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Abstract: An experimental investigation was carried out to evaluate the mechanical properties of concrete mixtures in which

coarse aggregate was partially (30, 50 or 70 %) replaced with pre-washed municipal solid waste incineration (MSWI) bottom ash.

Results indicated that bottom ash reduced the compressive strength, elastic modulus, and levels of heavy metals in leachate when

used as a replacement for gravel, and that the maximum amount of MSWI bottom ash in concrete should not exceed 50 %. To

analyze the effect mechanism of bottom ash in concrete, the degree of hydration and the following pozzolanic reaction charac-

terized by the pozzolanic activity index, and the porosity distribution in cement mortar. The study indicates that improved

properties of concrete are not solely later strength gain and reduced levels of heavy metals in leachate but also the progression of

pozzolanic reactions, where a dense structure contains a higher proportion of fine pores that are related to durability.

Keywords: concrete, municipal solid waste incineration bottom ash, compressive strength, elastic moduli,

toxicity characteristic leaching procedure, pozzolanic activity index, mercury intrusion porosimetry, optimum use.

1. Introduction

With urbanization and industrialization, large amounts of
municipal solid waste (MSW) have been generated. In 2030,
the MSW in China will reach an astounding 4.8 billion tons
with a forecasted annual growth rate of 10 % (Cheng and Hu
2010). The incineration of MSW will likely become a fea-
sible and effective management strategy. After incineration,
waste is reduced by 85–90 % in volume and 65–80 % in
mass (Valle-Zermeño et al. 2013). It is estimated that
incineration generates about 3 million tons of MSWI ash
each year in China (Yang et al. 2012).
Recycling ofMSWIBA as a resource is important in that the

major portion of the incineration by-products can be utilized.
Chang et al. (1999) studied the possibility of replacing fine
aggregates in concrete entirely with MSWI BA. The 28-day
compressive strength of the MSW ash mixes was about
54.7 % lower than that of normal sand mixes. Ferraris et al.
(2009) investigated that the use of 20 wt% of VBA as cement
filler or 75 vol% of VBA as a substitute for natural aggregate
provided the same mechanical properties as those of reference
samples. Sorlini et al. (2011) examined uses of calcareous
Portland cement 42.5R and natural aggregate with 24 %
replacement by washed BA in concrete having a characteristic
28-day compressive strength of 20 MPa.
MSWI ash has also been studied as a possible cementi-

tious material (Pecqueur et al. 2001; Li et al. 2012; Lam

et al. 2010). Juric et al. (2006) introduced 15 wt% of BA in
the binder and 23 wt% of recycled aggregate in concrete and
obtained a 28-day compressive strength of 40 MPa. Pan
et al. (2008) introduced pre-washed 1.75 wt% FA and
3.5 wt% BA as a clay replacement in Type-II Portland
cement production. Bertolini et al. (2004) found that a 30 %
replacement (by mass) of Portland cement with wet ground
MSWI BA as mineral additive remarkably improved the
strength and durability of concrete. Lee et al. (2008)
extensively studied the 28-day compressive strength of the
slag–cement mortar (composed of MSWI FA, scrubber ash
and glass frit) was similar to that of ordinary cement mortar,
and the 60- and 90-day compressive strengths were 2–11 %
higher. Filipponi et al. (2003) proposed that enhancing the
reactivity of bottom ash, either by increasing its specific
surface area or by using appropriate chemical activators able
to promote the development of pozzolanic reactions.
However, there is still an obstacle to substituting large

fractions of materials with MSW ash (Chimenos et al. 1999).
The well-known alkali–silica reaction (ASR) of BA related
problems are thoroughly discussed in Bignozzi and Saccani
(2012) and Müller and Rübner (2006). In addition to this,
BA tends to undergo expansive and swelling reactions that
are related to the presence of metallic aluminum or alumi-
num compounds (Müller and Rübner 2006). In order to
reduce the secondary environmental pollution, some treat-
ments have been proposed to reduce detrimental reactions
(Gerven et al. 2005; Ferraris et al. 2009; Pera et al. 1997;
Cheeseman et al. 2005; Chang et al. 1999).
In previous research, BA has often been studied combined

