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A B S T R A C T

The chemical and geotechnical properties of solidified/stabilized (s/s) municipal solid waste incineration
(MSWI) fly ash are of prime importance for the design and operation of landfill sites. This study conducted field
and laboratory tests to investigate aging effects on the chemical and geotechnical properties of s/s MSWI fly ash.
Field investigations included borehole sampling and cone penetration tests (CPTs), and laboratory analyses
included the measurement of the chemical, physical, hydrological, and mechanical properties of s/s fly ash with
different fill ages. The results showed that: 1) Cl concentrations in landfill leachate were as high as
52,700mg.L−1, which may present a technical challenge for leachate treatment; 2) specific gravity decreased
with fill age, which was attributed to the leaching of metal elements from the s/s fly ash; 3) mean particle size
decreased with fill age, resulting in an increase in the gravimetric moisture retention capacity (MRC) and a
decrease in the saturated hydraulic conductivity; 4) gravimetric MRC was much higher than the initial moisture
content, suggesting water absorption by s/s fly ash after landfilling; and 5) shear strength decreased with fill age,
which was consistent with the CPTs results. To improve the design and operation of s/s MSWI fly ash landfill
sites, the following suggestions are made: 1) the use of concentrated MSW landfill leachate in the s/s fly ash
process should be avoided to reduce the concentrations of subsequent landfill leachate; 2) leachate generation
could be further reduced by improving landfill operation practices and by taking advantage of the absorption
capacity of s/s fly ash; and 3) the specific geotechnical parameters of s/s fly ash should be obtained prior to the
design of landfill sites, and their aging effects should also be taken into consideration.

1. Introduction

Incineration has been widely used due to its efficiency at reducing
the volume of municipal solid waste (MSW) (Tang et al., 2016). How-
ever, incineration also has shortcomings, such as the production of
MSWI fly ash, which is classified as a hazardous waste due to its high
content of heavy metals including Cr, Cd, Pb, Hg, As, and Ni (Quina
et al., 2008). It is estimated from data from the China Statistic Almanac
that 1.5–3.7 million tons of MSWI fly ash was produced in China in
2016. China, along with other countries, requires that MSWI fly ash
must be treated properly before its disposal in a sanitary landfill (Zhang
et al., 2016). The harmless treatment methods of fly ash mainly include
chemical stabilization, cement solidification, and thermal separation.
Chemical stabilization and cement solidification have been widely
adopted across the world due to their ease of application and high
capabilities with respect to fixing heavy metals (Zacco et al., 2014).

The chemical and geotechnical properties of s/s MSWI fly ash are of
prime importance for the design and operation of landfills. A full un-
derstanding of these properties is essential to address the geoenviron-
mental problems that can be associated with landfill sites, such as slope
stability, landfill settlement, and leachate seepage and treatment. At
present, many studies have been carried out to examine the leaching
properties of s/s MSWI fly ash. Laboratory tests have demonstrated that
the leachability of MSWI fly ash can be constrained within the standard
limits when stabilized by chemical agents and/or solidified by ce-
mentitious materials (Jiang et al., 2004; Tang et al., 2016; Zhang et al.,
2016). However, not much is known about the long-term chemical
properties of s/s MSWI fly ash after it has been disposed at a landfill
site. Besides, there is very limited literature on the geotechnical prop-
erties of s/s MSWI fly ash. Shimaoka and Hanashima (1996) conducted
experiments using a large lysimeter filled with s/s fly ash together with
MSW, finding that the mechanical strength of s/s fly ash left to stand
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outdoors tended to reduce with time. Therefore, it is of great en-
gineering significance to study the effects of aging on the chemical and
geotechnical properties of s/s MSWI fly ash disposed at landfill sites.

This paper presents extensive field and laboratory investigations on
the chemical and geotechnical properties of s/s MSWI fly ash obtained
from a landfill in Nanjing, China. The fieldwork included borehole
sampling, in situ leachate collection, and cone penetration tests (CPTs).
The employed laboratory tests involved the measurement of the che-
mical properties of the landfill leachate, as well as the measurement of
the chemical, physical, hydrological, and mechanical properties of s/s
fly ash samples with different fill ages. The engineering implications of
the results are also discussed with respect to the design and operation of
s/s MSWI fly ash landfill sites.

2. Site description

The Jiangnan s/s MSWI fly ash landfill is located in Nanjing, China.
Nanjing has high annual rainfall, approximating 1776mm in 2016. The
Jiangnan landfill was designed to operate in two phases: the first phase,
put into operation in December 2015, has a storage capacity of 0.3
million m3 with an operating period of 5 years; the second phase has a
storage capacity of over 2.7 million m3 with an operating period of>
25 years beginning in 2020. As shown in Fig. 1(a), the first phase was
designed for construction in section I and II, and the second phase in-
volves construction in section III as well as the vertical extension of
section I and II.

