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Abstract: In this study, incinerated sewage sludge ash (ISSA) was applied to replace ordinary portland cement (OPC) and quick
(unhydrated) lime at different ratios of 0%, 20%, and 50% for improving the properties of marine sediments with high water content
by solidification/stabilization (S/S) method. Then, the effects of different binders and curing time (7 and 28 days) on sediment properties,
including unconfined compressive strength (UCS), shear strength, durability, and leachability of metals were investigated. Test results
indicated that lime–ISSA binder had several advantages over OPC–ISSA binder owing to its lower cost, lower environmental footprints,
and better strength gains. The UCS, deformation resistance, and shear strength of the specimens prepared using lime as the binder were
improved with the increasing addition of ISSA, and the water permeability was also effectively reduced. The results of environmental
impact assessment (in particular leaching characteristics) indicated that the leachability of heavy metals in the lime–ISSA stabilized sedi-
ments was effectively mitigated. The proposed fill material complied with the acceptance criteria for engineering fills applications. A series
of spectroscopic/microscopic laboratory tests including mercury intrusion porosimetry (MIP), thermogravimetric analysis (TGA), scan-
ning electron microscopy (SEM), and X-ray diffraction (XRD) were performed to investigate the mechanisms controlling strength devel-
opment and metals immobilization. The chemical reactions between the sediments, ISSA, and lime resulted in the formation of hydrated
cementitious compounds that facilitated the decrease in pore volume and increase in strength and stabilization of heavy metals. On the
whole, the lime–ISSA system could replace the OPC–ISSA binder to particularly improve the geotechnical and environmental properties
of the contaminated sediments. DOI: 10.1061/(ASCE)MT.1943-5533.0002913. © 2019 American Society of Civil Engineers.

Author keywords: Contaminated marine sediment; Incinerated sewage sludge ash; Solidification/stabilization; Heavy metals; Fill material.

Introduction

To maintain sufficient depth in harbors for navigation and clean
seawater, marine sediments are dredged routinely throughout the
world (Couvidat et al. 2018; Libralato et al. 2018). These sediments

are generally contaminated with inorganic components (heavy
metals, metalloid elements and some salts such as sulfate, chloride,
and nitrate) and organic components (polycyclic aromatic hydro-
carbons, polychlorobiphenyl, and organochlorine pesticides) due
to various human activities, which presents a serious threat to
the environment if dredged and disposed without any treatment
(Saussaye et al. 2016; Falciglia et al. 2018). In Hong Kong, approx-
imately 29 Mm3 of dredged sediments were classified as unaccept-
ably contaminated and were required to be disposed (Wang et al.
2015). The traditional methods for the disposal of the contaminated
sediments, such as land deposit and ocean immersion, are gradually
being abandoned by more and more countries because suitable dis-
posal locations are running out and because of more stringent envi-
ronmental regulations (Wang et al. 2013b).

In order to ensure the sustainable management of contaminated
sediment, solidification/stabilization (S/S) processes and/or valori-
zation of the contaminated sediments as secondary raw materials in
civil engineering are promoted, which can improve the physical,
mechanical, and environmental properties of the dredged sediments
via chemical and physical means (Lofrano et al. 2017). Addition-
ally, they not only fulfil the safe treatment, but also provide re-
source recycling approaches of contaminated sediments. Many
published studies have shown that the S/S treated sediments were
suitable to be used as civil engineering fills and road subbases, for
cement and concrete production, and for brick fabrication (Dang
et al. 2013; Achour et al. 2014; Wang et al. 2017b). Previous stud-
ies have successfully recycled contaminated sediment as useful
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construction materials including fill materials, partition blocks, and
paving blocks via the cement-based S/S technology (Wang et al.
2018b, c).

Conventional ordinary portland cement (OPC) is the most pre-
vailing binder used in S/S technology (Chatain et al. 2013). How-
ever, its production is very energy intensive and the manufacturing
process generates a huge amount of carbon dioxide. Therefore, less
energy-intensive, eco-friendly, and economical cementing materi-
als are being sought or explored by researchers and engineers
(Wang et al. 2017a; Chen et al. 2018a). A number of supplementary
cementitious materials (SCMs) such as pulverized fly ash (PFA)
and ground-granulated blast-furnace slag (GGBS) have been used
to (partially) replace OPC as alternative binders in the S/S treatment
of sediments owing to their lower costs, recycling values, and rel-
atively good pozzolanic activities for strength gain (Zentar et al.
2012; Shim et al. 2016; Wang et al. 2018a). The study by Wang
et al. (2018a) found that fly ash improved the strength and modu-
lus of lime-solidified sediments but weakened the mechanical
characteristics of cement-solidified sediments. Tang et al. (2015)
mixed 75% by mass of contaminated marine mud and sediment,
respectively, with 20% and 5% of cement and PFA, and obtained
unconfined compressive strengths (UCS) of 8.32 and 4.47 MPa,
respectively. The aforementioned research studies focused on
the improvement of engineering characteristics of S/S treated
sediments by OPC–lime incorporated with SCMs. However, few
studies can be found on the environmental and microstructural/
spectroscopic properties of S/S treated sediment.