with other waste as substitution materials used for concrete or
mortar formulation; e.g., FA?BA (Ginés et al. 2009), con-
taminated soil?BA (Sorlini et al. 2011), colemanite was-
te?BA?FA (Kula et al. 2001), FA?scrubber BA?glass frit
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(Lee et al. 2008), and BA?recycled aggregate (Juric et al.
2006). BA alone has rarely been studied as a raw material in
the formulation of cement and concrete. Additionally, BA has
often been subjected to expensive treatment such as vitrifica-
tion (Ferraris et al. 2009), dipping in sodium hydroxide (Pera
et al. 1997), rapid sintering (Cheeseman et al. 2005) or refuse-
derived fuel incineration (Chang et al. 1999). There have been
few studies on the use of washed MSWI BA as the only
substitution material. In these studies (Pera et al. 1997), the
concrete with natural aggregate replaced by 50 % of BA
(treated with sodium hydroxide) provided a characteristic
28-day compressive strength of 25 MPa. When the high
replacement percentage of theMSWI bottom ash is used, how
to produce quality concrete is of significant research interest
(Lin et al. 2008; Cheng 2012). In fact, BA is the sole substi-
tution material of aggregate or cement, it is better to clarify
reactions between the ash constituents and the cementitious
binder and their possible effects on the performance, durability
and environmental impact of the concrete. Amore quantitative
understanding of BA as the sole substitution material for dif-
ferent replacement ratios is needed.
The aim of the present work was to investigate the use of

washed MSWI BA as a partial sole replacement for aggregate
in concrete mixes and cement in mortar. Initially, the physical
and chemical properties of theMSWIBA and the feasibility of
using the MSWI BA as a construction material were investi-
gated. To evaluate the effect of introducing BA into concrete,
the compressive strength and elastic modulus were studied.
The porosity of the mortar was measured to evaluate the
properties of moisture transport, which may affect the dura-
bility of the concrete. Moreover, the environmental compati-
bility was studied by evaluating the leaching behavior of
heavy metals under specified conditions.

2. Experiments

2.1 Materials
2.1.1 Cement
The cement used in this research was ordinary Portland

cement type 425 (OPC). It was tested under the China
Standard Specification GB175-2007 before being mixed.
The results for the chemical composition and physical
properties of the cement are given in Table 1.

2.1.2 Fine Aggregate
Natural sand with maximum size of 5 mm was used as

fine aggregate. Physical-property and sieve analyses were
conducted according to GB/T 14684-2011, and the results
are given in Tables 2 and 3, respectively. The size distribu-
tion of the sand is shown in Fig. 1.

2.1.3 Coarse Aggregate
The coarse aggregate used in this study had nominal

particle size of 22 mm, and was tested according to GB/T
14685-2011. The results of physical-property and sieve
analyses are given in Tables 2 and 3, respectively. The size
distribution of the gravel is shown in Fig. 2.

2.1.4 MSWI BA
MSWI BA was obtained from the Dalian MSW Inciner-

ation Plant. The furnace incinerator operates at temperatures
between 950 and 1,150 �C, processes approximately 1,200
tons of waste daily and generates 25 kW of electricity.
Approximately 20 kg of samples were taken from various

locations in the MSWI pits of freshly quenched BA ran-
domly each day. The sampling period lasted 1 month.

Table 1 Physical and chemical properties of the cement used in this study.

