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This paper discusses the feasibility of preparing soil stabilizer which is circulating fluidized bed combustion ash-based,
supplemented with carbide slag and desulfurization gypsum, composed entirely of complete industrial wastes. The results show
that CFBC ash has better pozzolanic activity than fly ash. When stabilizer total content is 10% and the ratio of CFBC ash : carbide
slag : desulfurization gypsum is 7.2 : 1.8 : 1, compressive strength of stabilized soil can reach the maximum of 2.12MPa at the age
of 28 d of curing. Stabilizer can meet the strength requirements of cement-soil mixing pile composite foundation and cement-soil
mixing pile waterproof curtain.

1. Introduction

With the increasing amount of coal mined and gangue
heaped, countries encourage utilizing the combustion of
gangue and low calorific value coal to generate power and
ban permanent gangue heap. Circulating fluidized bed com-
bustion (CFBC) is widely used due to the ability of utilizing
low calorific value coal, fully combust, and high desulfur-
ization efficiency [1]. Circulating fluidized bed combustion
ash (CFBC ash) is the main product of the coal combustion,
which increases year by year. But the resource utilization of
CFBC ash is still in infancy. Compared with pulverized fuel
fly ash (PFA), CFBC ash is various in chemical compositions,
higher water requirement, richer in anhydrite and free lime,
which seriously limits the resource utilization [2]. Approxi-
mately 50 million tons of CFBC ash is generated annually in
China. However, large quantity of raw CFBC ash in China is
mainly discharged directly towaste dumps [3].With the rapid
development of modern industry, production of industrial
wastes increases year by year. In 2013, the production of
carbide slag (CS)was 22.11million tons; the production of flue
gas desulfurization gypsum (FGDG) was 75.50 million tons.
Although the comprehensive utilization rate of industrial

wastes is improving gradually in recent years, there are still
masses of industrial wastes that have not been utilized. Unuti-
lized industrial wastes occupy a great amount of land. Soluble
harmful elements contained in industrial wastes may also
cause groundwater pollution. A long period of air storage
causes lots of dust flow in the air, which may generate air pol-
lution. Problems mentioned above lead to heavy economic
and environmental burden to the country [4].

Taking advantage of the hydration characteristic of indus-
trial wastes to produce soil stabilizer is one of themost impor-
tant ways to recycle industrial wastes. Research shows that
stabilizer can be prepared with entirely industrial wastes (like
gangue, CS, and phosphor gypsum); the 28 d compressive
strength of stabilized soil can reach 2MPa and can be 3 times
higher compared to that stabilized by cement in the same
content [5].The compressive strength of CFBC ash stabilizing
soil can meet the strength requirement of highway subgrade
[6–8]. But researches and reports on utilizing CFBC ash to
stabilize soil under natural water content are rare.

Research shows that the structure of clay is formed by soil
particle groups integrated with clay particles and holes inside
[9]. Some kinds of stabilizers (e.g., cement) can only produce
cementitious hydrates, like calcium silicate hydrates (CSH),
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Table 1: Physical mechanical properties of tested soil.

Soil sample Physical properties
𝑊/% 𝐺

𝑆
𝑒 𝑆

𝑟
𝜔
𝐿

𝜔
𝑝

ST 20.40 2.61 0.66 0.89 0.259 0.167
Notes:𝑊: water content; 𝐺𝑆: specific gravity; 𝑒: natural void ratio; 𝑆𝑟: satu-
ration; 𝜔𝐿: liquid limit; 𝜔𝑝: plastic limit.

which cannot fill pores among the particles efficiently; as
a result, it will limit the increase of strength. Soil stabilizer
which can produce cementitious hydrates and expansible
hydrates has better reinforcement effect than that which can
only produce cementitious hydrates. Cementitious hydrates
can wrap and bind loose soil particles, and expansible
hydrates can squeeze and fill the pores. Combining both
cementitious hydrates and expansible hydrates will lead to
better reinforcement effect. CFBC ash has certain pozzolanic
activity to produce cementitious hydrates CSH. Free lime,
activated Al

2
O
3
, and anhydrite in CFBC ash can produce

volume expansion. Consequently, we can take advantage of
those characters to prepare soil stabilizer with CFBC ash.
The aim of this work is to discuss the feasibility of preparing
soil stabilizer which is CFBC ash-based, supplemented with
CS and FGDG, composed of complete industrial wastes.

2. Experimental

2.1. Materials. Soil sample: the soil sample (ST) was taken
from Nanhai Park in Taiyuan City, Shanxi Province. The
physical properties of the soil sample are presented in Table 1.

CFBC fly ash was retrieved from Shanxi thermal power
plant. The 80 𝜇m and 45 𝜇m sieving residue of CFBC ash
processed by crushing equipment is 0.8% and 8.8%, respec-
tively. The PFA was retrieved from Tangshan thermal power
plant.The 80 𝜇m and 45 𝜇m sieving residue of PFA processed
by crushing equipment is 0.1% and 2.9%, respectively. The
XRD patterns of the CFBC fly ash is shown in Figure 1. From
Figure 1, it is clear to see that the CFBC fly ash is composed
mainly of amorphous substances and a certain amount of
quartz, limestone, and other crystalline material composi-
tions.