Moreover, another waste type of concern is the ash generated
from the incineration of sewage sludge. Considering its lower poz-
zolanic activity than PFA and GGBS, incinerated sewage sludge
ash (ISSA) is not commonly used as a SCM (Chen et al. 2018b).
Cyr et al. (2007) found that a blended cement containing ISSA
caused reduction in compressive and flexural strength of mortars,
but such reduction became less over time. The study by Chen and
Lin (2009) indicated that the ISSA–cement system had some po-
tential applications in the field of geotechnical engineering. A pre-
vious study has also confirmed that ISSA could be used as
functional materials in the S/S treatment of contaminated soil with
high concentration of lead (Pb) due to the high absorptivity of ISSA
toward heavy metals (Li and Poon 2017). Therefore, it is envisaged
that ISSA can be used to stabilize heavy metals contaminated sedi-
ments to produce low-quality fill materials. However, in Hong
Kong currently, it is a pity that most of the ISSA generated is dis-
posed of at landfills, which inevitably results in environmental bur-
den and wasting of resources.

This paper reports on a preliminary study that aimed to develop
a new technique that is capable of treating contaminated sediments
by using ISSA with lime–OPC-based binder. The produced con-
struction materials can be used as road bases or engineering fills.
First, the effects of ISSA incorporation on the stabilized sediments
would be revealed by investigating the changes of engineering and
environmental properties. Second, the mechanisms of the strength
development and heavy metals immobilization were explored by a
series of microstructure and spectroscopy analysis.

Materials and Methods

Contaminated Sediment and Cementitious Binders

The contaminated marine sediment was dredged from a near shore
location in Hong Kong. The total heavy metals in the sediment
were determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (SPECTROBLUE) after complete acid

digestion, and the concentrations were 74.04 mgkg−1 of Cu,
154.72 mgkg−1 of Zn, 73.58 mgkg−1 of Pb, 37.30 mgkg−1 of
Cr, 16.22 mgkg−1 of Ni, 34.08 mgkg−1 of As, and 2.18 mgkg−1
of Cd. According to the management guideline in Hong Kong, the
sediment was classified as moderately contaminated (Category M)
(HK ETWB 2002). X-ray fluorescence (XRF) spectrometry (Ri-
gaku Supermini200) was used to determine the major chemical
compositions of the dried sediment. SiO2 (58.05%) and Al2O3

(21.99%) were found to be dominant chemical constitutes.
The dredged sediment was found to have 66.5% moisture con-

tent, 24.8 g kg−1 salinity (WTW inoLab Cond 720), 4.2% organic
matter (loss on ignition at 550°C), specific gravity (water pycnom-
eter method) of 2.49, and pH (1∶10 dry sample: DI water) of 8.55.
The sediment samples were passed through a 5-mm sieve to remove
oversize sand and gravel before using in the experiments. The par-
ticle size distribution curves (Fig. S1), determined by a Malvern
MS3000 laser diffraction equipment in combination with the siev-
ing analysis method, revealed that the studied marine sediment con-
sisted of 0.34% clay fraction, 16.69% silt fraction, 44.64% sand
fraction, and 38.33% gravel fraction. Therefore the plastic limit,
liquid limit, and plastic index of the sediment could not be deter-
mined due to the low viscidity.

The OPC used was from a local manufacture that was equivalent
to ASTM Type I cement. A commercially available quick (unhy-
drated) lime containing 65% of CaO was obtained from International
Laboratory USA. The ISSA was collected from a local sewage
sludge incinerator (T · PARK) and its chemical and physical char-
acteristics can be found in a previous paper (Li et al. 2017d).

Sediment-Based Fill Material Production

The mix designs of sediment-based fill materials made by OPC–
lime with ISSA are summarized in Table 1. All the samples are
denoted as (C/L)X, where C/L indicates OPC–lime and X indicates
amount in percentage of C/L that was replaced by ISSA. Note that
no additional water was added and the binder content was defined
as the ratio of the dry mass of binder to the wet mass of the sedi-
ment. The sediment mixtures were designed to a density within a
typical range of 1,500 to 1,700 kg=m3 (Yan et al. 2014). The pro-
portioned sediment-binder mixture was mixed uniformly for about
3 min in a mechanical mixer. Thereafter, the fresh mixtures were
tested for flow consistency according to ASTM C1437 (ASTM
2007) immediately. All the S/S sediment mixtures showed good
workabilities (Table 1). To prepare the hardened S/S samples, the
blended mixtures were cast into cylindrical molds with a modest
vibration (to release trapped air in the mixture) and then covered
with a plastic film to avoid water evaporation. The samples were
then stored in a curing room at 20°C� 2°C and 95% relative
humidity. The hardened sediment samples were removed from the
curing room and demolded at Day 7 and Day 28 for the follow-
ing tests.

