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Abstract

Considerable amounts of cemented mixtures are generated during the construction of deep cement mixing piles. Recycling
these generated cemented soils as fill material using re-cemented method can reduce waste transfer to landfills and reduce
the use of natural gravel fill resources. However, the properties of these re-cemented materials remain unclear. To fill this
research gap, in this study, cement-treated Hong Kong marine deposit (CT-HKMD) was ground into powders and used as a
reused material for the second-round cement treatment, named recycled cement-treated Hong Kong marine deposit (RCT-
HKMD). The influences of cement content and curing period on the unconfined compressive and tensile strengths,
modulus, point load strength index and phase assemblage of CT-HKMD and RCT-HKMD were investigated through
unconfined compression (UC) tests, Brazilian tests, point load tests and thermogravimetric analysis (TGA). The results
reveal that the unconfined compressive strength (UCS), splitting tensile strength and point load strength index of RCT-
HKMD are 1.3-2.6 times greater than those of CT-HKMD within the same cement content and curing period. This is due
to denser microstructure and the formation of calcium (alumino) silicate hydrate (C—(A—)S—H) and ettringite to fill into the
small pores and improve interparticle bonding, observed from the results of TGA and scanning electron microscopy-
energy-dispersive spectrometer (SEM-EDS). Furthermore, different initial cement contents of CT-HKMD powders were
used to prepare RCT-HKMD specimens with 10% newly cement content. All test results show that the initial cement
content of CT-HKMD has no effect on the UCS, splitting tensile strength and point load strength index of RCT-HKMD
specimens as the original bonding structures of the CT-HKMD have been destroyed after crushing and sieving process. All
the findings have practical implications for the reuse of waste cemented soil locally and even globally.

Keywords Brazilian tests - Cements - Point load tests - Scanning electron microscope - Thermogravimetric analysis -
Unconfined compression tests

2

Research Centre for Resources Engineering Towards Carbon
< Ding-Bao Song Neutrality (RCRE), The Hong Kong Polytechnic University,
dingbao.song @polyu.edu.hk; dingbao_song@126.com Hong Kong, China

Wei-Feng Huang School of Civil Engineering and Transportation, Foshan
24151775r@connect.polyu.hk University, Foshan, China

Zhi-Jian Ruan
james.ruan @connect.polyu.hk

Dian-Long Wang
dianlong.wang @polyu.edu.hk

Ma-Yao Cheng
chengmayao @ 163.com

Department of Civil and Environmental Engineering, The
Hong Kong Polytechnic University, Hong Kong, China

@ Springer


http://orcid.org/0000-0002-7840-9274
http://crossmark.crossref.org/dialog/?doi=10.1007/s11440-025-02669-w&amp;domain=pdf
https://doi.org/10.1007/s11440-025-02669-w

5114

Acta Geotechnica (2025) 20:5113-5137

1 Introduction

Due to the scarcity of backfill material, the limited capacity
of landfills and other environmental concerns, recycling
waste materials such as marine clay and cemented soil is
becoming increasingly important. The continuous growth
of the global construction industry has led to the con-
sumption of large quantities of natural aggregates, backfill
materials such as gravel and sand, which are widespread in
nature [23, 40]. As the needs of the global population
continue to increase, more and more land is being expro-
priated for residential, infrastructure and other uses, which
not only leads to less available land area, but also makes it
difficult to build a new landfill, especially in Hong Kong.
In recent years, dredged soil, as one of the wastes, has been
extensively studied for beneficial reuse as fill material
[52, 54]. Additionally, various types of waste such as
excavated muck, construction waste and cemented soil for
the construction of embankments, subgrades and artificial
islands have also been studied [11, 56, 58].

Cemented soil, a by-product of deep cement mixing
(DCM), is frequently generated during this foundation
improvement technique, which has been widely used in
recent decades to treat problematic or soft soils
[18, 26, 27]. A significant environmental challenge of
DCM technique is the production of substantial amounts of
solid waste such as cemented soil. At the conclusion of
DCM process, the drill pipe is extracted, bringing a large
amount of cemented mixture to the surface as waste
cemented soil. It is estimated that waste cemented soil
constitutes about 30% of the total volume involved in the
DCM process [16]. Additionally, in reclamation projects
such as D-runway of the Tokyo International Airport [59],
cement is added to rapidly improve the soft soil, but much
of this cemented soil is subsequently removed during the
excavation process for foundation or basement construc-
tion. In many countries, this waste is typically disposed of
in landfills, leading to low recycling rates, diminished
landfill capacity and high transportation costs [38, 47].
Therefore, investigating more efficient methods to manage
waste cemented soil is crucial such as recycling as backfill
material used in reclamation projects.

The properties of cemented soil are complex and
affected by the soil particle size, cement content, curing
time, water content, etc. [14, 42, 45, 53]. Numerous studies
have shown that the mechanical properties of cemented soil
improve with increasing cement content and curing period,
resulting in the formation of more structured cemented soil
[13, 17, 31, 36]. However, there are very few studies on the
re-cemented soil, and there is no clear and unified con-
clusion on the relationship between point load strength
index and UCS, point load strength index and tensile
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strength and UCS and tensile strength. These parameters
are important in both research and practical engineering to
better understand mechanical properties of cemented and
re-cemented soil for designing safety foundations, slopes or
embankments within cement stabilization. Recent studies
indicated that powdered reused materials can be utilized in
cemented soil to improve the strength properties of
cemented soil [5, 46]. Nakayenga et al. [46] demonstrated
that incorporating stone powder into cemented soil can
increase shear strength and unconfined compressive
strength (UCS) with the smallest particle size of stone
powder exhibiting the highest UCS. Baldovino et al. [5]
illustrated that glass powder can be utilized in cemented
soil to improve UCS with the greater glass powder content
yielding the higher UCS. As a result, Watabe et al. [58]
used the same method that was ground the cemented soil
into powder (smaller than 0.425 mm) and reused the
powder in re-cemented soil and proved that when the
cement content and curing period were the same, there was
no significant difference in the UCS and microstructure of
the cemented soil and re-cemented soil. Nevertheless, the
evolution of tensile strength, point load strength index,
modulus and microstructure of re-cemented soil is still
lacking. It is also important to point out that no UCS-
modulus, UCS—tensile strength, UCS—point load strength
index, tensile strength-modulus, point load strength index—
tensile strength and point load strength index—modulus
relationships of re-cemented soil have been established, so
further research is required.