Physical or chemical test Result obtained GB175-2007 specification

Fineness (80 lm) 8.5 % \10 %

Specific surface (m2/kg) 355 300–450

Setting time (min)

Initial 113 [90

Final 389 \600

Compressive strength (MPa)

3 days 17.4 [16.0

28 days 44 [42.5

Specific gravity (kg/m3) 3.20 –

Standard consistency water requirement 28 % \30 %

C3A 3.2 % \9.0 %

C4AF 7.1 % \12.0 %

MgO 2.2 % \6.0 %

Na2O ? 0.658K2O 0.12 % \0.6 %

– Denotes there is no limit specified.
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Because wet ground MSWI BA has been shown to have
good pozzolanic behavior and make a significant contribu-
tion to the development of the strength, impermeability,
elastic modulus and the absence of expansion of concrete
(Cheng 2012), the MSWI BA was treated by a wet grinding
process. The water used for wet grinding was introduced in
the concrete mix (as part of the mixing water), and thus no
residues were produced. The chemical composition of BA
was analyzed using an X-ray fluorescence spectrometer. The
size distribution and mineralogical composition are pre-
sented in Figs. 3 and 4 respectively. The physical properties
of the BA are given in Table 4. The average chemical
composition present in the MSWI BA is given in Table 5.

2.2 Preparation and Casting of Test Specimens
Different concrete mixtures were produced by a partial

replacement of gravel with MSWI BA; the concrete mixture
compositions are given in Table 6. (Concrete mixtures B23,
B25 and B27 were made with the raw BA and the other

mixtures with the washed BA.) Three series of mixtures and
control concrete were prepared according to GB50081-2002
standards.
Natural aggregate (sand and gravel) blended with wet

ground MSWI BA was mixed homogeneously with cement
and water in a mixer. The replacement levels of the gravel
were 0, 30, 50 and 70 % by weight. The sand ratio was set to
0.38, and the water/cement (w/c) ratio of the concrete was
0.45, 0.51 or 0.55.
Results from various investigations have revealed that the

bottom ash has low chemical reactivity (Filipponi et al.
2003). Thus, further studies were aimed at investigating the
reactivity of BA and the effect mechanism of the BA in
concrete. MSWI BA was ground and ball-milled into fine
powder with particle size less than 40 lm to partly (10, 20
and 30 %) replace the cement. The specific surface of the
BA powder is 425 m2/kg, according to the GB/T14685-2011
specifications. The cement mortar was prepared according to
JGJ/T70-2009, and detailed information of the cement
mortar mixtures is listed in Table 8.
Density and working ability (measured in a slump test) of

the fresh concretes were obtained according to JGJ/T70-
2009. The setting time of the cement mortar was measured
using the Vicat needle test. The densities of the reference
mixture and concrete mixtures are compared in Fig. 5
(w/b = 0.51). According to JGJ/T70-2009 and GB/T17671-
1999, concrete and cement mortar cubes were cured for
periods ranging from 7 to 90 days. After the curing period,
the concrete and cement mortar were subjected to the fol-
lowing tests.

Fig. 1 Particle size distribution of sand.

Table 2 Physical properties of aggregates.

Properties Fine aggregate (specification) Coarse aggregate (specification)

Specific gravity (kg/m3) 2,560 ([2,500) 2,698 ([2,500)

Fineness modulus 2.7 (2.0–3.5) –

Saturated surface dry absorption (%) 0.89 (–) 1.11 (–)

Void (%) 37.1 (\47) 40.1 (\47)

Unit weight (kg/m3) 1,720 ([1,500) 1,624 ([1,500)

Maximum particle size (mm) 4.75 (–) 28.7 (\31.5)

Table 3 Sieve analysis of aggregates.

Fine aggregate Coarse aggregate

Sieve size Percent GB/T Sieve size (mm) Percent GB/T

Passing 14684-2011 Passing 14685-2011

4.75 mm 1.6 0–10 31.5 0.8 0–5

2.36 mm 18.7 0–25 26.5 14.3 20–35

1.18 mm 45.7 10–50 19.0 48.2 40–60

600 lm 68.4 41–70 16.0 66.3 60–75

300 lm 91.4 70–92 9.50 77.8 75–90

150 lm 99.7 90–100 4.75 98.8 90–100

2.36 99.9 95–100
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2.3 Hardened Concrete
To evaluate the effect of MSWI BA in concrete, three

characteristics were investigated: the compressive strength
and elastic modulus of the hardened concrete, and the
leaching behavior as assessed in a toxicity characteristic
leaching procedure (TCLP) test.