Table 1. Mix proportions and physical properties of S/S treated sediment

Symbols

OPC Lime ISSA Fresh
density (kg=m3)

Flow table
value (cm)% weight of sediment

Raw sediment 0 0 0 1,527 19.64
C0 10 — — 1,599 15.19
C20 8 — 2 1,564 15.02
C50 5 — 5 1,606 14.98
L0 — 10 — 1,582 14.03
L20 — 8 2 1,551 14.28
L50 — 5 5 1,507 14.65
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Engineering Properties, Metal(loid)s Leaching, and
Microstructure/Microscopic Analyses

Engineering Properties
A loading equipment setup (Testometric CXM 500-50kN) was
used to determine the load-displacement curves of the specimens
with 50 mm in diameter and 50 mm in height at a loading rate of
0.3mm=min according to BS EN12390-3 (BSI 2002), which
helped to calculate the UCS, failure strain, and deformation modu-
lus. Note that the deformation modulus in this study is defined as
the secant modulus at 50% of UCS.

The direct shear tests were performed following BS 1377-7 (BSI
1990b), under four different normal vertical stresses of 50, 100,
200, and 300 kPa, to determine the consolidated-undrained shear
strength of the S/S treated sediments. As the test apparatus was
originally designed for soil testing and not able to measure shear
strength values of over 0.35 MPa, only the samples after 3 days of
curing in the cutting ring were tested. The direct shear tests were
performed at a shear rate of 0.8 mm=min on the saturated samples
with 60 mm in diameter and 20 mm in height. The samples were
saturated by applying the vacuum method before being demolded
from the cutting ring and transferred into shear box. The direct
shear test procedure was implemented for determining the strength
parameters Φ (angle of shearing resistance) and C (cohesion inter-
cept) of the material.

The constant head permeability test was performed on a
PN3230M flexible-wall permeameter (Geoequip Corporation,
Chesapeake, Virginia). The samples tested were with 50 mm in
diameter and 50 mm in height according to BS 1377-5 (BSI
1990a), and distilled water was used as the permeation solution.
Before testing, all the samples were presaturated in a vacuum sat-
urator for 24 h and filled with distilled water. The confining pres-
sure of the sample was maintained at 100 kPa to prevent side
leakages. The water head and room temperature were set at 8 m
and 25°C, respectively.

In order to establish the durability of the S/S treated sediment
specimens in the wet environment after a curing period of 28 days,
the samples were immersed in distilled water for 30 days. Then, the
samples were tested to determine the UCS.

Metal(loid)s Leaching
The toxicity characteristic leaching procedure (TCLP) was used to
determine the leachability of metal(loid)s in the sediments before
and after the S/S treatment [EPA Method 1311 (US EPA 1992)].
The samples were leached with 0.l M glacial acetic acid (pH
2.88� 0.05) at a liquid-to-solid ratio of 20 L kg−1 and rotated for
18 h at 30 rpm.

Semidynamic leaching tests were applied to assess the long-
term leaching potential of the monolithic samples after the S/S
treatment [ASTM C1308 (ASTM 2008)]. The ratio of volume
of deionized (DI) water used to the surface area of the specimen
was 10∶1. The leaching test was conducted for 11 days at a constant
temperature of 23°C� 2°C, in which DI water was renewed after 2,
5, and 17 h in the first day, and then daily for the following 10 days.

Afterward, the solid and the liquid phases of the leachates were
separated first by a centrifuge at 4,000 rpm for 10 min and followed
by filtration with a 0.45 μm mixed cellulose esters membrane filter.
The leachates were subjected to acid digestion by concentrated
HNO3 at a volume ratio of 5∶2 (sample∶HNO3) followed by
ICP-AES (SPECTROBLUE) analysis. In addition, 2 mgL−1 As
standard was analyzed every 10 samples for quality control and
assurance purposes.

The cumulative fraction leached (CFL) and effective diffusion
coefficient of metal(loid)s in the semidynamic leaching tests were

calculated according to a previous study (Li et al. 2017c). The pre-
vious tests were determined on three samples and the average val-
ues were reported. The error bars in the respective figures indicate
the standard deviation (n ¼ 3).