The base structure of the first phase of the landfill site was designed
to contain four zones according to the technical code for liner systems
of municipal solid waste landfill sites (CJJ113-2007), as shown in
Fig. 2. From top to bottom, the first zone was a leachate drainage and
collection system (LDCS) composed of a layer of 200 g/m2 geotextile, a
300mm layer of gravel, and a double layer of 600 g/m2 geotextile; the
second zone was an impermeable system, which consisted of 2-mm
thick high-density polyethylene (HDPE) geomembrane, a layer of geo-
synthetic clay liner (GCL), a 1.5-mm thick HDPE geomembrane, and a
500mm layer of clay; the third zone was an underground water di-
version system made up of a layer of 400 g/m2 geotextile, a layer of
300mm gravel and a layer of 200 g/m2 geotextile; the fourth zone was
the base layer for which the topsoil (silty clay) was 1.0–10.5 m with a

moisture content of 19.1–25.5% and a standard penetration test (SPT)
blow count of 20–36. Up to November 2016, a total mass of 51,156 tons
of s/s fly ash had been disposed of into the first phase of the landfill site
at a rate of 100–200 t/d. Before being disposed of, the fly ash was
stabilized/solidified using an organic chelator and lime, for which
concentrated MSW leachate was used instead of water.

As requested by the landfill site operator, extensive field and la-
boratory investigations on the chemical and geotechnical properties of
the s/s fly ash in the first phase of the site were carried out with the aim
of providing further guidance for the design and operation of the second
phase.

3. Materials and methods

3.1. Field investigation

The field study included borehole sampling, CPTs, and in situ lea-
chate collection. Fig. 1 shows the layout of the boreholes and the CPT
measurement locations and a cross-section view of the investigated
landfill. The fill ages of the s/s MSWI fly ash from the boreholes (BH1 to
BH5) were 11, 6, 3, 1, and 0months, respectively. The drilling depth of
the boreholes ranged from 0 to 2.0m and the samples were taken using
thin-walled samplers. Five CPTs (CPT1 to CPT5) were conducted to
depths of 0 to 3.0 m in the vicinity of the five boreholes. The penetra-
tion rate of the cone was 1.2m/min. Cone tip resistance and side fric-
tion were recorded at an interval of 0.1 m.

3.2. Chemical characterization of in situ landfill leachate and leaching
solution of s/s fly ash

Two in situ landfill leachate samples were collected from the bottom
drainage system of the Jiangnan landfill and four leaching solution
samples were obtained from the s/s fly ash samples using the horizontal
vibration method (HJ557-2010). Both sets of leaching solution samples
had fill ages of 3 and 11months. The chemical properties of both the
leachate samples and the leaching solution samples were analyzed in
certified laboratories. Seventeen indexes were analyzed in total for
leachate samples, namely pH, chemical oxygen demand (COD), biolo-
gical oxygen demand (BOD), ammonia nitrogen (NH3-N), Cl, Ca, Mg, K,
Cu, Zn, Pb, Cd, Ba, Hg, Ni, As, and Cr. The leaching solution samples
were analyzed for Ca, Cu, Zn, Pb, and Cd. The analyses were conducted
using standardized determination methods—generally the standards
from the China Ministry of Environmental Protection (China MEP) and
the United States Environmental Protection Agency (US EPA), as shown
in Table 1.

(a) Layout of boreholes and in situ CPTs 

(b) Profile of section I  
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Fig. 1. Description of the investigated s/s MSWI landfill site.
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Fig. 2. Base structure profile of the investigated s/s MSWI landfill.
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3.3. Mechanical characterization of s/s fly ash

3.3.1. Measurement of physical properties
The particle size distribution of dry s/s fly ash samples was de-

termined by sieving. The water content—defined as the mass ratio of
water to dry sample—was determined using oven drying. Specific
gravity was measured by the combination of a density-pyknometer (for
particle sizes< 5mm) and the suspension method (for particle
sizes> 5mm). In specific gravity tests, kerosene was used instead of
water as s/s fly ash contains a large amount of dissolved minerals. All
the above tests were carried out according to the Chinese specification
for soil testing (SL237–1999). The physical properties of raw fly ash
sampled from the local MSWI plant were also measured according to
the described methods.