This paper reports on an experimental study that aims to
investigate the mechanical and microstructure properties of
re-cemented soil considering the effect of cement content
and curing period when the original cemented soil is
remodeled and used as a reused material for the second-
round cement treatment. The results of the study reveal the
effects of the water/cement ratio, w/c, and the curing period
on the mechanical and microstructural properties of the
cemented soil and re-cemented soil and also show the
influence of cemented history on the performance of the re-
cemented soil to prove the potential use of recycled
cemented soil as a backfill material and promote sustain-
able development. In addition, the relationship between
unconfined compression test result and Brazilian test result,
unconfined compression test result and point load test
result and Brazilian test result and point load test result
have been studied to help engineers easily design cemented
soil strength and analyze settlement.
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HKMD, the soil used in this study, was taken from a
construction site located in Tung Chong, Hong Kong. The
geotechnical properties of these soils including liquid limit,
plastic limit, specific gravity and pH value were tested and
the results are listed in Table 1. According to British
Standards [8], this soil is classified as intermediate plas-
ticity clay (CI). From the particle size distribution (PSD)
results, HKMD is found to be composed of 16.5% fine
gravel, 20.6% sand, 50.1% silt and 12.8% clay size frac-
tion. The SEM image of HKMD which is displayed in
Fig. 2 shows HKMD has an open type of microstructure
with massive clay particles assembled in a dispersed
arrangement. The chemical composition of HKMD was
investigated through X-ray fluorescence (XRF) that mainly
consists of SiO,, Al,O5; and Fe,O3. These compounds are
commonly found in marine clay and play an active role in
the cement stabilization process such as hydration process.
Besides, the organic matter content of HKMD was deter-
mined by the loss-on-ignition method that was 4.66%. This
organic matter content is very low and has a negligible
impact on the hydration reaction of cement. As Ge et al.
[20] demonstrated that when the content of humic acid, one
of the main organic matters in soil, exceeded 15%, the UCS
of cemented soil would be greatly decreased, with reduc-
tions exceeding 12%.

As Kitazume [33] recommended, the maximum grain
size of the sieved sample should be less than one-fifth of
the inner diameter of the mold that should be 10 mm in this
study, and there were still lots of stones and shells in the
HKMD resulting in inaccurate test results. Hence, the
collected HKMD was sieved by 5 mm firstly to remove
great number of stones and shell pieces and dried in an
oven at 105 °C of temperature to constant mass secondly
and finally added distilled water up to 60% water content
that closed to the water content of in situ HKMD in Hong
Kong.

Cemented soil powder, frequently used in this report to
prepare re-cemented soil, is obtained from cemented soil
with 10% cement content and 28-day curing. To enhance

Particle size (mm)

Fig. 1 Particle size distribution of HKMD, cement and cemented soil
powder (O10-28)

the accuracy of test results for re-cemented soil, as reported
by Watabe et al. [58], the cemented soil was sieved to
0.425 mm into powder for preparing re-cemented soil. This
can minimize the presence of coarse particles and improve
the uniformity of the re-cemented soil specimen. The
details will be introduced in the unconfined compressive
strength results. The particle size distribution, SEM image
and chemical composition of this powder are shown in
Figs. 1 and 2 and Table 2.

2.2 Binder materials

Ordinary Portland cement (OPC) 42.5, which is used fre-
quently as one of the binder materials in Hong Kong, was
used in this study. The OPC 42.5 was sourced from Green
Island Cement Company Limited in Hong Kong to ensure
compositional consistency.

2.3 Specimen preparation

To prepare CT-HKMD specimen, the HKMD with 60%
water content was mixed firstly to obtain homogenous
HKMD slurry and then added cement slurry. The cement
slurry has a w/c ratio of 1 that was commonly used [6], and
the cement contents used were 5%, 10%, 15% and 20% by
dry mass of soil. All the materials were mixed using an
electric mixer for 10 min to form a uniform mixture and
then poured into cylindrical plastic molds (50 mm in
diameter and 100 mm in height). The mold was coated
with oil to the inner surface to reduce the friction between
the specimen and inner surface for easy demolding. During
specimen preparation, the fresh mixture was poured up to
one-third of the height of cylindrical plastic mold each time
and shaken using a vibration table for 1 min each time to
remove inside air voids. After that, to ensure the
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Fig. 2 Images of scanning electron microscope for: a HKMD, b cement and ¢ cemented soil powder (O10-28)

Table 2 Major chemical compositions of HKMD, OPC 42.5 and cemented soil powder (wt. %)