Spectroscopic/Microscopic Analyses
Spectroscopic/microscopic analyses were conducted on the sam-
ples after 28 days of curing. The crystalline-phase mineralogy of
the milled samples was evaluated by using a high resolution
powdered X-ray diffractometer (XRD) (Rigaku SmartLab, Tokyo,
Japan) with a scan degree from 5° to 60° 2θ using CuKα
(λ ¼ 1.54059 Å) radiation obtained at 40 kV and 30 mA.

Thermogravimetric analysis (TGA) (Rigaku Thermo Plus) was
performed on the milled samples to study the thermal behavior, and
the temperature rose from 30°C to 1,000°C at a heating rate of 5°C
min−1 under argon gas stripping. A Tescan-Vega3 scanning elec-
tron microscope (SEM) was employed to examine the morpholo-
gies of gold-coated samples.

The porosity and pore size distribution of the crushed samples
(5–10 mm) was measured by using a mercury intrusion porosimeter
(MIP) (Micromeritics Autopore IV) at a maximal pressure of
30,000 psi after vacuum purging. The samples were immersed
in acetone for 30 days, followed by oven drying at 60°C for 7 days
before subjected to the test.

Results and Discussion

Spectroscopic/Microscopic Characteristics of S/S
Treated Sediment

The XRD spectra (Fig. 1) illustrate that quartz, muscovite, illite,
and kaolinite were the main minerals in the sediment. After the
S/S treatment by combination of OPC and ISSA, ettringite (AFt),
and calcite were identified to be the newly formed phases. The
usual cement hydration product, calcium silicate hydrates (C-S-H),
was not identified mostly due to its amorphous characteristics and
relatively low content. But the presence of C-S-H was revealed by
the SEM and DTG analysis in the following sections. By compari-
son, portlandite, calcite, and hydrocalumite were produced in the
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Fig. 1.XRD spectra of 28 day sediment-based samples before and after
S/S treatment.
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sediment mixtures after S/S treatment by lime and ISSA. Among
the OPC treated samples, the inclusion of ISSA decreased the
amounts of calcite formed significantly. Note that portlandite
was not identified in these mixtures, mostly due to its small content.
By contrast, an abundant amount of portlandite from lime hydration
was found in the lime–sediment mixtures. However, the sharp
peaks of portlandite were depleted after ISSA incorporation, which
resulted from the pozzolanic reactions between ISSA and portlan-
dite. Therefore, the ISSA can be an alternative supplementary ce-
mentitious material (SCM) for lime-based S/S treated sediments.
Note that hydrocalumite was present in the lime–sediment mix-
tures, mostly because part of soluble Al in the sediments (21.99%)
reacted with portlandite produced from lime hydration.

Fig. 2 presents the SEM images of raw materials (sediment and
ISSA) and S/S samples C0, C50, L0, and L50 after 28 days of cur-
ing. As shown in Fig. 2(a), big plate-like and pillar shape particles
were observed in the sediment. Some amorphous particles and
fiber-like structures were visible, which were intermixed within
the larger particles in the sediment. The SEM image of ISSA shown
in Fig. 2(b) indicates the common feature of an irregular morphology
with porous structure. The SEM image of sample C0 without ISSA
incorporation [Fig. 2(c)] shows the amorphous phases were domi-
nant and covered on the sediment surfaces. The amorphous phases
were primarily formed from OPC hydration, such as C-S-H and cal-
cium aluminate hydrates (C-A-H). However, there were many irregu-
lar lath/plate-like crystals in sample C50 [Fig. 2(d)], some of which
were covered by amorphous hydration products. It can be envisaged
that the crystals were primarily from sediment or ISSA. These results
indicated that little ISSA-sediment reacted with CaðOHÞ2 from OPC
hydration and integrated into the formation of hydration products. In
addition, incorporation of ISSA might prevent cement hydration to a
certain extent due to the existing pollutants in the ISSA (Guo et al.
2017). As shown in Figs. 2(e and f), after the addition of lime, signs
of chemical reactions were observed on the surface of sediment and
ISSA particles, which might be attributed to the CaðOHÞ2 from lime
hydration reacting with the sediment and ISSA particles. The needle-
like crystals and amorphous phases of hydration products covered
most of the exposed surfaces. Hwang et al. (2014) also reported that
lime can react with Al and Si to form a Ca-Al-Si gel, which reduced
the formation of micropores and consequently improved the com-
pressive strength. Simultaneously, an increase in the aggregates
and interaggregate pores was observed in Sample L50 compared
with L0, which might be attributed to the bond effects of the newly
formed hydration products or the nucleation of ISSA, causing reor-
ganization of the particles and large pores (Li et al. 2015; Chen and
Poon 2017).