(1) Unconfined compressive strength The unconfined
compressive strength was measured according to JGJ/
T70-2009. The compressive strengths of concrete
mixes made with and without BA were determined at
7, 14, 28, 60, and 90 days of curing. The test results are
given in Table 6 and shown in Fig. 6.

(2) Elastic modulus The property was assessed employing
the standard methods given in JGJ/T70-2009. The

development of the elastic modulus between days 7
and 90 is presented in Fig. 7.

(3) Leaching behavior The TCLP test estimates landfill
conditions to determine the mobility of toxic con-
taminants and sets limits to determine whether the
material under scrutiny is toxic. Solid waste must be
evaluated before landfilling or reused to avoid the
leaching of heavy metal ions and consequent
pollution.

The leaching procedure used in this study followed the test
method SW 846 1311-TCLP of the United States Environ-
mental Protection Agency. The test for MSWI BA was car-
ried out on a sample crushed to a particle size of less than
4 mm. In the test for concrete cured for 28 days, concrete
was broken into several pieces, and a piece from the heart of

Table 4 Physical properties of the MSWI BA.

Sieve size (mm) Particle size distribution (%) Sieve size (mm) Particle size distribution (%)

31.500 0.67 2.500 69.12

26.500 2.28 1.250 78.67

19.000 5.97 0.630 90.35

16.000 8.64 0.315 96.21

10.000 21.15 0.160 98.67

5.000 46.05

Specific gravity (kg/m3) 2,210

Fineness modulus 3.76

Unit weight (kg/m3) 2,145

Water absorption (%) 10.74 (24 h)

Fig. 3 Size distribution of the MSWI BA.

Fig. 2 Particle size distribution of gravel.
Fig. 4 Mineralogical composition of the MSWI BA.
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the concrete was taken as the test sample (average size of
9 mm) (Bertolini et al. 2004).
The pH values of granular samples were more than 5.

Accordingly, specimens were agitated with glacial acetic
acid buffer solution #B (pH 2.88 ± 0.05) for 18 h at a
temperature of 25 �C maintaining a 1:10 sample-to-fluid
ratio at a frequency of 130 r/min. After agitation, leachates
were collected by 0.8-mm glass fiber filters and the leachates
were preserved in 2 % HNO3. The concentrations in the
filtrate were determined by inductively coupled plasma-
atomic emission spectrometry (Müller and Rübner 2006).

The leaching toxicities of heavy metals in the crushed
hardened concrete are given in Table 7.

2.4 Cement Paste
Mechanical and physical analyses of cement pastes were

conducted at different ages as follows.

(1) Setting time The fresh cement pastes were measured in
a Vicat needle test (JGJ/T70-2009), and the water
demand was obtained according to JGJ/T70-2009. The
results are presented in Table 8.

Table 6 Detailed information of the mixtures.

Mixture w/c Cement
(kg/m3)

Water
(kg/m3)

Density
(kg/m3)

BA (%) Slump
(min)

UCM (MPa)