MgO ALO; Si0, SO; ClI  K,0 CaO TiO, MnO Fe,O; CuO ZnO Rb,O StO  ZrO,
HKMD 503 188 532 257 1.03 42 428 133 0.3 926 002 002 003 004 0.04
OPC 42.5 101 419 146 368 - - 70 - - 478 - - - - -
Cemented soil powder (010-28) 4.09 153 447 257 089 359 152 121 0.2 886 004 004 003 005 0.02

smoothness of specimen surfaces, the mixture was trimmed
using a palette knife and then was covered by plastic films
and sealed with electrical tape to avoid changes in water
content caused by evaporation. All the sealed molds were
cured at 21 °C £ 1 °C and with relative humidity around
95%. After 7 days, the specimens gained sufficient strength
and were demolded and re-sealed to minimize exchange of
the water content and cured in the same condition as
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previously until the target curing period. The proposed
mixing specimen is shown in Table 3 with a total of 6
group mixtures that examine the effects of cement contents
with 5%, 10%, 15% and 20% and curing periods with 7, 14
and 28 days based on 10% cement content, and each
mixture includes seven parallel specimens for conducting
UC test, Brazilian test, point load test, SEM and TG
analysis.
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Table 3 Proposed mixing specimens

Type Specimen  Cement Curing Note Test
ID content (%) period
(day)
CT- 05-28 5 28 First round cementation (effect of cement UC test Brazilian test
HKMD  y10-7 10 7 content and curing period) and point load test
010-14 10 14
010-28 10 28
015-28 15 28
020-28 20 27
RCT- 010-14- 10 14 Second-round cementation (effect of 5-mm and UC test Brazilian test
HKMD  RI10-14 0.425-mm sieve for preparing re-cemented soil) and point load test
010-28-
R10-14
RCT- 05-28- 5 28 Second-round cementation (difference of mechanical and UC test Brazilian test
HKMD  R5-28 microstructural properties between cemented and point load test
010-28- 10 soil and re-cemented soil with the same
R10-28 cement content and curing period)
015-28- 15
R15-28
020-28- 20
R20-28
RCT- 010-28- 10 28 Second-round cementation (effect of cemented history) UC test Brazilian test
HKMD  R10-28 and point load test
015-28-
R10-28
020-28-
R10-28
RCT- 010-28- 5 7 Second-round cementation (effect of cement UC test Brazilian test
HKMD  R5-7 content and curing period) and point load test
010-28- 5 14
R5-14
010-28- 5 28
R5-28
010-28- 10 7
R10-7
010-28- 10 14
R10-14
010-28- 10 28
R10-28
010-28- 20 7
R20-7
010-28- 20 14
R20-14
010-28- 20 28
R20-28

‘010-28’ presents to original cemented soil with 10% cement content and 28-day curing; ‘O10-28-R20-28’ refers to re-cemented soil with 20%
cement content and 28-day curing that the raw material is prepared from original cemented soil with 10% cement content and 28-day curing

@ Springer
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Test soil for RCT-HKMD was prepared by CT-HKMD
powder. CT-HKMD specimens with 5%, 10%, 15% and
20% cement contents and 28-day curing were firstly dried
in an oven at 105 °C of temperature to constant mass,
which was consistent with the situation at the site, that was,
the waste cemented soil would be stacked nearby to be
exposed to the sunlight firstly [38]. Subsequently, these
specimens would be crushed and sieved by 0.425-mm
mesh to destroy the structure of CT-HKMD specimens and
reduce large particles and finally these CT-HKMD powders
were placed back in the oven to ensure adequate dryness.
To prepare RCT-HKMD specimen, CT-HKMD powders
were mixed with a certain amount of distilled water that
water content was 60% and then add cement slurry that has
the same w/c ratio mentioned above. The following spec-
imen preparations are the same as above. The proposed
mixing specimens are also listed in Table 3 with a total of
16 group mixtures which study the effect of cement con-
tents, curing periods and cemented history and each mix-
ture also has seven parallel specimens.

2.4 Testing methods

The UC test of the specimens was performed according to
ASTM D2166 [3]. For each mixture, three specimens were
tested to ensure consistency of the results obtained and the
average results of triplicate specimens were used to
determine the UCS. The test was conducted using a VJ-
Tech Tri-Scan 50 triaxial test machine, as shown in Fig. 3,
and a constant loading rate of 0.5 mm/min that is the
lowest loading rate in ASTM D2166 [3] to collect more
small strain data. The axial loading of the specimens was
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Fig. 3 Photographs of testing setups for: a unconfined compression test, b Brazilian test, and c¢ point load test

measured using a load cell. The global vertical strain of the
specimens was measured using a 50-mm linear variable
differentiate transformer (LVDT), and the local vertical
strain of the specimens was measured using two 5-mm
LVDTs to estimate the effects of seating or bedding error.

The Brazilian test of the specimens was performed
according to ASTM C496 [4]. For each mixture, three
specimens were tested, and the average results of triplicate
specimens were used to determine the tensile strength. As
shown in Fig. 3, the VJ-Tech Tri-Scan 50 triaxial test
machine was used at a constant loading speed of 0.25 mm/
min to perform the Brazilian test since the tensile strength
with 0.5-0.005 mm/min was almost the same [30], and a
faster rate was adopted in this study. The axial loading of
the specimens was measured using a load cell. The global
vertical strain of the specimens was measured using a
50-mm LVDT. Before testing, the top and bottom surface
of specimens with 50 mm in diameter and 100 mm in
height will be cut by automatic cutting machine and then
cut three small specimens with 25 mm in height and
50 mm diameter for the Brazilian test. Additionally, there
are different types of Brazilian test setup, for example: Flat
loading platens with wooden strips (Type I), flat loading
platens with two small diameter steel rods (Type II) and
curved loading jaw (Type III). For the case of Type II, the
severe stress concentrations existing in the vicinity of the
loading points create a wedge-shaped crushed region,
causing the crack initiation point to be located at the end of
the specimen [60]. This contradicts the assumptions of the
Brazilian test that the crack initiation point should be
closed to the center of the specimen, leading to an invalid
splitting tensile strength. In the case of Type III,

S i
. Digital
display

; H 20mm
width

bearing

Specimen
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catastrophic crushing failure occurs instead of tensile
splitting due to shear stress generated under the loading
platen, compromising the accuracy of splitting tensile
strength [34]. Conversely, Type I avoids the issues asso-
ciated with Type II and III. It primarily experiences tensile
splitting with the crack initiation point located at the center
of the specimen, meeting the assumptions of the Brazilian
test and ensuing accurate splitting tensile strength [60].
Thus, Type I is used for the Brazilian test in this study.