3.3.2. Measurements of hydrological and compression properties
Compression, moisture retention capacity (MRC), and hydraulic

conductivity tests were carried out in a self-designed compression cell,
as shown in Fig. 3. The cylinder was made from polymethyl metha-
crylate, having a height of 20 cm and an inside diameter of 10 cm. A
hydraulic system was designed to drain liquid via the water inlet/outlet
at the bottom of the cell and to saturate the specimen from the bottom
to the top. Vertical stresses were applied to the specimens via an air
loading system. The tests were carried out in the following steps. First,
the dry sample was filled into the cylinder and then compacted

manually to reach a certain thickness. Next, initial vertical stress was
applied to the sample and maintained for 24 h for the compression test.
During this period, settlement was measured using a dial indicator.
Subsequently, the load plate was removed, the sample was saturated,
and a constant hydraulic head (hydraulic gradient of approximately
2.0) was applied by using a Markov bottle for the hydraulic con-
ductivity test. When a steady state of flow had been established, the
liquid flow was recorded. After the completion of the hydraulic con-
ductivity test, the bottom pipe was shifted to connect to a measuring
cup using a three-way valve, and the water that flowed out from the
saturated sample under gravity was collected. When the collected
outflow liquid per day was<0.1% of the sample mass, the sample was
considered to have reached its MRC. At that time, the first round of tests
was completed and the second round of tests was conducted by re-
peating the above steps, starting with the application of the second
vertical stress. The vertical stress increments applied in this study were
0, 50, 100, 200, and 400 kPa.

3.3.3. Triaxial compression test
The consolidated drained triaxial compression test was performed

by using a strain control triaxial compression apparatus (STSZ-2, Jianke
Instrument Co., LTD, China). The molded samples were 61.8mm in
diameter and 125mm in height, prepared with the following in situ unit
weight of s/s fly ash: 11.1, 12.3, 11.2, 11.0, and 11.8 kN/m3 for BH5,
BH4, BH3, BH2, and BH1, respectively. Initial saturation was achieved
by percolating degassed water through each sample. Further saturation
was accomplished through the application of confining pressure and
backpressure, specifically 100, 200, 300, and 400 kPa. The strain rate
for the drained shearing tests was 0.1 mm/min. The peak deviatoric
stress was determined as the shear strength at a given confining pres-
sure, and cohesion and friction angle were determined using the Mohr-
Coulomb failure criterion.

4. Results and analysis

4.1. Description of the borehole samples

During the drilling process, the samples taken at a depth of 0–0.5m
were found to be darker in color than those taken from a depth of
1.5–2.0m (Fig. 4). This suggests that rainfall has infiltrated into the
shallow layer. In addition, some large size particles were found in the
borehole samples (circled in red line in Fig. 4), which may result from
the cementing effect of the lime that was added in the s/s fly ash pro-
cess. However, some of the large size particles were broken into small
particles after drying, but some were not, which may be related to the
different degrees of cementation. In the following sections, the geo-
technical test results mainly focus on the samples taken at a depth of
0–0.5m for following two reasons: 1) not all the geotechnical tests
could be conducted on the deeper samples due to a limited number of
samples; and 2) the properties of s/s fly ash at shallower depths tend to
be significantly influenced by the landfill environment (Shimaoka and
Hanashima, 1996) and, therefore, have more academic value and
should have more attention paid to them.

4.2. Leaching characteristics

The chemical properties of the leachate samples and leaching so-
lution of s/s fly ash samples with fill ages of 3 and 11months are
summarized in Table 2. The pH of the leachate was 9.25 and the NH3-N
concentration was 87.9 mg L−1. The high alkalinity of the leachate was
mainly due to the ammonium hydroxide spray applied for denitration
in the flue-gas-disposing system and the addition of lime to the fly ash
during the s/s process. The COD and BOD of the leachate were ap-
proximately 1155.1 mg L−1 and 446.5 mg L−1, respectively. The con-
centration of Cl in the leachate was as high as 52,700mg L−1, which
was mainly associated with a high content of food waste and plastic

Table 1
Indexes, determination methods, and units of the chemical characterization
tests.

Indexes Determination method Unit

pH GB 6920 –
COD GB/T 11914 mg L−1

BOD HJ 505 mg L−1

NH3-N HJ 535 mg L−1

Cl HJ/T 84 mg L−1

Ca USEPA 200.7 mg L−1

Mg USEPA 200.7 mg L−1

K USEPA 200.7 mg L−1

Cu USEPA 200.8 mg L−1

Zn USEPA 200.8 mg L−1

Pb USEPA 200.8 mg L−1

Cd USEPA 200.8 mg L−1

Ba USEPA 200.8 mg L−1

Hg HJ 597 mg L−1

Ni USEPA 200.8 mg L−1

As USEPA 200.8 mg L−1

Cr USEPA 200.8 mg L−1

1 = test cylinder, 2 = air-loading system, 3 = load plate, 4 = pressure gauge, 5 = dial indicator, 

