-
mation points, as shown in Fig. 13 in case of Ev. It can be
observed from Figs. 14 and 15 that the curing stress and
period both increases the range of s?v where PTPEv and
PTPGvh occurs. Also, cementation results in much more
signiˆcant increases in the Ev and Gvh values at the phase
transformation points when compared with clean sand.

In Figs. 16 and 17 the phase transformation points for
Ev (PTPEv), Gvh (PTPGvh), volume change (PTPv) and
peak strength (qmax) is plotted in the stress-strain ˆeld for
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Fig. 15. Relationship of PTPGvh with s?v

Fig. 16. Phase Transformation Points (PTP) plotted in stress-strain
ˆeld for specimens cured in the absence of stress (Series 1)

Fig. 17. Phase Transformation Points (PTP) plotted in stress-strain
ˆeld for specimens cured under stress (Series 1)
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specimens cured without and under stress respectively.
With the increase in curing period, the deviator stress for
the respective PTP states is higher. The phase transfor-
mation point for volume change is taken where the volu-
metric strain curve changes their phase from a compres-
sive to a dilatant behavior. It can be observed that the
PTPEv and PTPGvh were ˆrst obtained during the shear
loading. Following that, the phase transformation points

for the volume change PTPv and qmax are obtained. It can
also be observed that PTPEv and PTPGvh are found at
almost the same axial strain level irrespective of the cur-
ing stress and curing period before PTPv and qmax. This
indicates that the degradation of the cementation bond
starts after a certain level of axial deformation due to the
relative displacement of the particles. The amount of rel-
ative displacement is su‹cient to start the break down in
the cementation bond, but this relative displacement level
is not enough to cause the specimen to show dilatancy.

In the case of clean Toyoura sand, decreases in Ev and
Gvh with shearing were also found, but this occurred after
the phase transformation point for volume change, PTPv

(Kuwano et al., 2005). The breakage of the cementation
bond does not explain this decrease in the stiŠness of
clean sand. A DEM simulation of a biaxial compression
test was carried out to study the change in the stiŠness of
clean sand (Ohba et al., 2001). In the DEM simulation,
3000 circle elements with a diameter of 1.5 to 2.5 mm
were ˆrst consolidated isotropically up to 98 kPa. Then
the specimen was sheared with the vertical compression at
a strain rate of 1z/min while the horizontal stress was
kept constant (98 kPa). According to the DEM simula-
tion of the biaxial compression test, the force columns
are formed in the specimen up to PTPv. However, after
PTPv, there are fewer particles which transmit forces nor-
mal to the column, resulting in a decrease in the support
of the column. This results in a fragile structure and
decrease in the stiŠness of the soil. In the case of cement-
mixed sand, a decrease in the stiŠness observed in the
laboratory tests appears before the PTPV, indicating that
the breakage of cementation bond occurs at relatively
small strain levels and is a predominant factor in the
reduction of stiŠness of cement-mixed sand.

EFFECT OF CONFINING STRESS (SERIES 2)

Consolidation and Drained Monotonic Loading
Figures 18(a) and (b) show the stress-strain relation-

ships under diŠerent conˆning stress conditions for speci-
mens cured in the absence of stress and under stress, re-
spectively. It is observed that the deviator stress q in-
creases with the axial strain ev, reaches to peak and then
reduces gradually. This tendency is similar to that ob-
served in Series 1. However, this brittle behavior in the
post peak region decreases with the increase in conˆning
stress for specimens with the same curing period. The
stiŠness of the specimen also increases slightly with the
increase in conˆning stress. Figure 19 shows the peak
strength envelopes for diŠerent curing conditions. It is
seen that peak strength increases with the increase in con-
ˆning stress. This might be due to two reverse actions:
ˆrstly, specimens become denser due to higher conˆning
stress and secondly, particle bonding might break during
isotropic consolidation with higher eŠective conˆning
stress. However, the rate of increase is much more grad-
ual than that of clean sand. The dilatancy of specimens
decreases with the increase in conˆning stress regardless
of the curing stress and period, as shown by the volumet-
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Fig. 18. Stress-strain relationship for specimens (a) cured in the absence of stress, (b) cured under stress (Series 2)

Fig. 19. Peak strength envelope for diŠerent curing conditions
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ric strain curves in Figs. 20(a) and (b).