To understand the relationship between the point load
strength index and various parameters including UCS,
tensile strength and modulus of cemented and re-cemented
soil, the point load test of the specimens was conducted
according to ASTM D5731 [2] that is shown in Fig. 3. The
maximum point load of the specimens was recorded by the
digital display. For each mixture, three specimens were
tested, and the average results of those specimens were
used to determine the point load strength.

Each mixture has a parallel specimen, and after the
target curing period arrived, the parallel specimen was
frozen-dried in a freeze-drier (Labconco Freezone 2.5 Plus)
for 48 h. Then, some of the frozen specimens were crushed
into fine powders to achieve homogeneity for TG analysis
and the block park of the frozen specimens was used for
SEM-EDS test. For TG analysis (Rigaku STA8122),
around 10 mg frozen-dried powder of each mixture was
heated at a rate of 10 °C/min until 950 °C. Argon gas was
made to flow at a rate of 0.1 L/min during the TG analysis
to prevent carbonation. The morphology and microstruc-
ture of each mixture were analyzed by SEM-EDS on
TESCAN VEGA 3 in the secondary electron mode.

3 Results and discussion
3.1 Unconfined compression strength

Figure 4 presents the preliminary tests results to find
whether the 5-mm (010-14-R10-14) or 0.425-mm (O10-
28-R10-14) sieve is suitable for preparing the re-cemented
soil. The stress—strain curve for O10-14-R10-14 clearly
shows a significant turning point that affects the results of
peak stress, failure strain and secant Young’s modulus, and
this is attributed to the unevenness of the specimen. After
being crushed and sieved with a 5-mm sieve, the cemented
soil still contained lots of coarse particles and the fluidity
was also poor after mixing with cement slurry, leading to
low specimens’ uniformity. Consequently, the coarse par-
ticles were continuously crushed into fine particles during
the test. To reduce the impact of unevenness in the re-
cemented soil and obtain accurate peak stress, failure strain
and secant Young’s modulus results, a 0.425-mm sieve is

used for preparing re-cemented soil, as referenced in
Watabe [58].

The typical stress—strain curves of the two specimens
named O5-28 and 05-28-R5-28 are shown in Fig. 5. It is
observed that both global strains are significantly larger
than local strain which can be possibly due to sitting error,
bedding error or compliance error when axial strain was
measured by global LVDT [25, 55]. The typical stress—
strain curves also investigate that CT-HKMD and RCT-
HKMD specimens display strain softening behavior
because of cementation [28]. In addition, the axial strain at
failure (¢r) of CT-HKMD and RCT-HKMD specimens is
plotted against the UCS on Fig. 6. The axial strains at
failure range from 1.3 to 2.4% for CT-HKMD specimens
while 1.6-3.4% for RCT-HKMD specimens. The &
appears to decrease with increasing UCS that is consistent
with other research on cement-treated soil [39].

UCS, secant Young’s modulus (E. 50) and small strain
elastic modulus (E,) can be determined from the stress—
strain curve, and both are of great significance for evalu-
ating the bearing capacity and settlement analysis of
foundation when cemented soil is utilized as the bearing
stratum. Figures 7 and 8 illustrate the influence of the
water/cement ratio on the UCS, E..so and E, for both
types of soils. It is evident that the cement content signif-
icantly influences the UCS of both cemented soils. Even a
small addition of cement can lead to a substantial
improvement in UCS. Besides, regardless of whether the
specimen is CT-HKMD or RCT-HKMD, the UCS, E. 5o
and E, increase with decreasing water/cement ratio, which
attributed to more complete stabilization reactions in the
mixture such as hydration reaction [36, 58]. As the water/
cement ratio reduces, the hydration reaction will be more
significant, leading to more calcium ions being dissolved

800

—010-14-R10-14
——010-28-R10-14

[=a)
=3
=]

Axial stress, o (kPa)
'S
(=3
=}

200

Axial strain, & (%)

Fig. 4 Stress—strain curve of O10-14-R10-14 and O10-28-R10-14
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Fig. 5 A typical stress—strain curve of UC test of specimens: a CT-HKMD and b RCT-HKMD

and more hydration products being formed, such as
ettringite (AFt) [15]. These hydration products can bind
soil particles together to form a new soil matrix that is
more cohesive.

Another feature that can be seen in Figs. 7 and 8 is the
UCS, E.. 50 and E, exhibit a strong power relationship, as
shown below, with water/cement ratio with high correla-
tion coefficient. This demonstrates that water/cement ratio
has a strong dominant effect on UCS, E.. 5o and E, and
can be used to simply predict above parameters over var-
ious cement content and raw materials in cemented soil.
Also, similar patterns of improvement shown in Fig. 7
were observed in cement-treated Bangkok clay [29] and
cement-treated Singapore marine clay [36] indicated that
the findings in this study were not limited to nature HKMD.
However, it is worth to mention that the experimental data
presented in Fig. 8 show an unstable trend, that is, the
changes of a and b for cemented soil irregularly with
curing period. As a result, these fitting equations can only
be used for a specific curing period.

w

b
Gu 0r Egec 50 or Ey = a(;) (1)

where g, represents the UCS, E. s is the secant Young’s
modulus, E, means the small strain elastic modulus, and a
and b refer to experimentally fitted coefficients.

