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h i g h l i g h t s

� A novel type of porous concrete made solely with industrial byproducts was developed.
� Heavy metal leaching characteristics and compressive strength were studied.
� Characteristics of geopolymer affected the diffusion of heavy metals from bottom ash.
� The porous concrete showed acceptable compressive strength and leaching behavior.
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a b s t r a c t

This study focuses on the development of a novel type of eco-friendly porous concrete made solely with
industrial by-products. Coal bottom ash was used as a coarse aggregate and geopolymer as a binder.
Experimental evaluations of heavy metal leaching behavior and compressive strength were conducted.
The test results showed the concentrations of heavy metals which leached from the bottom ash in porous
concrete were below the selected criteria, and the characteristics of geopolymer dominantly affect the
diffusion of heavy metals from bottom ash. In addition, a significant correlation was observed among
the paste thickness, measured total void ratio and compressive strength, and an empirical formula to
express the relationship between the void ratio and compressive strength was derived. It is concluded
that the porous concrete developed in this study can effectively immobilize heavy metals as solidified/
stabilized products.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Porous concrete is a construction material that contains large
interconnected voids. These voids are created by omitting fine
aggregate from conventional normal concrete. This allows porous
concrete to have numerous characteristics and capabilities, such
as water permeability, acoustic absorption, water purification,
SOx and NOx adsorption, humidity control, and even functions
related to vegetation [1–6]. Unlike piled earth materials, which
also have permeability and other benefits, porous concrete can
be fabricated into various shapes and strengths. Moreover, it is
highly durable. Due to these numerous advantages and its wide
range of applications, porous concrete has recently attracted a con-
siderable amount of attention as an eco-friendly construction
material that is in harmony with nature.

Coal ash is an industrial by-product of coal-fired power plants
that can be divided into fly ash and bottom ash. The generated
amounts of fly ash and bottom ash differ between power plants,
though fly ash usually accounts for 70–90% of the total amount
of coal ash, whereas bottom ash accounts for 10–30% [7,8]. Fly
ash has been actively recycled as cement and concrete admixtures
[8]. On the other hand, the recycling of bottom ash remains rare
even with a guideline for bottom ash recycling as a road base mate-
rial, sub-base aggregate and structural fill material [9,34]. The
chemical composition and physical properties of bottom ash differ
from those of fly ash, and bottom ash generally contains more
heavy metals as compared to fly ash [10]. Therefore, sending haz-
ardous bottom ash to landfills incurs the risk of ground water pol-
lution due to heavy metal leaching while also requiring large tracts
of land. The proper recycling of bottom ash is urgent, and several
studies have found that the solidification of bottom ash with
cementitious materials reduces the amount of heavy metals which
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leach from it to below many environmentally acceptable criteria by
both physical and chemical means [7,11].

Over the past few decades, much studies dealing with the
effects of the void ratio, water-to-cement ratio, coarse aggregate
characteristics, and cement paste characteristics on the strength
and functionality of porous concrete have been conducted
[6,7,12–15]. Although typical mix proportions for porous concrete
fabricated with ordinary cement paste and gravel have been made
available in recent years, there are only a few studies dealing with
the utilization of coal bottom ash as a coarse aggregate material for
use in the formulation of porous concrete. Park et al. [7], investi-
gated the toxicity of bottom ash and the mechanical properties
of porous concrete fabricated with bottom ash and Portland
cement paste, and concluded that mixing with reinforcing element
was necessary to improve the strength of porous concrete using
bottom ash, as the mechanical strength tended to decrease as the
bottom ash mixing ratio increased. In addition, Park et al. [7]
reported that porous concrete using bottom ash coarse aggregate
satisfied environmentally acceptable criteria for heavy metals.

On the other hand, geopolymers represent a type of alkali-acti-
vated binder which is considered to be a more eco-friendly coun-
terpart of cementitious materials which may also offer high
strength and remarkable durability [16–20]. The main materials
used to make geopolymers consist of recycled ingredients such
as coal fly ash, blast furnace slag, and metakaolin, which are hard-
ened in an alkaline environment created by waterglass, NaOH,
KOH, or a combination of these alkali-activators [19]. Therefore,
it is expected that porous concrete fabricated with coal ash and
geopolymeric binder, a novel type of porous concrete developed
in this study, will provide the following advantages. First, coarse
aggregate and cementitious binder, the major parts of porous con-
crete, can be completely composed of recycled industrial by-prod-
ucts, enabling a more effective use of our resources. Second, it will
be more cost-effective compared to normal porous concrete, as the
production of porous concrete is possible on-site, where the fly ash
and bottom ash are generated. Third, geopolymers generally create
fewer capillary pores than Portland cement paste. For this reason,
less heavy metal leaching from bottom ash can be expected.

