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Management of incinerated sewage sludge ash (ISSA) and dredged contaminated marine sediments
(CMSs) is a great challenge for Hong Kong and other coastal cities due to limited landfilling capacity. The
present study investigates the use of high content (20% of sediment by mass) of ISSA in combination with
cement/lime for solidification/stabilization (S/S) treatment of CMSs to provide a way to reuse the wastes
as construction materials. The results showed that ISSA being a porous material was able to absorb a
large amount of water rendering a more efficient solidification process of the marine sediment which
normally had a very high water content ( ~80%). The S/S treatment improved the engineering properties
of the sediment, but reduced the workability, especially for the lime-treated samples. Lime can be used to
replace ordinary Portland cement (OPC) for better heavy metal immobilization and carbon emission
reduction. The hardened sediment samples prepared with 10% of lime and 20% of ISSA could attain a
strength of 1.6 MPa after 28 d of curing. In addition, leaching tests confirmed that there was no envi-
ronmental risk induced by these stabilized materials. The formation of hydrated cementitious com-
pounds including calcium silicate hydrate (C—S—H)/calcium aluminate silicate hydrate (C-A-S-H)/
hydrocalumite/calcite was mainly responsible for the strength development in the ISSA/lime-treated
sediments.
© 2021 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

sediment with high water content at a marine site may be too weak
to support the civil engineering structure (e.g. bridge piers or

Safe treatment and resource recycling of the alarmingly
increasing amount of solid wastes have presented significant
financial and environmental burdens to municipalities. Meanwhile,
several hundred millions of tons of contaminated sediments are
dredged annually from harbors around the world (Lirer et al., 2017).
Hong Kong has the largest sewage sludge incinerator (T-Park) in
the world and it is important that the incinerated sewage sludge
ash (ISSA) produced is managed in the best possible way for sus-
tainable development (Li et al., 2017a). A large volume of soft
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runway). Although extensive studies on the possible ISSA recycling
had been carried out, practical applications of the developed
technologies are still scare, mostly due to its relatively low pozzo-
lanic activity for strength development in construction materials
and the high cost to recovery of phosphorus (Chen and Poon, 2017;
Fang et al., 2018). However, studies confirm that ISSA/cement has
potential applications in the field of geotechnical engineering (Li
et al., 2019). ISSA/cement in a fixed ratio of 4:1 could be used as a
stabilizer to improve the strength of soft, cohesive, subgrade soil,
when the maximum additional amount of the admixture was set as
16% (Chen and Lin, 2009). Previous studies (e.g. Li et al., 2017a; Chen
et al., 2018) also showed the feasibility of using a small amount of
ISSA (<20%) as a cement replacement for producing concrete
blocks or cement mortars. However, to the best of authors’
knowledge, studies on the effects of utilizing high content of ISSA
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(e.g. >20%) as a supplementary cementitious material (SCM) in
producing construction materials are rarely reported.

In 2014, about 29 Mm® contaminated marine sediments (CMSs)
were dredged in Hong Kong (Wang et al., 2015a). The ISSA presents
high adsorption capacity to water and some heavy metals and thus
has the potential to be used as an SCM in treating heavy metals
contaminated sediment (Li and Poon, 2017). Thus, the CMS needs
improvements to provide the required strengths. In the last decade,
the lime or ordinary Portland cement (OPC) treated sediments were
usually used in sub-base/roadbase layers and filling construction
(Wang et al., 2015b). Nowadays, increasingly amounts of SCMs (e.g.
pulverized fly ash (PFA) and ground-granulated blast-furnace slag
(GGBS)) are being used as cement replacements (Garcia-Lodeiro
et al,, 2013; Zentar et al,, 2012; Wang et al., 20153, 2018). There-
fore, it is deduced that lime may be used to replace traditional OPC
and be mixed with ISSA for solidification/stabilization (S/S) treat-
ment of soft CMS. But the mechanisms controlling strength
development and heavy metal immobilization in the CMS S/S
treated by ISSA/lime are still unclear.