The DTG test can be used to quantify the composition changes
of the sediment mixtures based on the stoichiometric relation with
mass loss at a specific temperature. As shown in the TG and DTG
curves in Fig. 3, the peaks between 400°C and 550°C possibly cor-
respond to the decomposition of organic matters in the sediment.
After the S/S treatment by OPC–lime, these peaks were depleted,
primarily due to the destructive effects of the high-alkaline hydra-
tion products. Apart from the influences of the sediment, the mass
loss between 100°C and 200°C reflected the presence of several
hydration products including C-S-H, Aft, and C-A-H (Shen et al.
2017) due to the loss of their chemically bound water. However,
the content of each phase could not be calculated by the stoichio-
metric relation. The peaks between 380°C and 450°C suggested
the dehydroxylation of the CaðOHÞ2 (CH). The peaks at a higher
temperature coincided with the decomposition of carbonates (CC),
such as amorphous calcium carbonate (500°C–700°C), metastable
vaterite, aragonite (700°C–780°C), and well-crystallized calcite
(780°C–900°C) (Wu and Ye 2017).

As shown in Fig. 3(a), for the OPC-based samples, the S/S treat-
ment increased the mass loss between 100°C and 200°C, indicating
that the hydration products of cement were present. This coincided
with the strength development of the sediment mixtures. With the
replacement of OPC by ISSA from 20% to 50%, the content of hy-
dration products was significantly reduced (from 1.812% to 1.576%)
but the content of CH was largely increased (from 1.538% to
1.837%). In comparison [shown in Fig. 3(c)], the content of hydra-
tion products in the lime-sediment mixtures was lower than the OPC-
sediment ones, but the content of hydration products just slightly
decreased with the ISSA incorporation (from 1.436% to 1.337%).
In addition, the CH content in the lime-sediment mixtures was re-
duced with ISSA incorporation (from 1.774% to 1.484%). These re-
sults verified that the CH in the lime-sediment mixtures reacted with
ISSA to generate additional hydration products via pozzolanic reac-
tions. For both types of S/S treatment, the content of CC decreased
with ISSA incorporation due to the reduction of CH.

The pores in the stabilized soil can be classified as intra-
aggregate pores (d < 0.01 μm), small interaggregate pores
(0.01 μm ≤ d < 0.1 μm), large interaggregate pores (0.1 μm ≤
d < 10 μm), and air voids (d > 10 μm) based on the category of
Horpibulsuk et al. (2009). Fig. 4 shows the pore volume distribu-
tions of the S/S treated sediment samples. It is found that the
total cumulative pore volume (calculating the peak areas) of the
OPC-sediment mixtures ranged from 0.40 to 0.45 mL=g, which
were larger than that of lime-sediment mixtures (from 0.37 to
0.40 mL=g). This suggested that better bonds were produced in
the lime-sediment mixtures than in the OPC-sediment mixtures,
which were consistent with the results of SEM that many hydration
products were formed and coated on the surface of the lime–ISSA
treated sediment. As shown in Fig. 4, the pore size of the OPC-
sediment mixtures mainly ranged from 0.02 to 10 μm, namely
the interaggregate pores dominated in these samples. The OPC
treated samples had a predominant pore diameter of 0.08 μm,
but it was shifted to a larger diameter for the samples prepared with
ISSA, at around 0.3 μm for Sample C50. Therefore, replacing ce-
ment by ISSA increased the porosity of the OPC-sediment samples
due to the decrease in the amount of hydration products, which was
also verified by the XRD and DTG results. By contrast, two types
of pores were present in the lime-sediment mixtures, namely many
interaggregate pores with size between 0.03 and 10 μm and small
air voids with size between 10 and 100 μm. The predominant pore
diameter was around 0.7 μm for these samples and showed a slight
decreasing trend with the incorporation of ISSA. Some pores be-
tween the sediment particles were filled with the formed cementi-
tious hydration products, which caused the decrease of the amount
of small pores. The aggregation of ISSA-sediment particles due to
the bonding effect of hydration products tended to increase the air
voids between aggregates in samples, and this was also supported
by SEM observations.