6 = water inlet/outlet, 7 = water outlet 

1

2

4

5

6

7 (behind)
3

Fig. 3. Compression cell.
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materials in the MSW. However, effective wastewater treatment to re-
duce high Cl concentrations can be challenging (Spence and Shi, 2005;
Colangelo et al., 2012). The concentration of Ca in the leachate was
6585mg L−1, which is much higher than in MSW landfill leachate (Fan
et al., 2006). The high concentration of Ca may induce the precipitation
of a large amount of calcium carbonate, which can consequently result
in serious clogging of the LDCS. Hard CaCO3 that causes clogging
should, if possible, be avoided by keeping organic content low in the
leachate. The concentrations of the heavy metals Hg, Cu, Zn, Pb, Cd, Ba,
Ni, As, and Cr, were all below the Chinese Standard for Pollution
Control on the Landfill Site of Municipal Solid Waste (GB 16889–2008).

With the exception of Ca, the concentrations of the heavy metals in
the leaching solution of s/s fly ash samples were much higher than in
the landfill leachate. It should be noted that the replacement of water
with concentrated MSW landfill leachate in the s/s fly ash process may
have contributed to these high concentrations. In addition, it was found

that the leaching concentrations of heavy metals from 11-month s/s fly
ash samples were lower than those of 3-month samples. This was
probably due to the dissolution and removal of heavy metals via rainfall
infiltration and percolation through the landfill materials, meaning that
the extent of heavy metal leaching increased—and the amount retained
in the s/s fly ash decreased—with fill age.

4.3. Physical properties

4.3.1. Particle size distribution
The particle size distribution curves of the s/s fly ash together with

the raw fly ash are shown in Fig. 5. For the s/s fly ash, the fraction of
fine particles (< 0.075mm) was almost 0% and the> 4.75mm size
class accounted for 14–30% of the samples. Values obtained for the
non-uniform coefficient Cu and the curvature coefficient Cc were in the
range of 4.56–10.33 and 0.32–0.43, respectively. According to the

BH2: 0–0.5 m

BH2: 1.5–2.0 m

BH4: 0–0.5 m

BH4: 1.5–2.0 m BH5: 1.5–2.0 m

BH5: 0–0.5 m

Fig. 4. Photographs of samples obtained from BH2, BH4 and BH5.

Table 2
Chemical properties of landfill leachate and s/s fly ash leaching liquid.

Indexes Landfill leachate s/s fly ash leaching liquid Limitsa

3 months 11months

pH 9.25 ± 0.11 – – –
COD (mg L−1) 1155.1 ± 115 – – –
BOD (mg L−1) 446.5 ± 35.5 – – –
NH3-N (mg L−1) 87.9 ± 0.5 – – –
Cl (mg L−1) 52,700 ± 2500 – – –
Ca (mg L−1) 6585 ± 845 474 ± 87 145.8 ± 34 –
Mg (mg L−1) 10.1 ± 0.5 – – –
K (mg L−1) 12,550 ± 1450 – – –
Cu (mg L−1) 0.004 ± 0.002 0.056 ± 0.011 0.027 ± 0.007 40
Zn (mg L−1) 0.009 ± 0.002 4.61 ± 0.58 3.49 ± 0.52 100
Pb (mg L−1) 0.003 ± 0.001 0.168 ± 0.043 0.028 ± 0.006 0.25
Cd (mg L−1) < 0.0001 0.00085 ± 0.00016 0.00015 ± 0.00005 0.15
Ba (mg L−1) 2.3 ± 0.37 – – 25
Hg (mg L−1) < 0.0001 – – 0.05
Ni (mg L−1) 0.002 ± 0.0003 – – 0.5
As (mg L−1) < 0.005 – – 0.3
Cr (mg L−1) 0.002 ± 0.001 – – 4.5

a limit values from Chinese standard for pollution control on the landfill site of municipal solid waste (GB16889-2008).
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Unified Soil Classification System (USCS, ASTM D2487-11), the s/s fly
ash was classified as poorly graded sand. The particle size of the s/s fly
ash also tended to decrease with age, progressing towards a similar
particle size distribution as the raw fly ash. The mean particle size d50 of
s/s fly ash was in the range of 0.8–2.5mm, which clearly decreased
with fill age (Fig. 6). A regression analysis between the d50 and fill age
(t) obtained the model: d50= 0.10+ 2.54exp(−0.09 t), where
R2=0.91. The aging effect on particle size may be caused by the ce-
mentitious deterioration of s/s fly ash under seasonal wetting and
drying and changes in temperature (Shimaoka and Hanashima, 1996).
With respect to the particle sizes of MSW materials, decreases have also
been observed with fill age, although this is thought to be related to the
biodegradation of organic matter (Hossain et al., 2009).