Since it is unclear whether there are differences in the
mechanical properties between cemented and re-cemented
soil at the same cement content and curing period, the UCS
and modulus of both types of soils with the same cement
content and curing period were studied. Comparing the
UCS, E. 50 and E,y of CT-HKMD specimens and RCT-
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Fig. 6 Axial strain at failure versus UCS

HKMD specimens with the same cement content and
curing period, the o, f§ and # are calculated as follows:

qR
o= "1 % 100% (2)

u

ER
B =220 % 100% (3)

sec,50

ER
n=—%x 100% (4)

0
where ¢~ and q,f are the UCS of RCT-HKMD and CT-
HKMD specimens, Efec,SO and E€_., refer to the secant
of RCT-HKMD and CT-HKMD

Young’s modulus
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Fig. 7 UC test results (based on w/c ratio with same cement content and curing period between cemented and re-cemented soil): a UCS, b E 50

and ¢ E,

specimens, and EX and Ef represent the small strain elastic
modulus of RCT-HKMD and CT-HKMD specimens,
respectively.

In detail, the UCS, Es .50 and E, of RCT-HKMD
specimens experienced an improvement of around 130% to
260% compared to CT-HKMD specimens with the same
cement content and curing period that is shown in Fig. 9.
This indicates that cemented soil powder, as a waste
material, but used in this study as a raw material for re-
cemented soil, is more effective in improving the UCS,
Escs0 and E, relative to that of cemented soil. The
improvement of the UCS, E. 5o and Ey in RCT-HKMD
specimens can be caused by the denser microstructure. The
CT-HKMD powders below 0.425 mm were used for
preparation of RCT-HKMD specimens with small pores
and more contact points between soil particles [45]. During

stabilization reaction, hydration products such as calcium
silicate hydrate (C-S-H) only need to fill small pores and
soil particles are easily connected with more hydration
products precipitated between the particle contacts,
resulting in the denser microstructures of specimens that
will discuss in results of SEM. Besides, the crushing pro-
cess for the cemented soil to prepare re-cemented soil can
change the particle size distribution and structure of the
cemented soil, which affects the density and contact points
between soil particles or clusters and cement powder [50].
At the same time, the finer mesh used in the sieving process
to prepare re-cemented soil can increase the fine content
with smaller voids, leading to greater density and strength
of re-cemented soil.

To quantify the relationship between the parameters
(UCS, Ege50 and Ep) of CT-HKMD and RCT-HKMD
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Fig. 8 UC test results (based on w/c ratio and the raw material of RCT-HKMD specimens prepared from the O10-28 specimens): a UCS,

b Escc,50 and ¢ Eo

specimens and the curing period, the calculated parameters
and the corresponding curing period were fitted with data.
As shown in Fig. 10, both UCS, E..s50 and E, are
dependent on the curing period. For a given cement con-
tent, UCS, E.. 50 and Ey of CT-HKMD and RCT-HKMD
specimens increase with curing period, which can be
caused by more fully stabilization reactions in the speci-
mens such as pozzolanic reaction. The cement hydration
and pozzolanic reaction can proceed for months, the
hydration products such as C-S—H gradually nucleate and
become larger, the strength of the treated specimen can be
improved over time [44].

Another aspect illustrated in Fig. 10 is the UCS, E. 5o
and E, show a strong power relationship, as shown below,
with the curing period with high correlation coefficient,
which is similar to w/c ratio. This demonstrates that the
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curing period also significantly impacts UCS, E. 50 and Ey
and can be used to simply predict the above parameters
over different curing periods and raw materials in cemen-
ted soil. However, the experimental data reveal an unsta-
ble trend similar to the w/c ratio, that is, the values of a and
b for cemented soil change irregularly with cement content.
Consequently, these fitting equations are applicable only
for a specific cement content. It is worth noting that these
fitting equations are flawed, because with the increase of
curing period, the hydration reaction will tend to be stable,
resulting in the strength of the cemented soil also becoming
stable. Hence, the fitting of the exponential equations will
overestimate the UCS, E.. 5o and E, of the cemented soil
in the longer curing period.

qu or EseC,SO or EO =a- tb (5)
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Fig. 12 Effect of cemented history: a strength and b modulus

caused by different particle size distribution. In detail, the
clay content of Singapore marine clay and Bangkok clay is
higher (around 68%) than that of HKMD (around 13%).
After cement treatment, Singapore marine clay and Bang-
kok clay will be denser than HKMD and cement-treated
Singapore marine clay and Bangkok clay specimens will
become much more brittle and smaller failure strain than
that of HKMD, leading to higher E. s¢/q, ratio. Mean-
while, Fig. 11b presents the relationship between E, and
qu, showing a good linear relationship that can simply
figure out the E, using ¢g,. This indicates E, also has a
strong relationship with UCS, and the Ey/q, ratio is the
same as the Eg. s¢/q, ratio that will not be affected by
cement content, curing period or cemented history.
Considering the effect of cemented history that is shown
in Fig. 12, the UCS, E 50 and E, of RCT-HKMD spec-
imens are almost same, indicating that cemented history
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will not affect the strength of RCT-HKMD. Although
hydration products can fill the pores and strengthen the
interparticle connection and play a role in improving the
structure and strength of cemented soil, the original
structure and particle size distribution of the cemented soil
would be destroyed after drying, crushing and sieving
process [50]. Consequently, when newly 10% cement
content was used for treatment, the strength of RCT-
HKMD specimens would be almost same.