7 days 14 days 28 days 60 days 90 days

R1 0.45 320 175 1,850 0 23 28.2 31.1 36 40.7 41.8

A13 0.45 320 203.7 2,030 30 21 23.6 28.3 35.6 40.9 42.1

A15 0.45 320 223 2,180 50 18 20.7 26.9 35.1 37.3 39.6

A17 0.45 320 242 2,230 70 11 18.2 24.3 31 36.5 38.6

R2 0.51 320 175 1,910 0 25 24.3 30.4 36.7 40.4 41.8

A23 0.51 320 206 2,070 30 22 22 26.9 35.8 40.7 42.3

A25 0.51 320 224.8 2,170 50 18 19.7 24.3 32.9 39.6 41.2

A27 0.51 320 228.1 2,220 70 12 12.5 20.2 28 34.3 36.7

B23 0.51 320 205.7 2,070 30 22 19.4 22.5 27.6 32.8 33.9

B25 0.51 320 225 2,171 50 19 17.1 19.8 25.4 32 34.3

B27 0.51 320 242 2,218 70 14 10.8 14.5 19 26.1 28.5

R3 0.55 320 175 1,950 0 28 16.2 23.3 29.9 35.5 37.1

A33 0.55 320 209 2,060 30 22 15.6 20.3 22.7 24.5 25.4

A35 0.55 320 231.6 2,130 50 15 14.3 19.1 21.8 24 24.7

A37 0.55 320 240 2,210 70 9 12.2 17.4 18.3 18.7 19.1

UCM denotes unconfined compressive strength.

Table 5 Chemical composition of the MSWI BA.

Oxides Amount (%) Minor metal element Amount (mg/kg)

Al2O3 7.4 Ca 52,336

Na2O 11.3 Na 11,472

K2O 1.8 Ka 3,129

SO3 1.1 Mg 4,238

CaO 15.7 Pb 732

Fe2O3 10.2 Cd 37

MgO 1.7 Cr 203

MnO 0.14 Cu 5,578

P2O5 1.60 Zn 3,047

TiO2 0.33 Al 17,356

SiO2 58.1 Fe 22,410
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(2) Pozzolanic activity index The laboratory testing pro-
gram was that specified by ASTM Designation C 311.
The compressive strengths of the control specimens

and test specimens were determined at an age of
28 days. The pozzolanic activity index was calculated
as

Pozzolanic activity index ¼ A=B � 100;

where A is the average compressive strength of the test
specimen (Pa) and B is the average compressive
strength of the control specimen (Pa).

(3) Pozzolanic activity Pozzolanic activity was evaluated
for BA in a suspension for 7 and 14 days at 40 �C and
relative humidity of 100 %. The suspension was
filtered, and the CaO content and total alkalinity were
analyzed. By measuring the Ca(OH)2 content, the
degree of hydration of the cement can be determined. A
point measured below the solubility curve shows that
Ca(OH)2 is consumed by additional reactions. If so, the
examined material can hardly be described as
pozzolanic.

(4) Mercury intrusion porosimetry The pore size distribu-
tion and porosity of the hardened pastes were surveyed
by mercury intrusion porosimetry. Micropores were
analyzed using a gas-adsorption Autopore III-9420
Mercury Intrusion Porosimeter.

3. Results and Discussion

3.1 Cement
The chemical compositions and physical properties of the

cement are listed in Table 1. The physical and chemical
properties of the cement met the requirements of GB175-
2007.

3.2 Fine Aggregate
The properties of the sand are listed in Table 2. Sieve

analysis results are presented in Table 3, and the corre-
sponding size distribution of the sand is presented in Fig. 1.
Physical properties met the requirements of GB/T
14684-2011.

Fig. 5 Density of the reference mixture.

Table 7 TCLP analysis of materials and concrete mixtures.

Element TCLP test value (mg/L)

MSWI WMSWI B23 (28 days) A23 (28 days) TCLP levels

Cu 1.69 0.64 0.29 0.27 15

Zn 0.66 0.72 0.67 0.35 25

Pb 0.069 0.32 0.13 0.04 5

Cd 0.45 0.26 0.21 0.14 1

Cr 0.17 0.06 0.06 0.02 5

Ni 0.15 0.15 0.08 0.03 5

Ba 0.58 0.34 0.15 0.10 5

As 0.21 0.13 0.04 N.D. 5

N.D. means not detectable.

Fig. 6 Development of compressive strength with time
(w/b = 0.51).

Fig. 7 Development of the elastic modulus with time
(w/c = 0.51).
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3.3 Coarse Aggregate
The physical properties listed in Table 3 met the require-

ments of GB/T 14685-2011. The sieve analysis and size
distribution are presented in Table 3 and Fig. 1, respectively.