4.3.2. Specific gravity
The specific gravity of s/s fly ash decreased from 2.56 to 1.68 in the

0-month and 11-month samples, respectively (Fig. 7). The relationship
between specific gravity (Gs) and fill age (t) was described as:
Gs = 1.51+1.06exp(−0.15 t), where R2= 0.95. The specific gravity
of fresh s/s fly ash (0months) was close to that of raw fly ash
(2.46–2.58). Hence, the decrease of s/s fly ash specific gravity with age
is possibly related to the leaching of metal elements as described in
Section 4.2. With the increase of fill age, more metal elements are
leached out and, therefore, the specific gravity of s/s fly ash is de-
creased. A similar phenomenon has been observed in cementitious
materials due to the dissolution of Ca (Chiu, 2009).

Typical values of specific gravity for most soils range from 2.60 to
2.80 (Holtz et al., 2011; Federico et al., 2018; Feng et al., 2017a; Zhai
et al., 2018), which is slightly higher than that observed for s/s fly ash.
This is mainly attributed to the presence of hollow particles in the fly
ash (Reddy et al., 2018). The average specific gravity reported for fresh
uncompacted and compacted MSW is 1.072 and 1.258, respectively,
and 2.201 for old MSW (Yesiller et al., 2014). Thus, the specific gravity

of MSW is increased in the landfill environment over time—showing
the opposite trend to s/s fly ash.

4.3.3. Moisture content
The moisture content of the s/s fly ash samples obtained from BH5,

BH4, BH3, BH2, and BH1 was 47.3%, 46.5%, 48.9%, 61.6%, and 86.4%
for, respectively. It should be noted that the initial moisture content of
the s/s fly ash before landfilling was much lower, in the range of
17.6–19.9%. This increase in moisture content is mainly attributed to
rainfall infiltration post-landfill.

The initial moisture content of MSW from the cities of Hangzhou,
Shanghai, and Suzhou has been reported to be approximately 144%,
132%, and 156%, respectively (Lan et al., 2012), which is significantly
higher than for s/s fly ash. This is mainly attributed to Chinese MSW
having a high food waste content containing a large amount of intra-
particle water (Zhan et al., 2017). After landfilling, most of the intra-
particle water in MSW is released within a few months due to the rapid
hydrolysis of food waste, and also via compression under upper waste
layers (Zhan et al., 2017; Xu et al., 2016). As a result, the moisture
content of aged MSW from Hangzhou, Shanghai, and Suzhou decreased
to 40 ± 20%, 48.5 ± 15.5%, and 85 ± 55%, respectively, following
its disposal to landfill (Zhu et al., 2004; Zhan et al., 2008; Feng et al.,
2017b). The moisture content of aged MSW is, therefore, typically
lower than it is initially—which is the opposite trend to s/s fly ash.

4.4. Hydrological properties

4.4.1. Moisture retention capacity (MRC)
A significant variation in gravimetric MRC values was observed in

the s/s fly ash samples with different fill ages, ranging from 17.7% to
110.1% (Fig. 8). The highest MRC values belonged to the sample with
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fill age of 11months, which was associated with its small particle size.
As shown in Fig. 9, MRC values decreased significantly with mean
particle size (d50), giving the regression model: MRC=0.28+ 2.24exp
(−1.02d50), where R2= 0.95. That is, samples with a smaller mean
particle size have a larger specific surface area and, as a result, have a
higher MRC. It was also observed that the initial moisture content of s/s
fly ash (17.6–19.9%) was much lower than the MRC values. Therefore,
s/s fly ash has the capacity to absorb water after being placed in a
landfill site. In contrast, MSW in China has a much higher initial
moisture than MRC (Xu et al., 2016). Therefore, MSW produces a sig-
nificant amount of self-released leachate after landfilling (Zhan et al.,
2017).

The variations in volumetric MRC with porosity for typical soils and
s/s fly ash are summarized in Fig. 10. Overall, the volumetric MRC of
typical soils tends to increase with increasing porosity. The volumetric
MRC of typical soils can be classified into three ranges, specifically
6–23% (sand), 23–38% (silt), and 38–58% (clay). This can also be ex-
plained by the particle size effects outlined above. The volumetric MRC
values obtained in this study for s/s fly ash were within the ranges for
silt and clay, and exhibited a clear increasing trend with porosity.