This study attempts to explore the S/S mechanisms after mixing
the CMS with high content of ISSA to produce a sub-base or filling
material. The influences of binder contents and curing time on
strength, deformation, durability, heavy metal leaching, and micro-
structure development were investigated. Several tests were con-
ducted on the S/S-treated sediment, including natural dewatering,
unconfined compressive strength (UCS), toxicity characteristic
leaching procedure (TCLP), dynamic tank leaching, X-ray diffraction

Table 2
Design of sediment mixtures (mass ratio).
Symbol Cement Lime Sludge ash (ISSA) Sediment
SD 0.2 1
c5 0.05 0.2 1
C10 0.1 0.2 1
L5 0.05 0.2 1
L10 0.1 0.2 1

Note: SD denotes sediment treated without cement/lime; C(5/10) denotes sediment
treated with cement under the dosage of 5 or 10; L(5/10) denotes sediment treated
with lime under the dosage of 5 or 10.

(XRD), scanning electron microscopy with energy dispersive X-ray
spectroscopy (SEM-EDX) and mercury intrusion porosimetry (MIP).

2. Materials and methods
2.1. Binder materials and sediments

In this study, the binder materials included OPC equivalent to
ASTM Type 1 cement and industrial grade quicklime with 65% CaO
produced in Hong Kong. The ISSA from T-Park was directly collected
and the characteristics of ISSA had been reported in our previous work
(Li et al., 2017b). The ISSA was oven-dried at 105 °C before use.

The marine sediment used was dredged from a nearshore
location in Hong Kong waters and it was sieved through 4.75 mm
sieve to obtain homogenous fine particle portion for the experi-
ment. A laser diffraction particle size analyzer was used to analyze
particle size distribution (PSD) of the fine portion (<2000 pum) of

the sediment sample, as shown in Fig. 1. The sediment consisted of
5 100 0.34% clay, 16.69% silt, 38.33% gravel, and 44.64% sand fractions. The
L 6%0 total heavy metal concentrations along with physico-chemical
4| [FO— Volume density OQ {50 properties of sediment are summarized in Table 1.
g —[J— Volume passing 3 0o CE
z \ £ .
Z 3 a 2.2. S/S sample preparation
5 E
g2, z The sediment mortar samples were prepared with various binder
_2 U,% ratios by OPC/lime and ISSA according to the mix design listed in
> S Table 2.
! The marine sediments with 77.71% of water content were mixed
with the binder for 3 min in a standard mechanical drum type
(U mixer to produce uniform mixtures. Afterwards, the fresh mixtures
Ll el el were cast into $50 mm x 50 mm plastic cylindrical mold and
10 100 1000 vibrated for 1 min to eliminate entrapped air bubbles. All the
Particle size (um) samples were wrapped with polyethylene sheets to avoid water
Fig. 1. Particle size distributions of dredged sediment. lOSS, and kept at (23 :t 2) °C with relative humidity of 95%. After
curing for the preset time, the samples were demolded for the tests.
Table 1
Physico-chemical properties of dredged sediment.
Property Value Method
Heavy metal concentration Cu 74.04 mg/kg Inductively coupled plasma atomic emission spectrometry (ICP-AES) (SPECTROBLUE)
Zn 154.72 mg/kg
Pb 73.58 mg/kg
Cr 37.3 mg/kg
Ni 16.22 mg/kg
As 34.08 mg/kg
Cd 2.18 mg/kg

Contamination level

Water content

Salinity

Organic matter content
Specific gravity

pH value

Main chemical compositions

Medium (category M)
77.71%

24.8 g/kg

4.2%

2.49

8.51

SiO; (58.05%), Al;03 (21.99%)

HK EWTB (2002)

Oven-dried at 105°C

Conductivity meter (WTW inoLab Cond 720)
Loss on ignition at 550 °C

Water pycnometer method

1:10 dry sample: deionized water

X-ray fluorescence (XRF) (Rigaku Supermini200)
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2.3. Test methods

2.3.1. Natural dewatering

The top part of cylindrical molds after sample casting was un-
covered and in contact with air at room temperature of (23 4 2) °C
with the controlled relative humidity (50%). The mass of each
sample was regularly measured at 3 d, 7 d, 14 d and 28 d during
natural dewatering process to calculate water content at each time.

2.3.2. Workability
The workability of the fresh sediment mortar mixtures was tested
following the flow table spread (FTS) method (ASTM C1437-15, 2015).