3.4 MSWI BA
The size distribution is presented in Fig. 3. According to

JTGF30-2003, the curve shows that the material qualifies for
direct use in an embankment or road during road construc-
tion. The physical properties in Table 3 meet the require-
ments of GB/T 14685-2011 (Table 4).
The composition of the MSWI BA used in this study was

analyzed and is summarized in Table 5. It is seen that the BA
is mainly composed of Si, Al and Ca oxides, accounting for
81.2 % of the material on a dry-weight basis. The high Si
and Al contents and the amorphous nature of the major
phases in BA suggest the possible pozzolanic activity of the
material. Heavy metals of environmental concern present at
relatively high concentrations include Cu, Zn, Pb, Cd and Cr.
The TCLP leaching concentrations of the target metals of
raw MSWI BA are all lower than regulatory thresholds of
the United States Environmental Protection Agency.

3.5 Fresh Concrete
Table 6 gives the values of slump and density for the fresh

concrete. Concrete with the addition of MSWI BA had
remarkably reduced workability. This is possibly because the
BA is a material with higher water absorptivity, higher
natural air content, and a large portion of small particles,
which would negatively affect the consistency of the
concrete.
Figure 5 compares the density of concrete mixture and

that of the light-weight aggregate concrete. The compressive
strength of the concrete mixture are shown in Fig. 6 (water
cement ratio of 0.51). It is noted that the density of the
concrete mixture is higher than the density of the light-
weight aggregate concrete, while the density of the MSWI
BA used is lower than that of the gravel. This is attributed to
the water absorption rate of the MSWI BA being far greater
than that of the gravel.

3.6 Hardened Concrete
3.6.1 Unconfined Compressive Strength
The values of compressive strengths results obtained at

ages of 7, 14, 28, 60 and 90 days are summarized in Table 7.

The compressive strength of mixtures B23, B25 and B27
(dosage of raw BA) was 69 % lower than that of the refer-
ence mixture (R2). The washing of BA reduced this differ-
ence from the reference mixture. Bertolini et al. suggested
that reactive aluminum particles react in a high-pH envi-
ronment producing H2 gas during the wet grinding process,
resulting in a reduced amount of H2 gas bubbles in concrete
as there are not enough reactive aluminum particles left in
the concrete mix.
The dependence of compressive strength on the content

mixtures is presented in Fig. 6 (taking the water cement ratio
of 0.51 as an example). It is noted that the compressive
strength at an early age (1–28 days) decreases with
replacement. At ages of 60 and 90 days, the concrete mix-
ture A25 showed close results to the reference mixture, A23
had the higher value of the compressive strength, and A27
had the lower value of the compressive strength. Negative
effect on early strength development may be due to the
weaker aggregate and delays in the hydration of cement
(since the quantity of CaO is insufficient for the formation of
all cementitious compounds) as the content is increased
(Juric et al. 2006). The slope of the curve represents the rate
of increase in strength; because the hydration of cementi-
tious materials is a time-dependent process, it was expected
that the slope would steepen with elapsed time. However, it
is interesting to observe that the slope slightly decreased
with time. This might indicate that BA develops strength in
the later stage of hydration in contrast to the case for OPC
42.5 R (Juric et al. 2006). Concrete mixtures having 70 %
replacement levels of BA developed less compressive
strength. The lower later strength development was due to
the dilution effect, which resulted in insufficient calcium
hydroxide for pozzolanic reactions.
Increasing the percentage weight of MSWI BA in the

concrete had a great effect on early strengths. Hence, the
acceptable level of MSWI BA replacement was established
to be 50 % to ensure the strength property of the concrete.
(The requirement for building concrete is characteristic
28-day strength of 25 MPa). To investigate the strong evi-
dence of pozzolanic behavior, it is better to calculate the
activity index discussed below.

3.6.2 Elastic Modulus Test
Figure 7 shows the increase in the concrete elastic mod-

ulus as a function of time for different mixes (w/b = 0.51).

Table 8 Water demand for normal consistency and setting times.