In general, whether the specimens are CT-HKMD or
RCT-HKMD, only a few meet the design UCS of 1.3 MPa
for DCM piles [39]. However, they can still be used as
backfill materials, providing sufficient bearing capacity for
construction machinery to further reinforce the foundation.
In addition, the mix ratio can be adjusted to produce
cemented soil with different mechanical properties to meet
specific design requirements. For applications requiring
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Fig. 13 A typical load-strain curve of Brazilian test of CT-HKMD
and RCT-HKMD specimens

higher strength materials such as DCM, a higher cement
content can be incorporated in the mix ratio.

3.2 Splitting tensile strength

Figure 13 shows typical load—strain curve of Brazilian test
of two specimens named O10-28 and 0O10-28-R10-28.
With a similar trend to the UCS, the splitting tensile
strength (Ty) of RCT-HKMD specimen is higher than CT-
HKMD specimen which can be because RCT-HKMD
specimen is denser. RCT-HKMD specimen is relatively
fine without large particles, and after cement treatment, the
number of contacts between soil particles or clusters and
cement will be greater, resulting in more hydration
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products to fill the pore spaces and improve the connection
between particles or clusters. Additionally, RCT-HKMD
specimen shows obvious brittle characteristics because of
the pore structures. The cohesion force of RCT-HKMD
specimen is stronger, and as the peak load is reached, the
specimen will quickly failure due to the fast formation of
the fracture surface. On the other hand, the cohesion force
of CT-HKMD specimen is weaker and the number of pore
structures between soil particles is greater, so when the
load reaches its limited, the pore structure of the specimen
will be compressed that shows plastic deformation [21].

Figures 14 and 15 show the impact of the water/cement
ratio and curing period on the splitting tensile strength of
both types of cemented soils. As with the results of UCS,
the cement content also has a significant impact on the
splitting tensile strength of both types of cemented soils.
Even a small addition of cement can result in a great
improvement in splitting tensile strength. Besides that, the
splitting tensile strength of CT-HKMD and RCT-HKMD
specimens increases with decreasing water/cement ratio
and increasing curing period that are consistent with gen-
eral cognition which can be due to more fully hydration
reaction and the detail will be explained in TG analysis. It
is important to mention that the fitting equations shown in
Fig. 15 are flawed since the hydration reaction tends to be
stable with the increasing curing period, which in turn
causes the strength of the cemented soil to be stable as
well. Therefore, the fitting of the exponential equations will
overestimate the splitting tensile strength of the cemented
soil in the longer curing period.

To closely examine whether there is a significant dif-
ference in the splitting tensile strength between the
cemented and re-cemented soil with the same water/cement
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Fig. 14 Brazilian test results (based on w/c ratio): a raw material of RCT-HKMD specimens prepared from the CT-HKMD specimens with the
corresponding cement content and b raw material of RCT-HKMD specimens prepared from the O10-28 specimens
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Fig. 16 Relative results of splitting tensile strength and point load
strength index

ratio and curing period, their splitting tensile strengths were
compared. The x is calculated as follows:

TfR
K:T_fc x 100% (6)

where Tf and TfC are the splitting tensile strength of RCT-
HKMD and CT-HKMD specimens, respectively.

In detail, Fig. 16 displays the splitting tensile strength of
RCT-HKMD specimen is 1.4 to 1.9 times higher than that
of CT-HKMD specimen with the same content and curing
period which can be explained by that the pore of RCT-
HKMD specimen is small. There are no large particles in
the RCT-HKMD specimen; cement can more effectively
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Fig. 17, it can be found that the best fit lines are much
similar with 0.1986¢g, and 0.1828¢q,, respectively. The
average is 0.19¢,, which considering both CT-HKMD and
RCT-HKMD specimens is little higher than 0.132¢, [49]
and 0.153¢q, [32, 57]. The results presented in this study
and other studies demonstrate that the T/g, ratio does not
remain constant regardless of the curing period, cement
content, cemented history or source of the marine clay, but
can be considered to be within the range of 0.13-0.2 that
has practical implications for engineers to easily predict the
results of tensile strength from UCS.

3.3 Point load strength index

Although the differences in UCS, modulus and splitting
tensile strength of cemented and re-cemented soil have
been studied above, the differences in point strength index
(Iss0)) of them will still be explored to further confirm
whether the Iysp) of re-cemented soil will be greatly
improved compared to that of cemented soil. Figure 18a
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Fig. 17 Relationship between splitting tensile strength and UCS
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displays the Iys59) of RCT-HKMD specimen is higher than
that of CT-HKMD specimen with the same cement content
and curing period which is similar to UCS and splitting
tensile strength results. In detail, as shown in Fig. 16, the
Iys0) of RCT-HKMD specimen is 1.5 to 1.8 times higher
than that of CT-HKMD specimen that can be caused by the
denser microstructure. Hydration products such as C-S-H
can effectively improve the connection between the parti-
cles of the RCT-HKMD specimen; the I sy will be
enhanced.

The relation of /5y, with water/cement ratio and curing
period suggests both in an important factor controlling /sy,
that is shown in Figs. 18b and 19. It can be seen that the
Iy(s0) of CT-HKMD and RCT-HKMD specimens increases
with reducing water/cement ratio and raising curing period
that are consistent with general cognition that can be due to
more fully hydration reaction. However, the fitting equa-
tions shown in Fig. 19 are flawed. As the curing period
increases, the hydration reaction tends to be stable, which
results in the strength to be stable as well. Hence, the fitting
of the exponential equations will overestimate the /59 of
the cemented soil in the longer curing period. Additionally,
the effect of cemented history on /sy is explored as shown
in Fig. 12. The result is same as the UC and Brazilian test,
that is, no matter what the cemented history is, the strength
of the RCT-HKMD specimens with the same cement
content is almost the same.