2.3.3. Compressive strength

A universal testing machine (Testometric CXM 500-50 KN) was
employed to determine the compressive strength after 7 d, 28 d and
90 d of curing and the loading rate was 0.3 mm/min according to BS
EN12390-3(2009). The averages of the duplicates and the loading-
displacement figures were recorded. The failure strains and defor-
mation modulus Esg can therefore be computed.

2.3.4. Durability (water soaking)

To test the durability of sediment mortar samples, they were
stored in a distilled water tank for 30 d after being cured for 28 d
and the strength after soaking was determined and compared with
the strength cured for 28 d.

2.3.5. Heavy metal leachability

Two leaching tests were conducted to investigate the potential
leachability of heavy metals from the sediment mixtures as follows.
The concentrations of heavy metals in the leachate separated by
filtration with a 0.45 pm mixed cellulose esters membrane filter
were measured by ICP-AES (SPECTROBLUE) after concentrated ni-
tric acid digestion in a digestion block.

(1) According to US EPA (1992) method 1311, the toxicity char-
acteristic leaching procedure (TCLP) was recognized to
determine the suitability of landfilling material. The sedi-
ment mortar samples were leached with 0.1 mol/L acetic acid
(pH value of 2.88) at a liquid-to-solid ratio of 20 L/kg. The
samples together with the proportioned leachate were
placed in capped polypropylene bottles and rotated for
18 h at 30 revolutions per minute (rpm).
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a —{+— Raw sediment —O— SD
10 b ——C5 ——Cl10
L —t—=L5——LI0
5 L 1 L 1 L 1 L 1 L 1 L
0 5 10 15 20 25 30
Time (d)

Fig. 2. Natural dewatering of solidified sediments.

(2) Semi-dynamic leaching test was conducted on the sediment
mortars that were immersed in 1 L deionized water. The test
lasted for 11 d at (23 + 2) °C and the deionized water was
renewed and 10 mL of the leachate was collected after 2 h,
7 h and 24 h during the first day, and daily extraction was
carried out for the rest 10 d (Li et al., 2019).

According to Eq. (1), the cumulative fraction leached (CFL) of
heavy metals can be calculated. The diffusion coefficient (De) of
heavy metals was calculated using Eq. (2).

A 1

CFL = AT; = ,TOEi(CiVU) (1)
7 (V\CFL2

De = Z(§) T )

where A; is the cumulative mass of the heavy metals leached from
the medium surface (mg); Ag is the total mass of substance con-
tained in the samples prior to the test (mg); ¢; is the measured
concentration of the leached heavy metals in the leachate at I th
test interval (mg/L); Vi ; is the volume of leachate (L); V is the vol-
ume of specimen (cm?); S is the surface of the sample used in the
test (cm?); and t is the leaching time (s).

2.3.6. Microscopic investigations

For the microscopic tests, after the specified curing period, the
sediment mortar samples were immersed in ethanol for 7 d to
arrest hydration and then placed in a vacuum oven at 60 °C to
remove ethanol and prevent carbonation. The crystalline phases
of ball milled specimens were detected by an XRD (Rigaku
SmartLab) with CuKea radiation, scanning from 26 = 5°—60°. The
step size was 0.02° and the operation conditions were 40 kV and
30 mA.

A SEM-EDX (Tescan Vega 3) under accelerating voltage of 20 kV
was used to analyze surface morphologies of gold-coated fractured
specimens of the sediment mortar samples. The pore structure of
the sediment mortars was tested by the MIP test (Micromeritics
Autopore IV 9500 Series). The specimens for MIP were prepared by
breaking the mortar samples into small pieces between 2.36 mm
and 5 mm. The measured pore size ranged from 7 nm to 150 pm
under a maximum intrusion pressure of 207 MPa.
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Fig. 3. Flow table spread values of the fresh sediment mortars.
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Fig. 4. Stress—strain curves of mortar samples at (a) 7 d, (b) 28 d and (c) 90 d of curing.