Sample Substitution level (%) Water demand
(%)

Setting time (min) UCS (MPa) Pozzolanic
activity index

(%)
Initial Final 7 days 28 daysOPC BA

C0 100 0 26.1 179 230 23.4 42.6

C1 90 10 26.5 196 248 23.8 40.24 94.46

C2 80 20 27.4 228 268 24.6 37.66 88.4

C3 70 30 28.8 240 295 25.3 33.87 79.5

C4 50 50 30.1 253 321 21.9 24.8 58.2
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The figure reveals that the modulus of elasticity of the
concrete mixtures was lower than that of the control mix at
all ages, and the modulus of elasticity continued to decrease
with an increase in the amount of MSWI BA. However, it
concluded that the level of the modulus of elasticity tended
to decline with the replacement of the MSWI BA. The 50 %
replacement of gravel by MSWI BA in concrete resulted in
deterioration of the elastic modulus evolution. Hence, the
replacement with MSWI BA should not be more than 50 %.

3.6.3 TCLP
Raw material, as shown in Table 7, contains high con-

centrations of Cu, Cd, Zn and Ba. Table 7 also presents
leachate analysis data for washed BA and concrete mixtures
after exposure to distilled buffer solution B. In general, the
washing process significantly reduced the levels of leaching
of most metals and particularly the level of leaching of Cu.
However, the data also indicate increased leaching of Pd and
Zn under the test conditions, although the leaching levels
remain low and further data are needed to confirm this effect.
The cement matrix is known to be more stable than phases

of raw materials. Heavy metals were mostly retained and
incorporated into the cement matrix, as shown in Table 7, and
the TCLP leaching concentrations of the target metals of
concrete mixtures were all lower than TCLP thresholds.
There was very little difference in metal leaching between
concrete mixtures B23 and A23, because of both the high
metal concentration in the raw waste and the low pH value of
the leaching solution. Previous work has shown that higher
temperatures and longer dwell times are needed to signifi-
cantly reduce metal leaching from MSWI BA (Cheeseman
et al. 2005). Therefore, if it is necessary, the waste plant could
employ the process of melting and solidification, thus stabi-
lizing metallic compounds in the ‘molecular’ structure of the
waste product and preventing them from leaching out and
dispersing into the surrounding environment.

3.7 Mortar Paste
3.7.1 Water Demand for Normal Consistency

and Setting Time
Table 8 reveals that MSWI BA delayed both the initial and

final setting times compared with the times for OPC, par-
ticularly for high replacement levels. Both initial and final
setting times increased with the amount of cement replaced
with the fine MSWI BA. At waste dosages less than 50 %,
the initial setting time was 17–61 min longer for the mixture
than for the ordinary cement mortar and the final setting time
was 18–65 min longer for the mixture than for the ordinary
cement mortar. The variation was so small that it will hardly
affect the requirements of construction. However, when the
addition of MSWI BA was increased further to 50 %, there
was a significant increase in the setting times, particularly
the final setting time, compared with those of the reference
mortar (C0). Experimental results indicated that the observed
delay in the setting times may be primarily attributed to the
rate of the pozzolanic reactions (Lin et al. 2008).
The water demand for normal consistency is given in

Table 8. As seen in Table 2, the incorporation of MSWI BA

slightly increases the water demand for normal consistency,
and increases with increasing content of MSWI BA. When
the replacement of MSWI BA was beyond 50 %, the water
demand for normal consistency was about 15.3 % higher.
Consequently, in the experimental study of the mortar paste,
the content of MSWI BA incorporated into blended cement
was controlled below 50 %.