In the present study, a novel type of porous concrete utilizing
coal ash and geopolymeric binder was developed. Bottom ash from
a coal-fired power plant was employed as a coarse aggregate mate-
rial and geopolymeric binder (alkali-activated fly ash/slag paste)
was used as the cementitious binder material for the fabrication
of the porous concrete. The present study aims to investigate the
heavy metal leaching characteristics and the compressive strength
of porous concrete fabricated with coal bottom ash and the afore-
mentioned geopolymeric binder through a series of characteriza-
tion tests. An experimental evaluation of the macro- and micro-
structures, heavy metal leaching, void ratio, and compressive
strength of the porous concrete was conducted for this purpose.
In addition, the experimental results of porous concrete fabricated
with the geopolymeric binder were compared to the results of por-
ous concrete made with the ordinary Portland cement paste.

2. Experimental procedure

2.1. Raw materials

Fly ash and ground granulated blast furnace slag (BFS) were used as geopoly-
meric binder materials. The slag-to-binder ratio of 0.5 was determined to synthe-
size geopolymeric binder. The chemical composition and specific surface areas of
the fly ash and BFS used in this study are listed in Table 1. The fly ash and BFS were
synthesized at room temperature using an alkali-activator which was made with a
4 M NaOH solution and waterglass (SiO2/Na2O = 2.16, water content = 61.5 wt%,
specific gravity = 1.38). The mass ratio of the NaOH solution/waterglass for the
alkali-activator is 2. Detailed information pertaining to the preparation of the
alkali-activator and the geopolymeric binder can be found in Jang et al. [16]. In
addition, Type I Portland cement was used as a reference material.

The coal bottom ash used in this study is from the Seocheon thermoelectric
power plant in South Korea. It was first sieved using 2.5 mm, 5 mm, and 13 mm
sieves to obtain two groups of bottom ash, one with a grading of 2.5–5 mm, and
the other with a grading of 5–13 mm. The two groups were then washed well to
remove the fine powder of the bottom ash as well as other impurities. The chemical
composition of the bottom ash used in this study was determined by X-ray fluores-
cence (XRF) using MiniPal 2 from PANanalytical. These results are listed in Table 2.
The XRF analysis shows that SiO2, Al2O3, and Fe2O3 comprise nearly 90% of the bot-
tom ash for both sizes. The amounts of heavy metals in the bottom ash, fly ash and
BFS, in this case chromium, copper, arsenic, lead, cadmium and mercury were
investigated with inductively coupled plasma (ICP) using the iCPA-6300 Duo ICP-
OES and ICP/MS 7700X spectrometers. These results are listed in Table 3. The test
samples for the ICP analysis were pretreated using a microwave sample digestion
system (operating condition: 210 �C, microwave power range of 1000 W) manufac-
tured by Milestone Inc. with nitric acid and hydrochloric acid, after which they were
diluted with ultrapure water. The physical properties of the bottom ash were deter-
mined through a series of experiments in accordance with the procedure described
in ASTM C127-12 [33]. The details of the physical properties of the bottom ash are
given in Table 4. The obtained apparent specific gravity (ASG), bulk specific gravity
(BSG), and water absorption ratio (WAR) values were calculated by Eqs. (1)–(4)
[33].

ASG ¼WOD=ðWOD �WUWÞ ð1Þ

BSGOD ¼WOD=ðWSSD �WUWÞ ð2Þ

BSGSSD ¼WSSD=ðWSSD �WUWÞ ð3Þ

WAR ¼ ðWSSD �WODÞ=WOD � 100% ð4Þ

Here, WOD is the weight of the oven dried (OD) aggregate, WUW is the apparent
weight of the aggregate under water, and WSSD is the weight of the surface-saturated
dried (SSD) aggregate. In addition, a measurement method for the absolute volume
ratio of bottom ash can be found in JIS A 1104 [38].

Porous concrete has a small amount of mixing water and a large amount of
coarse aggregate; thus, it is necessary to consider whether or not the water content
on the surface of the aggregate is stable. Therefore, air-dried bottom ash aggregates,
with controlled water content levels of approximately 3–5%, were used to eliminate
the effect of the water contained within the bottom ash and to minimize the
absorption of the cement paste resulting from the drying of the bottom ash.

2.2. Mix proportion and fabrication method of the porous concrete

Four types of paste were used for the fabrication of the porous concrete. The
mix proportion of the cement paste and the geopolymer paste used in this study
is listed in Table 5. The water-to-cement (w/c) ratios of the cement paste were
determined to be 0.25 and 0.3, which are commonly used w/c ratios for fabricating
porous concrete. Alkali-activator-to-binder (a/b) ratios of 0.5 and 0.6 were utilized
for the geopolymer paste. The mix proportion of the geopolymer paste used in this

Table 1
Chemical composition and specific surface areas of the fly ash and BFS.

Chemical composition (%) Fly ash BFS

SiO2 42.10 35.17
Al2O3 28.60 13.93
CaO 6.26 42.47
Fe2O3 14.40 0.58
MgO 2.60 4.12
K2O 2.40 0.46
SO3 0.61 2.03
Na2O3 – 0.15
Specific surface areas (m2/kg) 290 485

Table 2
Chemical composition of the bottom ash.

Chemical composition (%) 2.5–5 mm 5–13 mm

SiO2 49.90 50.10
Al2O3 29.30 26.90
CaO 1.64 3.95
Fe2O3 10.50 10.80
K2O 4.69 4.22
TiO2 2.83 2.52
ZrO2 0.15 0.14
Cl 0.57 1.10
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