3. Results and discussion
3.1. Natural dewatering

Water evaporated from the sediment mortar samples may lead
to size and volume shrinkage. For the purpose of use as construc-
tion materials, a small volume decrease of the mortar samples was
desirable to ensure structural stability (Zentar et al., 2011). Fig. 2
depicts the change of natural dewatering rate of the sediment
mortar samples with elapsed time. All the mortar samples showed
an increasing trend of dewatering rate and the rate increased
remarkably from approximately 13% at day 3—36% at day 7, and
almost remained steady from 14 d. The raw sediment had the
highest dewatering rate due to its high-water content. With
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Fig. 5. (a) Compressive strength and (b) Failure strain of mortars at 7 d, 28 d and 90 d.

addition of ISSA, it is clear that the dewatering rate decreased
significantly, which was attributed to pores and irregular
morphology of ISSA particles and its high-water adsorption ca-
pacity. After blended with OPC or lime, reduction in dewatering
rate occurred, while further increasing the OPC or lime contents
caused a slight decrease of the dewatering rate. This might be
related to the fact that the binder materials had consumed a portion
of the water in the pozzolanic reactions (Wang et al., 2017).
Compared with lime, the cement sample had a lower dewatering
rate most likely due to the higher water consumption of cement
hydration and the denser structure of the cement incorporated
samples.

3.2. Workability

The FTS values of the fresh sediment mortar samples are shown
in Fig. 3. The flow of SD samples was lower than that of the raw
sediment after incorporation of ISSA as the ISSA particles absorbed
a large amount of water from the sediment. The flowability drop-
ped further after using OPC and lime, and the mortars with OPC (C5
and C10) had slightly higher FTS values than lime, suggesting their
lower viscosity. This may be attributed to a higher capability of lime
to absorb and retain water, which thickened the mixtures because
of enhanced cohesivity (Senff et al., 2010; Izaguirre et al., 2010).
Although there was reduction in the workability of the sediment
mortars, the flowability was still suitable for construction processes
(ASTM C 109, 2008).
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3.3. Compressive strength and engineering properties of mortars

The stress—strain relationships of C5, C10, L5 and L10 samples at
all the curing ages are plotted in Fig. 4. The peak stress increased
significantly from 7 d to 90 d and C10 had the highest peak stress
among all the samples, followed by L10 regardless of curing age. All
the sediment mortar samples experienced deformation first, and
then the strength of C10 increased linearly until reaching the peak
stress (Fig. 4a and b), while the other samples showed a nonlinear
and slow stress increase due to plastic deformation. After reaching
the peak stress, the stress started to reduce with increase of strain
for all the samples. It is clear that C10 was more brittle than the
other samples. At the later age (Fig. 4c), all the samples showed a
linear increase of stress following the initial deformation. C5 and L5
then experienced some plastic deformation, while C10 and L10
showed linear increase of stress. After reaching the peak stress, the
stress of C5 and L5 decreased slightly as they were less stiff than
C10 and L10.

The parameters including UCS, failure strain, and deformation
modulus Esg can be calculated from the full stress—strain curves.
The peak stress is the UCS, the strain at the peak stress is considered
as the failure strain, and the deformation modulus in this study is
defined as the secant modulus at 50% of UCS. The UCS and failure
strain of the mortar samples at 7 d, 28 d and 90 d are presented in
Fig. 5a and b, respectively. As the raw sediment and the SD samples
did not have sufficient strength upon demolding, they cannot be
compared directly in the figures. As shown in Fig. 53, the strength of
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all the mortars increased with increasing curing time and binder
contents. However, only C10 and L10 samples at 28 d met the
strength criteria of 1.15 MPa at 28 d (ACI, 1999) to be used as low
strength filling materials. The sediment treated by lime-ISSA also
could provide sufficient strength, even though they had a lower
strength value than OPC-ISSA treated sediment. This can be
attributed to the larger amount of C—S—H gel formed during OPC
hydration. The C10 sample had the highest strength among all the
mortar samples and its 28-d strength reached 4.21 MPa, which met
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the required minimum compressive strength of 4.14 MPa for non-
load bearing uses (Wang et al., 2015b). However, considering the
economic and environmental aspects, application of lime-ISSA
treated sediments as filling materials was more cost-effective and
promising.

In Fig. 5b, the failure strain of all the mortar samples increased in
general with increasing curing time and binder contents except for
C10 (it is very likely due to inhomogeneity of the specimens).
Therefore, the failure strain of these samples showed a consistent
trend with that of the UCS. That is to say, the S/S treated sediment is
a ductile material and the ductility of sediment can be improved
during the S/S process. The failure strains of all the S/S treated
sediments ranged from 3% to 7%, indicating a good ductility.