Cyclic Loading Test
Similar to Series 1, Young's modulus Ev is plotted

against s?v in this series. Figures 21(a) and (b) show the
change in Ev with s?v under diŠerent conˆning stress con-
ditions for specimens cured in the absence of stress and
under stress, respectively. For all the specimens, Ev in-
creases with the increase in vertical eŠective stress s?v and
drops when s?v reaches 50z to 60z of its peak value.
This tendency is similar to the results obtained in Series 1.
However, the eŠect of conˆning stress on the Young's
modulus is relatively small for both specimens cured in
the absence of stress and under stress. Although Ev was
expected to decrease at higher conˆning stress where the
cementation bond is broken due to relative displacements
at the particle contacts, this small range of conˆning
stress might not able to break the cementation bond to
decrease the Ev value.

Bender Element Test
Figures 22(a) and (b) show the change in the shear

modulus Gvh for specimens cured without and under
stress, respectively, under diŠerent conˆning stress condi-
tions. As was the case with Ev, the shear modulus Gvh also
increases with vertical eŠective stress s?v and drops when
s?v reaches about 50z to 60z of its peak value. A slight
increase in Gvh is observed with increasing conˆning
stress, regardless of the curing stress and period, but the
eŠect is small. The eŠect of conˆning stress was less for
all specimens cured under stress than specimens cured
without any stress. This indicates that specimens cured
under stress have higher cementation bonds than those
cured in the absence of stress and, therefore, the change
in the eŠective stress has less eŠect on the mechanical
properties of cement-mixed sand.

Phase Transformation Points
As was the case with Series 1, the phase transformation

points in this series, Ev (PTPEv) and Gvh (PTPGvh) are de-
termined and plotted in the stress-strain ˆeld along with
PTPv and qmax as shown in Figs. 23(a) and (b). It is seen
that PTPEv and PTPGvh appear ˆrst and following that
PTPv and qmax are obtained. This is similar to what was
observed in Series 1. Also, PTPEv and PTPGvh are ob-
tained at almost the same axial strain levels of 0.3z to
0.4z, irrespective of the curing stress, period and conˆn-
ing stress. This again indicates that the point where the
degradation of cementation bond starts is the level of axi-
al deformation due to the relative displacement of parti-
cles, which causes the change in the phases of Ev and Gvh,
as explained earlier in Series 1.

CONCLUSIONS

– Toyoura sand mixed with only 4.13z of cement by
weight has a much higher strength than fresh sand
alone, increased by a factor of approximately 3.5 times
after 90 days.

– Curing stress increases the peak strength, the Young's
modulus and the shear modulus irrespective of the cur-
ing period.
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Fig. 20. Volume change curves for specimens (a) cured in the absence of stress, (b) cured under stress (Series 2)

Fig. 21. Change of Young's modulus for specimens (a) cured without stress, (b) cured under stress (Series 2)

Fig. 22. Change of shear modulus for specimens (a) cured without stress, (b) cured under stress (Series 2)
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Fig. 23. Phase Transformation Points (PTP) for specimens (a) cured in the absence of stress, (b) cured under stress (Series 2)
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– Longer curing periods result in increases of the stiŠ-
ness, peak strength, the Young's modulus and the
shear modulus, irrespective of the availability of curing
stress.

– Gvh increases during the application of curing stress as
the void ratio decreases. It is also noted to increase with
time even when the void ratio remains constant.

– The curing stress and period both increase the range of
vertical eŠective stress s?v where the phase transforma-
tion occurs for Ev and Gvh.

– The phase transformation of Ev and Gvh occurs at
almost the same level of axial strain, at 0.3z to 0.4z.
This might be due to the start of the degradation of the
cementation bond at that level of axial deformation
due to the relative displacement of particles.
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