Engineering Characteristics of S/S Treated Sediment

The stress-strain relationships of the contaminated sediments
stabilized/solidified by a combination of OPC–lime and ISSA at
7 and 28 days are shown in Fig. 5. The parameters including
UCS, failure strain, and deformation modulus E50 can be calculated
from the full stress-strain curves. As shown in Figs. 5(a and c) for
samples after 7 days of curing, the initial portion (initial strain
stage) of the stress-strain curves showed a concave shape, which
illustrated that the deformation of samples was increased faster than
the stress development. This could be ascribed to the large amount
of pores present in the samples (Xue et al. 2014). Afterward, the
stress for most samples increased linearly with strain, reflecting an
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elastic strain produced. For the samples solidified by OPC-based
treatment, the stress continued to rise until reaching the peak stress.
But for the lime–ISSA treated samples, after the linear evolution,
the stress increased slowly following a nonlinear trend, suggesting
that plastic deformation occurred followed by the peak stress. The
peak stress is called as the UCS and the strain at the peak stress is
considered as the failure strain. At that moment, some small cracks
could be clearly observed on the surface of these samples. After
reaching the peak stress, the stress dropped suddenly and gently
with an increase in strain for both the OPC-based samples and

the lime-based samples. This illustrates that the OPC-based sam-
ples were much stiffer and more brittle than the lime-based sam-
ples. Finally, the cracks continued to develop and the principal
failure appeared.

For the samples after 28 days of curing [Figs. 5(b and d)], the
stress increased linearly with strain until the failure strain happened,
which was mostly attributed to the high stiffness and compaction of
these samples. However, after the peak stress, the lime-treated sedi-
ment samples showed an obvious ductility compared with the OPC
treated samples.

Fig. 2. SEM images of samples: (a) sediment; (b) ISSA; (c) C0; (d) C50; (e) L0; and (f) L50.
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As shown in Fig. 6(a), the UCS of all the sediment mixtures
increased with the extension of curing time from 7 to 28 days, but
all the values were below the ACI 28 days UCS specification of
1.15 MPa to qualify as a low strength filling material except for
samples C0 and C20 after 28 days of curing (ACI 1999). There-
fore, from the viewpoint of stress of engineering fills, ISSA–lime
treated sediment showed better performance than OPC and OPC–
ISSA treated sediment. The UCS of OPC-based sediments were
always higher than that of the lime-based sediments as the cement
hydration would produce more cementitious binder. With the in-
corporation of ISSA, the UCS of the OPC-based samples de-
creased. But an opposite trend was found for the lime-based
samples. For instance, the 28 day UCS of the lime-treated sedi-
ments increased from 280 to 500 kPa as the replacement level of
ISSA was increased from 0% to 50%. The formation of the ce-
mentitious binders significantly improved the integrity of the
lime–ISSA stabilized sediments and their strength performance.
This material had better performance compared with conventional
compacted clay under the maximum dry density (Yilmaz 2015).
Therefore, considering the low cost of the constituent materials,
no need to apply compaction, and low environmental footprint the
use of lime–ISSA sediment mixtures as a fill material may be eco-
nomical and feasible.

For the failure strain shown in Fig. 6(b), it seemed that there was
no consistent trend for the OPC treated sediments at different cur-
ing times, and the intrinsic explication cannot be demonstrated at
present because the complexity of these mixtures and other factors
(including strength and porosity) may affect this performance. The
failure strain of the lime-treated samples had a decreasing trend
with the extension of curing time and ISSA inclusion and this
was due to hardening of the mixtures, and the finding was consis-
tent with the results of others (Wang et al. 2013a). Therefore, it
could be concluded that an increase in ISSA content enhanced
the brittleness of the lime-based sediment samples, while posed
an inconspicuous effect on the OPC-based sediment samples. This
was primarily related to the pozzolanic reactions between ISSA and
lime, which was verified by the spectroscopic/microscopic results.
In addition, note that the failure strains of all the S/S treated sedi-
ments was between 4% and 6%, and it is necessary to apply a mon-
itoring program in the case of the complex projects construction.

In Fig. 7 note that the UCS of the OPC-based samples decreased
after water soaking except for C0, while the UCS of all the lime-
based samples increased after water soaking. For the sample C0
after 30 days of further water soaking, CaðOHÞ2 could react with
the active minerals in the sediments to form additional hydration
products, leading to a mild increase of strength of the sediment

(a) (b)

(c) (d)

Fig. 3. TG and DTG curves of samples after 28 days of curing: (a) TG curve of OPC treated samples; (b) DTG curve of OPC treated samples; (c) TG
curve of lime treated samples; and (d) DTG curve of lime treated samples.
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samples. However, CaðOHÞ2 in OPC–ISSA binder was too little to
activate ISSA and the sediment. Conversely, the hydration products
in these sediment samples were partially dissolved under water
soaking and hence the strength of the S/S treated sediment samples
decreased. For the lime-treated samples, the hydrated lime reacted
with the ISSA and sediment minerals in the long-term hydration
process and the mechanical properties of the sediment samples
were hence improved (Wu et al. 2018). Therefore, the lime–ISSA
binder could completely replace OPC–ISSA binder for S/S of con-
taminated marine sediments as a low strength filling material from
the mechanical properties perspective.