The deformation modulus Esg throughout the whole curing
period and its relationship with stress are shown in Fig. 6a and b,
respectively. All the samples had the highest Es5g at 28 d except L10,
whose UCS increased significantly from 28 d to 90 d. Due to its high
strength, the C10 sample had the highest Es5q, implicating its highest
resistance capacity to deformation (Lee et al., 2005). In addition, Esq
increased with the binder content, and the cement samples showed
a higher value than the lime samples under the same binder
dosage.

In Fig. 6b, the change of Esqg is consistent with the strength
development and a linear correlation fitting is found to be
y =12.56x + 12.36 (R* = 0.953), which is consistent with a previous
research (Cai et al., 2015).
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Fig. 7 illustrates the durability test results expressed as strength
before and after 30 d of water soaking. The mortar samples prepared
with lower binder contents (C5 and L5) experienced a slight drop in
strength after further soaking for 30 d, whereas the strengths of C10
and L10 increased noticeably after water soaking. For the samples
prepared with lower binder contents, the content of Ca(OH); was too
low to react with ISSA which only possessed a moderate pozzolanic
activity. The relatively small amount of hydration products could not
hold the samples together when they were soaked in water.
Whereas further water soaking provided more available water for
the hydration processes of C10 and L10, the ISSA might be activated
by the higher Ca(OH), content (Zhou et al., 2019), which led to an
improvement of strength. Based on the durability test results, the
lime-ISSA treated sediment (i.e. L10) would be more suitable for
production of the low strength filling materials.

3.4. Environmental impacts

As the Zn and Cu concentrations in the raw sediment and ISSA
were relatively high, they were major concerns for evaluating the

Table 3

De values of Cu and Zn of 28-d mortar samples.
Sample De (m?/s)

Cu Zn

C5-28 471 x 107" 439 x 10°1°
C10-28 446 x 10714 1.02 x 10714
L5-28 412 x 107 3.25 x 10713
L10-28 433 x 107" 993 x 10°1°
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environmental impacts of the mortar samples. Fig. 8 shows the
leachability of Zn and Cu of the raw sediment and the treated
sediment at 7 d and 28 d. It is known that the ISSA used in this study
was considered as a non-hazardous material (Li and Poon, 2017). As
shown in Fig. 8, the leachate concentrations of Zn (1.98 mg/L) and

C-S-H/C-A-

SEM HV: 20.0 kvV WD: 10.76 mm | |

SEM MAG: 4.99 kx Det: SE

‘ Element Weight% Atomic%
§r CK 11.06 17.83
¥ C-S‘H/C'A'S‘H 0K 48.39 58.61
$ Mg K 0.53 0.42
i AlK 7.39 5.31
Si K 11.32 7.81
ClK 2.35 1.28
. % KK 0.82 0.41
SEM HV: 20.0 kV WD: 9.73 mm | VEGA3 TESCAN CakK 14.90 7:21
SEM MAG: 5.00 kx Det: SE 10 pm Performance in nanospace Fe K 3.23 1512

Performance in nanospace| Fe K

Cu (0.12 mg/L)of the raw sediment were within the TCLP limits of
heavy metals based on USEPA (2018) universal treatment standard.
Nevertheless, it is still necessary to study the potential environ-
mental risks of the treated sediment under extreme conditions.
After applying the ISSA alone, the leachate concentration of both Zn
and Cu increased as these two metals were also presented in the
ISSA; but they decreased with addition of OPC and lime, especially
for lime mostly due to the higher pH value of lime-treated samples.
The Zn and Cu concentrations were significantly lower than the UTS
limit in the C10 and L10 samples. Our previous study also confirmed
that the pollutants could be physically encapsulated and/or
chemically fixed by the hydration products (Li et al., 2017c). For
most samples, the leaching concentration of Zn decreased with
time but that of Cu increased. It can be attributed to the complex
variations of scenario in the S/S samples, such as pH value, redox
and chemical compositions. Based on the TCLP results, the treated
sediment mortars were applicable without environmental risks,
especially for the lime-based samples (Cote et al., 1987; Tang et al.,
2019).