Since the Tr—Iys0), qu—Is50)> Esec.50- Iys0) and Ep—
Iy(sp) relationships of cemented soil are unclear, the cor-
responding parameters were fitted. The relationship
between UCS, tensile strength and point load strength
index is revealed in Fig. 20. All of them are in a good
linear relationship with high correlation coefficients,
resulting in a straightforward test method that is point load
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Fig. 19 Point load test results (based on curing period)

test can be used to help engineers easily estimate the
strength and modulus of cemented soil to design the
strength and analysis the settlement of cemented soil.
Comparing with other materials, the correlation between
the UCS and I,s9) is 21.6 for Hong Kong granitic rocks
[62] and 21.4 for mudrocks [35] and the correlation
between the T and Is5¢) is 3.96 for gypsum rock [24] and
1.76 for different rocks including limestone, marble,
andesite, granite and diabase [1] and both are higher than
this study that can be caused by much higher strength in
rock.

3.4 TG analysis

The TG and DTG results of HKMD and CT-HKMD and
RCT-HKMD specimens with the same cement content and
28-days curing with temperature ranging from 30 to
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Fig. 18 Point load test results (based on w/c ratio): a raw material of RCT-HKMD specimens prepared from the CT-HKMD specimens with the
corresponding cement content and b raw material of RCT-HKMD specimens prepared from the O10-28 specimens
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900 °C are shown in Fig. 21. The total mass loss of the
HKMD is 11.55%. For the CT-HKMD specimens, the mass
loss increases with higher cement content, ranging from
12.6% at 5% cement content to 16.7% at 20% cement
content and both are larger than 11.55%. Similarly, the
RCT-HKMD specimens present the same trend but with
even greater mass loss, ranging from 12.69% at 5% cement
content to 22.55% at 20% cement content and both are also
larger than 11.55%. This increase can be explained by the
formation of more hydration products and more effective
promotion of the contact of interparticle. Therefore, as has
been presented, the mechanical properties of CT-HKMD
and RCT-HKMD specimens will be improved with
increasing cement content and the mechanical properties of
RCT-HKMD specimens are better than that of CT-HKMD
specimens with the same cement content and curing period.

Another feature that can also be found in Fig. 21 is the
DTG curves of CT-HKMD and RCT-HKMD specimens
with the same cement content and 28-day curing shows an
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increase from 30 to 280 °C in the peak that corresponding
to the dehydration of free water [9], clay minerals [19], C—
S—-H gels and ettringite [51]. For quantitative evaluation,
the mass loss was calculated from the TG results that are
presented in Fig. 23. With the same trend as DTG curves,
mass losses also increase from 2.92 to 4.89% of CT-
HKMD specimens and from 4.14 to 9.38% of RCT-HKMD
specimens from 5 to 20% cement content. The results
indicate that more cement hydration products including C—
S—-H and ettringite are formed with increasing cement
content especially in RCT-HKMD specimens, so the
mechanical properties of RCT-HKMD specimens are better
than that of CT-HKMD specimens with the same cement
content and curing period.

Another temperature ranges from 280 to 600 °C; the
peak is caused by the dihydroxylation of kaolin minerals in
clay [41] and Ca(OH), crystals [22]. A slight increase in
peaks as well as mass losses of CT-HKMD and RCT-
HKMD specimens at these range temperatures that are
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Fig. 21 TG and DTG curves: a CT-HKMD specimens and HKMD and b RCT-HKMD specimens with the raw material prepared from the CT-

HKMD specimens with the corresponding cement content

related to more Ca(OH), crystals are formed by cement
content. Hence, the mechanical properties of both cemen-
ted soils will be enhanced with cement content.

The following peak between 600 and 720 °C should be
contributed to the decomposition of illite, calcite and
CaCOs [55, 61]. Both peak and mass loss increase with
cement content of CT-HKMD and RCT-HKMD specimens

in these range of temperatures that can be caused by more
CaCOgj; are produced for CT-HKMD specimens and more
calcite existed for RCT-HKMD specimens with increasing
cement content. This will also result in better mechanical
properties of CT-HKMD and RCT-HKMD specimens with
cement content. For CT-HKMD specimens, although
cement hydration reaction has started rapidly, the large
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Fig. 23 Mass loss results: a HKMD and CT-HKMD specimens and b RCT-HKMD specimens

pores present during specimen preparation process prevent
the hydration products from completely filling the pores in
a short time. As a result, CO, can penetrate the pores and
react with CaO to generate CaCOj;. Regarding RCT-
HKMD specimens, even though cement hydration reaction
quickly happened to form hydration products to fill the
small pores that can reduce the contact with CO,, the
content of calcite of RCT-HKMD specimens increased
with the cement content of the raw material. The raw
material of RCT-HKMD specimens prepared from CT-
HKMD specimens with different cement content would
lead to different content of calcite. The dihydroxylation of
muscovite and montmorillonite takes place between 720
and 900 °C [7, 55].