The deformation modulus E50, which reflects the deformation
resistance capacity of the sediment samples, is an important param-
eter in the analysis of their settling behavior. Fig. 8 shows the varia-
tion of E50 with the UCS of the S/S treated sediment samples with
different binder mixes and curing times. It can be seen that the
variation of E50 was quite consistent with the development of
UCS, and the linear function could be expressed by E50 ¼
17.08UCSþ 1,331.87 with R2 of 0.86. This result was consistent
with the previous studies (Lee et al. 2005; Cai et al. 2015), but the
mathematical expressions differed from each other due to the differ-
ences in the matrixes and the binders used. In addition, this result
also confirmed that the incorporation of ISSA had a strengthening
effect on the lime-treated sediments, but had a weakening effect on
the OPC-treated sediments.

The shear strength of a material is a function of intergranular
frictional resistance and cohesion, which determines the ability
to support the imposed stresses on the material. According to
the test results shown in Table 2, the cohesion values of the S/S
sediments ranged from 53 to 186 kPa and the angles of shearing

resistance ranged from 30° to 39°. The value for angle of shearing
resistance is between 40° and 55° for the consolidated-drained
medium size gravely soil while the minimum value is between 20°
and 22° for the unconsolidated-undrained silty sand soil (Bowles
1996). Accordingly, the angle of shearing resistance values of the
S/S treated sediment mixtures fell between the range of the medium
size gravely soil and the silty sand soil. Generally, it can be noted
that the OPC-based samples showed a higher shearing resistance
performance than the lime-based samples, no matter how the curing
time and ISSA incorporation amount changed.

As shown in Table 2, adding ISSA into the mixture of the sedi-
ments and OPC caused a decrease in the cohesion but had a neg-
ligible effect on the internal friction angle. The decrease in
hydration products due to the ISSA incorporation contributed to
the reduction in the bond strength. However, the decrease in bond-
ing due to fewer hydration products could be compensated by the
increased friction provided by the ISSA incorporation. This could
be explained by the fact that the irregular ISSA particles provide
better friction between the particles. As a comparison, adding ISSA
into the mixture of sediments and lime caused increases in both the
cohesion and internal friction angle parameters because of the addi-
tional formation of the hydration products and the friction provided
by the irregular ISSA particles. The test results also indicated that
the sediment-based S/S mixtures have the superior shear strength
properties compared to the general compacted soils (Li et al. 2013),
so it has been proven that they are suitable for use in backfill
applications.

Fig. 9 shows the water permeability of the OPC–lime stabilized
sediments. The permeability of all S/S treated samples decreased
with curing time due to the increase in cementitious hydrations
and associated bonding strength. Generally, the permeability of
the OPC treated sediments was lower than that of the lime treated
sediments, and the permeability values of all the samples ranged
from 5.0 × 10−8 to 4.5 × 10−7 m=s, which was consistent with that
of previous study on the lime and cement stabilized natural clayey
soils (Onitsuka et al. 2001). The differences in the permeability be-
tween OPC and lime treated sediments might be dependent on the
volume of air pores (>10 μm), and this was also found in the pre-
vious studies and verified by the MIP results of this study (Du et al.
2017). The coefficient of permeability of the OPC-based samples
increased with the increasing ISSA content. The pore spaces of the
OPC-based samples with ISSA were increased because of the re-
ductions of the formed cementing hydration products as shown be-
fore [Fig. 2(a)], which agreed well with the DTG [Fig. 3(a)] and
MIP [Fig. 4(a)] results. However, the permeability decreased with
the increase in ISSA content in the lime-based samples. Therefore,
the sediment-lime mixtures with more ISSA showed better durabil-
ity because they were less permeable compared with the OPC-
sediment mixtures. The permeability is directly related to the poros-
ity in the samples. As shown in Fig. 4(b), the ISSA incorporation
decreased the predominant pore diameters in the lime-treated sam-
ples due to the formation of more cementitious hydration products.
However, although the air voids increased slightly with the ISSA
incorporation, the long-term hydration between CaðOHÞ2 and
ISSA with water infiltration rearranged the pore structures, and
caused the decrease of permeability. This is also consistent with
the results found in Fig. 7 that the long-term soaking of the lime-
sediment samples could increase the bonding and strength.