4.4.2. Saturated hydraulic conductivity
The saturated hydraulic conductivity of the s/s fly ash decreased

significantly with increasing effective stress (Fig. 11). For example, the
saturated hydraulic conductivity of the BH1 sample decreased from
3.2×10−3 cm/s to 9.1× 10−5 cm/s when effective stress was in-
creased from 0 kPa to 400 kPa. This was mainly due to a reduction in
inter-particle voids under the increasing effective stress. In addition, the
saturated hydraulic conductivity decreased with fill age at a given

effective stress. For example, at an effective stress of 0 kPa, the satu-
rated hydraulic conductivity of the 0-month to 11-month samples de-
creased from 4.5× 10−3 cm/s to 3.2× 10−3 cm/s, respectively. This
was mainly attributed to the decrease in particle size with aging.

The Kozeny-Carman model (Taylor, 1948) and the logarithmic
model (Mesri and Olson, 1971) are two commonly applied methods of
predicting the saturated hydraulic conductivity of porous media when
considering the effects of porosity. Based on the test results, the re-
lationship between the saturated hydraulic conductivity (ks) and the
void ratio (e) for s/s fly ash was characterized by the following two
models (Fig. 12): ks = 0.001e3 / (1+ e), where R2=0.698 (Kozeny-
Carman model); and lg(ks) = 4.4325 lg(e) – 3.9115, where R2= 0.753
(logarithmic model). Both of these models captured the variation in ks
with respect to e for the s/s fly ash samples fairly well, with the loga-
rithmic model performing slightly better.

Typical relationships between ks and e for sand (d10= 0.1mm,
Chapuis, 2004), silty sand (d10= 0.01mm, Chapuis, 2004), clay (spe-
cific gravity Gs = 2.75 and specific surface area SS= 60m2/g, Chapuis
and Aubertin, 2003), and MSW (Xu et al., 2014) are also presented in
Fig. 12. It can be observed that the results obtained for s/s fly ash fall
between the curves for silty sand and clay, which is similar to the vo-
lumetric MRC data. In addition, the s/s fly ash data were all below the
curve for MSW, suggesting a relatively lower hydraulic conductivity at
a given porosity. In addition, the reduction rate of ks with decreasing e
was much smaller for s/s fly ash than for MSW. This might be associated
with the void blocking effect caused by flexible materials (i.e., plastic
bags) contained within MSW.
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4.5. Mechanical properties

4.5.1. Compressibility
The void ratio of s/s fly ash decreased linearly with the logarithm of

effective stress (Fig. 13). The compressibility of the samples was
quantified in terms of the modified compression index Cc', which is
defined as Cc' = Cc / (1+ e0), where Cc is the gradient of the e-log (σ'v)
curve and e0 is the initial void ratio of the samples. The calculated
values of Cc' for s/s fly ash were in the range of 0.13–0.18, with an
average value of 0.16. These values are comparable to those of the low-
plasticity clayey soils (Yu et al., 2007; Chai and Carter, 2011;
Georgiannou et al., 2018) and aged MSWs (Machado et al., 2002;
Bareither et al., 2012); are lower than high-plasticity clayey soils
(Almeida et al., 2000; Huang et al., 2006; Zeng et al., 2017) and fresh
MSWs (Stoltz et al., 2010; Zhan et al., 2017); and are slightly higher
than non-crushable sands (Sanzeni et al., 2012; Wils et al., 2015).

The rate of primary consolidation, quantified in terms of the coef-
ficient of consolidation (cv), was determined by the square-root of time
fitting method. The variation of the consolidation coefficient with ef-
fective stress for s/s fly ash is shown in Fig. 14. The values of cv ranged
from 0.77 cm2/s to 0.95 cm2/s under the effective stress of 50 kPa, and
decreased significantly to 0.11–0.25 cm2/s at 400 kPa. These cv values
for s/s fly ash are much higher than for clays (Vinod and Sridharan,
2015; Yu et al., 2016) and MSWs (Siddiqui et al., 2013; Babu and
Lakshmikanthan, 2015), and are lower than for sands (Brennan and
Madabhushi, 2010; Ecemis et al., 2015).

4.5.2. Shear strength
The typical stress-strain curves for the sample obtained from BH3

are shown in Fig. 15. The four curves—which correspond to the con-
fining pressures of 50, 100, 200 and 400 kPa—exhibited a similar trend.
In each case, the deviatoric stress increased rapidly to its peak value

and then tended to decrease as the axial strain increased, indicating a
strain-softening behavior. The peak values obtained were 329, 669,
915, and 1204 kPa at confining pressures of 50, 100, 200, and 400 kPa,
respectively. The corresponding axial strains were 10.8%, 15.6%,
14.9%, and 16.5%, respectively. These data indicated that the axial
strain at the peak deviatoric stress increased with confining pressure.