The semi-dynamic leaching test results of the monolithic mortar
samples at 28 d are shown in Fig. 9, indicating the long-term
leaching behaviors of the heavy metals. Very low concentrations
of Zn and Cu were detected from the 28-d mortar samples due to

| Element Weight% Atomic?

OK 42.84 63.16
Al K 13.74 12.01
Si K 12.59 10.58

Ca K 7.42 4.36

23.42 9.89

Fig. 12. SEM images with EDX results of (a) C10 and (b) L10 at 28 d.
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Fig. 13. Pore size distribution of (a) C5, C10 and (b) L5, L10 at 28 d.

encapsulation or precipitation in the treated sediment. The con-
centrations of Zn and Cu ranged from 0.001 mg/L to 0.094 mg/L, and
0.027 mg/L to 0.05 mg/L, respectively. Also, the cumulative leached
amounts of Zn and Cu were far below the limit value in the Dutch
legislation-the soil quality decree (SQD), which demonstrates the
non-hazardous nature of the treated sediment to the environment
(Soil Quality Decree, 2013).

Fig. 10 presents the CFL of Zn and Cu against t'/%of the mortar
samples at 28 d. Only small amounts of Zn and Cu were leached
during the test. In the first day, only less than 0.2% of Zn and 0.5% of
Cu were leached out from all the S/S samples. The linear plots
suggested that Zn and Cu leaching was mainly controlled by
diffusion in the whole process. The calculated De values of Zn and
Cu are listed in Table 3. All the values varied from 9.93 x 10~ m?/s
to 1.02 x 10~ m?/s which were smaller than10~"> m?/s, indicating
that the treated sediment had low leaching risks and were feasible
to be used as filling materials (Li et al., 2017c).

3.5. Microscopic analysis

3.5.1. XRD results

The XRD spectra of the raw sediment, C10 and L10 at the curing
ages of 7 d and 28 d are shown in Fig. 11. The crystalline phases of
the raw sediment mainly consisted of muscovite, kaolinite, illite
and quartz. After treated by OPC/lime-ISSA, calcite was detected in
C10 and L10 and it could be attributed to the carbonation of
Ca(OH), during curing process. As a consequence, hydrocalumite
was only presented in L10 and minor portlandite only appeared in

L10 at 7 d due to consumption by ISSA, carbonation and its limited
amount especially for C10. The formation of hydrocalumite that can
contribute to the strength development of the sediment mortar
might be due to the reaction between Ca(OH), and the partial
soluble Al presented in the raw sediment. The XRD patterns of C10
and L10 did not show significant differences, but a slightly higher
calcite peak in C10 and L10 cured for 28 d was observed compared
with the samples at 7 d. The calcite might also facilitate strength
development of the mortars with increase in curing time. In addi-
tion, there were no Zn- and Cu-containing crystalline products
detected after the S/S process, which might be: (a) the contents of
related phases were too low to be detected by XRD, and (b) the
chemical reactions of Zn and Cu species were weak (Wang et al.,
2018).

3.5.2. SEM-EDX results

Fig. 12 shows the SEM micrographs with EDX analysis of C10 and
L10 after 28 d of curing. In Fig. 123, a large amount of amorphous C—
S—H/C-A-S-H gels mainly produced from OPC hydration were
observed and formed on the surface of sediment in C10 at 28 d. The
EDX results indicated the presence of Fe which might be originally
from ISSA. As shown in Fig. 12b, some plate-like crystals known to
be Ca(OH), (CH) were visible (although some were carbonated by
CO,) and intersected with the gels in L10; but there was a less
amount of gel-like phases than C10 due to moderate pozzolanic
reactions of CH with ISSA. These findings confirmed that ISSA and
sediment possibly reacted with Ca(OH), to form hydration prod-
ucts. The sources of Si and Al were provided by ISSA and sediment
particles, and then they reacted with lime to form C-A-S-H gel
which filled the space, producing a relatively dense microstructure
to enhance the strength development (Hwang et al, 2014). In
addition, the formed C-A-S-H gels could also provide active sites for
immobilization of heavy metals such as Zn and Cu via adsorption
and precipitation (Wang et al., 2018; Zha et al., 2019).