Environmental Risk of S/S Treated Sediment

The environmental risk of the S/S sediment materials is a big
concern because a certain amount of metal(loid)s are presented
in the sediments and ISSA (Li et al. 2017d). As shown in Fig. 10

0.01 0.1 1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

0.45

0.50

0.55

dV
/d

 (
lo

gD
) 

(m
l/g

)

Particle size (µm)

Particle size (µm)

C0
C20
C50

0.01 0.1 1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

dV
/d

 (
lo

gD
) 

(m
l/g

)

L0
L20
L50

(a)

(b)

Fig. 4. Pore size distribution of sediment samples treated with (a) OPC;
and (b) lime-based binder.
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(only detectable and concerned metals are given), the leachability
of Cu (0.12 mgL−1), Zn (1.33 mgL−1), Pb (0.14 mgL−1), and
As (0.05 mgL−1) from the raw sediments did not exceed the uni-
versal treatment standard in Hong Kong (HK EPD 2011). Thus, the
contaminated sediments could be acceptable for the direct reuse,
but the environmental risk still exists when they are exposed to the
extreme field conditions (e.g., varying pH, runoff, and redox con-
ditions). After the S/S treatment by ISSA-based binders, the poten-
tial toxic metals from the contaminated sediments were stabilized,
especially by the lime–ISSA binders. This confirmed that the ce-
mentitious hydration products could effectively stabilize the con-
taminants by physical encapsulation and/or chemical fixation (Li
et al. 2017c). Note that the S/S treatment had little effect on the
leachability of As, mostly because of its high alkali-soluble char-
acteristics (Li et al. 2017a). For the OPC–ISSA-based treatment,
the ISSA incorporation increased the leachability of Zn, Cu, and
Pb, which was opposite for the lime–ISSA-based treatment, except
for Zn. These inconsistent behaviors were associated with the
changes in pH and metal species (Li et al. 2017b).

According to the TCLP test results, the ISSA-sediment products
were environmentally acceptable. This can be also verified by the
semidynamic leaching test results on the monolithic samples shown

in Figs. 11, S2, and S3. Negligible toxic metals were leached from
the S/S samples, and only very small amounts of Cu, Pb, and As
could be detected. In the long-term leaching, the concentrations
of leached Cu, Pb, and As ranged from 1 to 22 μg=L, 1 to 9 μg=L,
and 13 to 28 μg=L, respectively. Thus, the S/S treated contami-
nated sediments could be used for construction applications with
minimal leaching concerns. In addition, the leaching of these met-
als were mainly diffusion controlled (Li et al. 2017c), and the
effective diffusion coefficient of Cu, Pb, and As were in the range
of 1.49 × 10−11 m2=s to 5.63 × 10−11 m2=s, 1.09 × 10−12 m2=s to
7.83 × 10−12 m2=s, and 8.49 × 10−9 m2=s to 1.31 × 10−8 m2=s,
respectively, indicating the low mobility and the difficulties of re-
leasing these metals (Xue et al. 2017).

Overall, combining the engineering and environmental (leach-
ing) characteristics of S/S sediments, the lime–ISSA binder can be
successfully applied for S/S treatment of contaminated marine sedi-
ments with high moisture content as a low-strength filling material.
A general mix design based on blending 50% of lime with ISSA is
recommended as the most effective binder to achieve a relatively
high strength and low leachability of metal(loid)s. However, the
optimal amount of lime–ISSA binder should be determined accord-
ing to the properties of the specific contaminated sediment to be
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treated, including moisture content, organic matter content, particle
size distribution, and chemical compositions. Indeed, each project
site has unique sediment conditions and functional requirements,
thus detailed on-site pilot-scale trials should be carried out to dem-
onstrate the suitability of the binder material, methods, and equip-
ment used for processing, and also the methods of backfilling of the
treated sediments to meet the treatment targets.

Conclusions

This study evaluated the feasibility of developing a novel S/S pro-
cess by incorporating ISSA into OPC–lime as a binder to stabilize
contaminated sediments. The following conclusions can be drawn.
• It was found that using lime–ISSA as a binder has several ad-

vantages over OPC–ISSA binder owing to its lower cost, good
ability to recycle wastes, lower environmental footprints, and
better strength gains.

• The addition of ISSA improved the compressive and shear
strengths, deformation resistance, and durability of the lime-
treated sediments. This can be attributed to the reactions
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Table 2. Direct shear test results at 3 days

Parameters

Mixtures

C0 C20 C50 L0 L20 L50

Cohesion intercept (kPa) 186 138 125 53 62 106
Angle of shearing resistance (degrees) 39 37 38 30 34 35
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between ISSA and lime and the associated formation of cemen-
titious hydration products.

• In addition, based on the TCLP and dynamic leaching test re-
sults, it can be concluded that the leachate from the stabilized
sediments was not harmful to the environment. Therefore, this
study presents an economically sustainable, environmentally

clean, and technologically feasible method for transforming
ISSA and contaminated dredged marine sediment wastes into
a very useful fill material.

• However, further studies are required to explore the following
areas: (1) characterization of ISSA activated by lime using con-
ventional and advanced spectroscopic techniques, and (2) devel-
opment of technology and economically effective methods for
full-scale production of the ISSA–lime binder and its applica-
tion in S/S treatment of dredged marine sediment.
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