The correlations between shear strength parameters (i.e., cohesion
(c) and friction angle (ϕ)) and the fill age of s/s fly ash are shown in
Fig. 16. The values of cohesion and friction angle decreased from 34.1°
and 19.5 kPa to 32.9° and 14.0 kPa, respectively, with increasing of fill
age (from 0 to 11months). The regression models obtained were:
c=13.8+ 5.7exp(−0.18 t), where R2= 0.95; and ϕ=32.4+ 1.7exp
(−0.10 t), where R2= 0.73. As stated in Section 4.3.1, the particle size
of the s/s fly ash was similar to poorly graded sand. With respect to
particle size distribution, the s/s fly ash should have a cohesion value
close to zero, as is the case for sand. However, the measured values of
cohesion of the s/s fly ash were much higher than zero. This might be
associated with the cementing effect from both the raw fly ash and the
lime added in the s/s process. The reduction of cohesion with fill age
might be associated with the cementitious deterioration of the s/s fly
ash due to seasonal wetting and drying and changes in temperature
(Shimaoka and Hanashima, 1996). In addition, the reduction in the
friction angle with increasing fill age can be explained by considering
particle size. As shown in Fig. 17, the friction angle of s/s fly ash de-
creased linearly with the decreasing logarithmic mean of particle size.
This trend has also been observed in typical soils, as shown in Fig. 17.
The friction angle of s/s fly ash fell in between unweathered and
weathered soils at a given d50. This may be associated with the strength
of s/s fly ash particles being lower than the unweathered soil particles
and higher than the weathered soil particles. In addition, and contrary
to the s/s fly ash, the friction angle of MSW was found to decrease with
increasing mean particle size. As for MSWs, large-size fibrous materials
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(e.g., food and garden wastes) can be decomposed into small-sized soil-
like materials, which possess higher frictional resistance than fibrous
materials (Zhan et al., 2008).

4.5.3. Penetration resistance
Tip resistance (qc), side friction (fs), and friction ratio (fs/qc) values

obtained from the CPTs are plotted against penetration depth (0–3.0m)
in Fig. 18. The values of qc ranged from 1 to 7MPa, with the majority
falling between 1 and 4MPa. The average tip resistance for CPT5,
CPT4, CPT3, CPT2, and CPT1, which was calculated from the ar-
ithmetic averages of qc within the depth range of 0 to 3.0m, was 3.2,
2.7, 3.9, 2.1, and 1.4 MPa respectively. The average tip resistance va-
lues tended to decrease with fill age, which tallies with the shear
strength measurements obtained from the laboratory triaxial compres-
sion tests. However, the opposite trend has been observed at MSW
landfill sites (Zhan et al., 2008; Machado et al., 2010). This difference is
explained by the fact fibrous materials are decomposed into soil-like
materials during the degradation of MSWs, which possess higher fric-
tional resistance. The values of fs ranged from 10 to 120 kPa, with the
majority falling between 10 and 80 kPa. It should be noted that qc and fs
values for CPT3 were relatively high among the five cores, probably as a
result of a larger friction angle and larger particle sizes. The variation in
fs /qc between the five cores ranged from 1% to 4%, which is

comparable to the data from MSW landfill sites (Zhan et al., 2008;
Machado et al., 2010). According to soil classification charts presented
in Eslami and Fellenius (2004), the penetration resistance behavior of
s/s fly ash is similar to the soil types from silty clay to silty sand.

5. Engineering implications for s/s MSWI fly ash landfills

In China, the construction of landfills specifically for s/s MSWI fly
ash began several years ago; however, due to a lack of operational
experience and technical standards, the designs for s/s MSWI fly ash
landfill sites commonly follow the same specifications as MSW landfill
sites. The chemical and geotechnical properties of s/s MSWI fly ash are,
however, notably different from MSW. Appropriate guidelines for the
design and operation of s/s MSWI fly ash landfills are, therefore, sorely
need.

The concentrations of Ca, Cl, and heavy metals in the leachate of s/s
fly ash landfills are much higher than in the leachate of MSW landfills
(Fan et al., 2006; Long et al., 2018). Treatment technologies for dealing
with leachate from the s/s fly ash landfills would, therefore, be chal-
lenging and expensive, and the high concentration of Ca also tends to
induce serious clogging of LDCSs. These issues can be addressed in the
following ways. Firstly, the use of concentrated MSW landfill leachate
instead of water in the s/s fly ash process contributes to higher con-
centrations of Cl, COD and heavy metals, in the leachate produced from
s/s fly ash landfill sites. Therefore, this approach should be avoided and
this recommendation should be appended in the Chinese technical
standard for s/s treatment of fly ash. Secondly, s/s fly ash has the ca-
pacity to absorb water after being disposed of at landfill sites, which is
in contrast to typical Chinese MSWs. Hence, leachate is seldom pro-
duced from s/s fly ash itself but is instead mainly derived from rainfall
infiltration. One approach to reducing the generation of leachate
would, therefore, be to increase the level of cover over landfill sites and
to avoid disposing of s/s fly ash on rainy days. By doing so, the capacity
and costs of leachate disposal plants would be significantly reduced. In
addition, the adverse effects of the cementitious deterioration of s/s fly
ash would be mitigated due to a reduction in rainfall infiltration.