3.5.3. MIP results

The pore size distributions of the mortar samples at 28 d
measured by MIP are plotted in Fig. 13. It is obvious that the peak of
the major pore size shifted to the left when using higher binder
content (i.e. C10 and L10). Most of the pore size in the range of 0.1—
1 um (intra-aggregate pores) shifted to 0.01—1 um (inter-aggregate
pores) (Hattab et al.,, 2013). This means that more Ca(OH); and
hydration products such as C—S—H gel were formed during the
hydration reaction to fill the space between the sediment particles.
Additionally, with a higher binder and Ca(OH), contents, more
secondary hydration products were formed and filled the larger
pores due to the pozzolanic reactions with ISSA.

3.5.4. TGA and DTG results

The thermogravimetric analysis (TGA) test was performed on
the raw sediment, sediment-ISSA mixture and mortar samples at
28 d from 50 °C to 1000 °C. The mass loss and associated derivative
thermogravimetry (DTG) results are shown in Fig. 14. The peak of
DTG curves in a range of (100—200) °C corresponded to the dehy-
droxylation of C—S—H gel (Scrivener et al., 2017). The peak of DTG
value between 380 °C and 450 °C was due to dehydroxylation of
portlandite (Scrivener et al., 2017) and it can be seen from Fig. 14a
that the peak at (400—500) °C was caused by the decomposition of
organic matter in the raw sediment (Wang et al., 2015b). The
decomposition of CaCO3 occurred around (500—800) °C (Scrivener
et al., 2017). Table 4 summarized the mass loss at different tem-
perature ranges of all the samples. In the untreated sediment and
SD samples, the mass loss at (380—450) °C was mainly affected by
the presence of organics rather than Ca(OH),. There was a small
amount of CaCOs originally presented in the SED and SD. After
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Fig. 14. TG and DTG curves of (a) SED, (b) SD, (c) C5, (d) C10, (e) L5 and (f) L10 samples at 28 d.

Table 4
Mass loss of SED, SD and mortar samples at 28 d of curing.

Temperature (°C) Mass loss (%)

SED SD 5 Cc10 L5 L10
100-200 0.599 0.423 1.353 1.651 1.418 2.164
380—-450 1.483 1.161 1.545 1.579 1.577 1.518
500—800 5.617 5.147 6.281 6.769 7.486 7.852

addition of OPC, the mass loss due to the decomposition of the
hydration products increased and C10 showed a higher mass loss
than C5, suggesting that a higher amount of hydration products was
formed in C10. The results were consistent with the MIP results and
strength development. The content of CaCO3 was also larger in C10
due to carbonation of Ca(OH),. For the lime-treated sediment, a
comparable Ca(OH); content was found in the OPC-treated sedi-
ment, the amount of which was greater in L5 than that in L10. This
indicates that a significant amount of Ca(OH); was consumed by

ISSA/sediment as well as carbonated to CaCOs, as the mass loss at
(100—200) °C and (500—800) °C both increased from L5 to L10. The
lime-treated sediment generally had a higher amount of CaCOs3
than the OPC-treated one, as the former had a lower strength and a
larger porosity which was susceptible to carbonation. Also, lime
was much easier to react with CO, (Zhou et al., 2019).

4. Conclusions

This paper reported a study on the S/S treatment of CMS with
high water content using a combination of high content of ISSA and
OP(C/lime binders. The strength, engineering properties, leaching
potential and microstructural changes of the treated sediment
samples were discussed. It was found that the treated sediment had
an improved strength, resistance to deformation, durability, and
reduced workability especially for the samples treated with elapsed
lime. The L10 sample reached 1.6 MPa after curing for 28 d, which
satisfied the requirement for use as on-site filling materials. The
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leaching results from TCLP and semi-dynamic leaching test sug-
gested a low environmental risk of the treated sediment and
revealed possible effectiveness of this S/S treatment system for Cu
and Zn immobilization. The hydration products such as C—S—H, C-
A-S-H gel and/or hydrocalumite, which produced from OPC hy-
dration and pozzolanic reactions with ISSA, were found in both
OPC- and lime-treated sediments. The amount of hydration prod-
ucts increased with increased binder contents and hence the
porosity measured by MIP decreased. Treating the contaminated
sediment using high content of ISSA and lime (the dosage may
depend on the application case) not only provided a sustainable
recycling route for waste materials to be used as construction
materials, but also lowered the costs and environmental impacts.
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