3.7.2 Pozzolanic Activity
At an age of 28 days, reference mortar (C0) had the highest

compressive strength of the matrices tested. In addition, the
matrices with fine MSWI BA (C1, C2) had results similar to
those of C0. C4 mortar had deteriorated strength evolution.
The poor performance of C4 is due to the high content of BA,
which did not contribute sufficiently to the strength at an early
age because of its relatively low reactivity. The hydration of
cementwas thus increasingly delayed as the content increased.
However, the pozzolanic activity index after 28 days for 30 %
replacement was 79.5 %, which exceeded the level of 70 % in
Chinese National Standard GB/T 1596–2005, and the mixture
could be used as an active admixture under particular condi-
tions. However, the ratio of the strength for 50 % replacement
to the strength of the reference was 58.2 %, which is less than
the requirement of 65 % of GB/T 2847-2005. From this per-
spective, the incorporation ofMSWIBA in concrete should be
controlled below 30 %.
X-ray diffraction analysis of OPC pastes showed that the

main hydration products in the pastes were Ca(OH)2, C–S–H
(tobermorite) and C–A–H (calcium aluminate hydrate), and
that the environment of hydration and the next pozzolanic
reaction is alkaline. We therefore determined the degrees of
cement hydration and pozzolanic reaction from the con-
centrations of CaO and OH-.
From Fig. 8, the Ca(OH)2 content in almost all mixtures

decreases as the bottom ash content and curing age increase.
The measured points of C0 (both 7 and 14 days) lie on the
saturation curve, meaning that the suspension is saturated.
Except for C0 and C1 (7 days), all measurement points lie
below the saturation curve, indicating the mixtures had poz-
zolanic behavior. The only measurement point of 7 days for
which the mixture containing 10 % of the bottom ash is above
the saturation curve is probably due to the very low active silica
content of this sample (Antiohos and Tsimas 2007). Moreover,

Fig. 8 Graph assessing Pozzolanic activity (BA denotes BA).
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the high content of BA, because of its relatively low reactivity,
greatly reduced the quantity of C3S, C3A and C2S, which did
contribute sufficiently to the degree of hydration. Therefore, the
limit of MSWI bottom ash replacement of concrete was 30 %.

3.7.3 Mercury Intrusion Porosimetry
Figures 9, 10 and 11 show the porosity distribution in the

OPC and blended paste samples (replacement levels of 30 and

50 %). It was observed that porosity decreased in all samples
with an increasing hydration period, and the pore size distri-
bution varies markedly between the OPC and fine MSWI bot-
tom-ash pastes. At later ages, however, the fineMSWI bottom-
ash paste samples tend to possess more fine pores (\10 nm)
than the OPC paste samples. Because the hydraulic materials
gradually filled in large pores with the hydration products,
capillary pores being filled with C–S–H gels, containing much
finer gel pores, formed via latent hydraulic reactions. This
hypothesis is supported by the fact that the enhancement of later
strength coincides with the shift in pore size.

4. Conclusion

The following conclusions are drawn from the results of
the study.

(1) Generally, MSWI BA has better characteristics if it has
undergone a washing treatment. From either a technical
or environmental point of view, the physical properties
of fresh and hardened concrete are not deteriorated by
the presence of pre-washed MSWI BA.

(2) MSWI BA affected the mechanical properties of the
concrete mixtures tested. For less than 50 % of
replacement of gravel with MSWI BA, the character-
istic 28-day compressive strength of the mixture
(25 MPa) meets the requirement for building concrete.

(3) The slower early strength development followed by
higher strength development is characteristic of the
MSWI BA containing a latent hydraulic material. The
concentration of heavy metals leaching out from the
concrete was reduced by the solidification mechanism.
MSWI BA was effective in solidifying and stabilizing
the matrix.

(4) The present investigation revealed the low chemical
reactivity of BA and that BA is suitable as a cement
substitute. Initial and final setting times of the cement
paste increased as the replacement with fine MSWI BA
increased. However, the variation for less than 50 %
replacement was so small that it will hardly affect the
requirements of construction.

(5) The pore volume in the paste samples shifted to those of
pore diameters typical of C–S–H gel at later ages.
Moreover, the fine MSWI bottom-ash pastes contained
a higher proportion of fine pores than did the control
pastes. Less than 50 % replacement in Portland cements
could affect early strength development but had no
significant effect on the degree of hydration at later ages.
Because of the larger amount of pozzolanic reaction
products, the strength increased with decreasing porosity.
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