Figures 22 and 23b show the TG and DTG curves and
mass loss of RCT-HKMD specimens with different cement
content and curing period that the raw material of RCT-
HKMD specimens was prepared from the O10-28 speci-
mens. Consistent with other studies [43], as cement content
and curing period increase, the greater content of hydration
products explains the greater total mass loss in TG curves
as well as the more significant peak at the temperature
range from 30 to 280 °C and 280-600 °C in the DTG
curves. This explains why the mechanical properties of CT-
HKMD and RCT-HKMD specimens improve with cement
content and curing period. However, the peak between 600
and 720 °C decreases from DTG curves with increasing
cement content of 7 and 14-day curing that may be due to
the reduction in contact with CO, that explains before. As
shown in Fig. 22¢, the peak between 600 and 720 °C
decreases from DTG curves with increasing cement con-
tent of 28-day curing except 5% cement content that can be
contributed to curing period that is long enough and almost
all the cements participate in the hydration reaction,

resulting in a reduction in the gypsum content in the
cement. It will lead to C4AH;3 which is one of the
hydration products to react with AFt to form AFm [48].
This has been confirmed that the peak between 40 and
280 °C  of O10-28-R5-28 specimen is the
conspicuous.

most

3.5 SEM-EDS characterization

The SEM photographs of CT-HKMD specimens with 10%
and 20% cement content at 28 days of curing are shown in
Fig. 24. Tt is evident that an increase in cement content
leads to denser microstructure. As a result, the mechanical
properties of CT-HKMD specimens strengthen with
cement content. In detail, as shown in Fig. 24a and b, the
flat clay particles are arranged in a scattered pattern and
exhibit some reticulation in an open type of microstructure
caused by low cement content. Due to the hydration
products, which are detected as C—S—H (or C—A-S-H) and
ettringite (AFt) by EDS methods, these will form in
reticular structure. Additionally, plate-like portlandite (CH)
is also discovered from EDS with high concentration of Ca
and low concentration of Si and Al [63]. The flocculated
nature of the structure with clusters of treated clay particles
distributed around large openings becomes more noticeable
and improves bonds among soil particles with increasing
cement content (Fig. 24c and d) which can be caused by
the cation exchange process with Ca®t cations replacing
Na® or K* cations [37]. Simultaneously, the degree of
reticulation seems to rise, and the flatness of the structure
becomes less noticeable. As can be seen, fine reticulation
becomes quite noticeable at 20% cement content (Fig. 24c
and d). The rise in C-S-H/C-A-S—H gels and ettringite
(AFt) mixed with C-(A)-S-H that show reticular in
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structure and needle-like or fibrillar morphology is
responsible for the increase in the degree of reticulation
[31]. These hydration products are detected by EDS which
is in agreement with the results presented by Sun et al. [55].

The SEM images of RCT-HKMD specimens with 10%
cement content at 7 and 28 days of curing and 20% cement
content at 28 days of curing are shown in Fig. 25. The
results are also the same as those of CT-HKMD specimens
that the microstructure is much denser with increasing
cement content because of the increase in hydration prod-
ucts. At the same time, as the cement content increases, a
more obvious flocculated nature of the structure will be
found, and hydration products are clearer to be seen. In
addition, compared to the SEM images of CT-HKMD
specimens shown in Fig. 24, RCT-HKMD specimens

@ Springer

present a much denser microstructure because there are no
coarse particles inside the RCT-HKMD specimen and have
a greater number of contacts between soil particles; the
hydration reaction will be more intense, which results in
more hydration products such as C-S—-H and C-A-S-H.
These hydration products can not only improve the bond-
ing strength between particles or clusters, but also fill the
pore space so that the mechanical property of RCT-HKMD
specimen is better than that of CT-HKMD specimen.
Figure 25 also shows the SEM photographs of RCT-
HKMD specimens at different curing periods. Over time,
hydration products are clearly visible such as ettringite and
C-S-H gels as well as the microstructure becomes denser
and more flocculated as the hydration products grow over
time. As a consequence, the mechanical properties of
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cemented soil will be improved with curing period. In
detail, the hydration reaction will quickly form ettringite
(AFt), C—(A)-S-H and so on and the hydration rate is fast
and then over time, these hydration products gradually
nucleate and grow and the hydration rate is gradually
decreased, while the hydration rate at this time is mainly
controlled by diffusion [10]. Additionally, Figs. 25¢c, d and
26 present the SEM photographs of RCT-HKMD speci-
mens that consider the effect of cemented history. It can be
found that the microstructures are much similar with rela-
tively dense structures. This is also familiar with the results
discussed before, that is, the cemented history will not
affect the mechanical property of cemented soil. Hence, the
cemented history has no effect on RCT-HKMD specimens.

4 Conclusions

A series of tests, including unconfined compression test,
Brazilian test and point load test, were conducted for
investigating the mechanic properties of cemented HKMD
and re-cemented HKMD. Furthermore, microstructures of
these cemented soils were analysis through SEM and TG
tests. Based on the test results, the following conclusions
can be drawn:

1. The cemented history does not have influence on the
re-cemented soft soils, because crush and sieve had
broken the microstructures of the original cemented
soils. Therefore, the cemented history can be neglected
for the beneficial reuse of recycled cemented soils.
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2. The re-cemented HKMD possessed the higher values

of UCS, Ey, E. 50, splitting tensile strength and point
load strength index compared to cemented HKMD
with the same cement content and curing period due to
greater number of contacts between soil particles or
clusters and cement which can improve the interpar-
ticle bonding and filling effect of pore space to form
more hydration products and denser microstructure.

3. The empirical equations proposed in this report, the

UCS, Ey, Eg 50, splitting tensile strength and point
load strength index under different w/c ratios and
curing periods can be predicted. In addition, there is a
good linear relationship between point load strength
index and UCS, E,, E..s0 and splitting tensile
strength. All empirical equations recommended in this
study are of practical value to engineering practitioners
in designing cemented soil strength and analyzing
settlement.
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