The geotechnical properties of s/s fly ash were found to be quite
different from MSW materials and one specific type of typical soil.
According to its particle size distribution, the studied s/s fly ash was
classified as poorly graded sand, yet its cohesion was much higher than
zero. The saturated hydraulic conductivity was found to fall between
silty sand and clay at any given porosity, and the consolidation
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coefficient was greater than clay and lower than sand. The MRC value
was within the ranges of silt and clay, and the penetration resistance
behavior was similar to silty clay to silty sand soils. The most important
observed difference was that the geotechnical properties of s/s fly ash
substantially changed with fill age, whereas aging effects are insignif-
icant for typical soils. As a degradable material, the effects of aging on
the geotechnical properties of MSWs are also considerable. The specific
gravity, friction angle, and penetration resistance of MSWs increased
over time, but these trends were opposite for s/s fly ash. Therefore, the
geotechnical parameters for s/s fly ash should be obtained prior to the
design of a s/s fly ash landfill site, while the application of parameters
for MSW materials or typical soils would probably result in significant
deviations in the design. In addition, in the assessment of geoenviron-
mental issues, such as slope stability, landfill settlement, leachate
generation, and seepage, the effects of aging on the physical, hydro-
logical, and mechanical properties of s/s fly ash should be taken into
consideration. It is important and urgent to develop a technical stan-
dard specifically for s/s MSWI fly ash landfill sites in many countries,
including China, that covers structural design, engineering construc-
tion, pollution control, operation, and maintenance.

6. Summary and conclusion

Understanding of the chemical and geotechnical properties of s/s
MSWI fly ash is essential for the design and operation of landfill sites.
However, not much is known about the long-term chemical and geo-
technical behaviors of s/s MSWI fly ash disposed at landfill sites. Thus,
this study carried out field and laboratory investigations to characterize
the effects of aging on the chemical and geotechnical properties of s/s
MSWI fly ash. The findings are summarized as follows:

(1) Chemical properties: The concentrations of Cl in landfill leachate
were as high as 52,700mg L−1, which presents a technical chal-
lenge for leachate treatment. The concentration of Ca in leachate
reached 6585mg L−1, which tends to induce serious clogging of
LDCSs. The leaching concentrations of heavy metals from s/s fly ash
tended to decrease with fill age and, with the exception of Ca, were
much higher than in landfill leachate.

(2) Physical properties: The particle size distribution was similar to the
poorly graded sand according to the USCS. Mean particle size and
specific gravity were in the ranges of 0.8–2.5mm and 1.68–2.56,
respectively, and both tended to decrease with fill age. The initial
moisture content was 17.6–19.9%, which is much lower than that
after landfilling (46.5–86.4%).

(3) Hydrological properties: Gravimetric MRC was higher than the in-
itial moisture content, suggesting a propensity to absorb water.
Saturated hydraulic conductivity decreased from 10−3 cm/s to
10−4 cm/s with an increase in effective stress from 0 kPa to
400 kPa. Gravimetric MRC increased and saturated hydraulic con-
ductivity decreased with a decrease in mean particle size, i.e., with
increasing fill age.

(4) Mechanical properties: The modified compression index ranged
from 0.13 to 0.18 and the consolidation coefficient was in the order
of 10−1 cm2/s. The stress-strain curves showed a strain-softening
behavior. The cohesion and friction angle were in the ranges of
14.0–19.5 kPa and 32.9–34.1° respectively, and both tended to
decrease with fill age. The effect of aging on shear strength was
consistent with the field CPTs results. The CPTs yielded in a friction
ratio in the range of 1% to 4%.

Based on these findings, the following suggestions are made to in-
form the design, operation, cost-effectiveness, and environment
friendliness s/s MSWI fly ash landfill sites: (1) the replacement of water
with concentrated MSW landfill leachate should be avoided in the s/s
fly ash process to reduce resulting leachate concentrations; (2) leachate
generation could be reduced by taking advantage of the water

absorption capacity of s/s fly ash and by improving landfill operation
practices, such as enhancing cover systems and avoiding landfill ac-
tivities on rainy days; and (3) geotechnical parameters for s/s fly ash
should be obtained prior to the design of landfill sites and the effects of
aging should also be taken into consideration.
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