CS was retrieved from Tianjin acetylene plant, the desul-
furization gypsum was retrieved from Guizhou Hongfu
Industrial Development General Co., Ltd. Chemical compo-
sitions of raw materials are shown in Table 2.

2.2. Experimental Methods and Procedures

(1) Weigh stabilizer and water according to the mix pro-
portions, then put them into the agitator kettle, and
mix them by electrical mixing machine for 60 sec-
onds.

(2) Weight soil according to the proportion, put it into the
agitator kettle, mix it at low speed for 30 seconds, and
then mix it at high speed for 60 seconds.
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Figure 1: XRD patterns of CFB ash.

Table 2: Chemical compositions of raw materials.

Compositions/% SiO
2

Al
2
O
3

CaO SO
3

Fe
2
O
3

Others
CFBC ash 50.11 28.26 8.85 3.99 4.72 4.07
PFA 48.18 37.88 3.42 1.52 4.22 4.78
CS 2.84 2.16 68.99 0.76 0.15 25.10
FGDG 3.61 0.13 31.30 42.70 0.02 22.24
Notes: self-made admixture LLY is a kind of inorganic liquid. The LLY
content is 0.5% of stabilizer by weight.

(3) Use scraper to scrape the stabilized soil pasted on
wanes and wall into the agitator kettle, continuing to
mix for 60 seconds.

(4) Compact the soil-admixture samples into steel molds
with 50mm × 50mm × 50mm in three layers; then,
molds were vibrated for 60 s on jolting table (ZT-1 ×
1).

(5) Demold after compaction for 24 hours, thenmove the
samples into standard curing chamber with curing
temperature 20∘C ± 2 and curing humidity 95%.

The compressive strength tests of the samples were con-
ducted according to Chinese standard test methods of soils
for highway engineering (JTJ051-93). Three specimens of
each mixture were tested to investigate the average compres-
sive strength.

3. Results and Discussion

Table 3 shows the mix proportions and the compressive
strength of stabilized soil samples at 28 d. The mixing pro-
portion ratios of different materials were relative to the total
weight of stabilized soil. Total mixing proportion of stabilizer
is 10%. The liquid/stabilizer ratio is kept at a constant 1.0.
Proportions of control groups 2-1 and 2-2 are based on the
optimum proportion from previous studies [10].

3.1. Comparison of Pozzolanic Activity between CFBC Ash
and PFA. As shown in Table 3, comparing the compressive
strength of samples 1-2, 1-3, and 1-4 and 2-1 and 2-2, using
CFBC ash to prepare stabilizer, has better reinforcement
effect than using PFA.The compressive strength of CFBC ash
stabilizing soil at 28 d is 3–5 times PFA stabilizing soil.
Although the particle size of CFBC ash is larger than PFA, the
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Table 3: Stabilizer components and stabilized soil strength.

Mixture CFBC ash
(%)

CS
(%)

PFA
(%)

FGDG
(%)

Compressive
strength (MPa)

1-1 5 5 0.69
1-2 6 4 0.75
1-3 7 3 0.87
1-4 8 2 1.04
1-5 9 1 0.66
2-1 2 8 0.22
2-2 1 9 0.21
3-1 7.2 1.8 1 2.12
3-2 6.4 1.6 2 1.70
3-3 5.6 1.4 3 1.45
3-4 4.8 1.2 4 1.03

compressive strength of CFBC ash stabilizing soil is higher
than PFA ash stabilizing soil, indicating that CFBC ash has
better pozzolanic activity than fly ash.

Most of PFA particles are dense and smooth. By contrast,
CFBC ash is mainly composed by coarse and irregular
particles, which aremore favorable to perform the pozzolanic
activity [11]. Based on the character of the reaction products of
active SiO

2
, Al
2
O
3
and lime are soluble in low concentration

hydrochloric acid; experiments show that the reaction rate
constant of CFBC ash is higher than PFA [12]. Mixing CFBC
ash and PFA into cement clinker, respectively, the results
show that the compressive strength of CFBC ash-cement
clinker is distinctly higher than PFA-cement clinker. All the
results agree that CFBC ash has better pozzolanic activity
than fly ash.

3.2. The Optimum Proportion between CFBC Ash and CS. As
shown in Table 3, there is an optimum proportion utilizing
CFBC ash and CS to stabilize soil. The highest compressive
strength of CFBC ash stabilizing soil at 28 d is 1.04MPa, and
the optimum proportion is CFBC ash : CS = 8 : 2 by weight.

CFBC ash is various in chemical compositions; hence,
lots of experiments would be done to research the optimum
proportion between CFBC ash and CS. To reduce the work-
load, in this paper, put forward an equation to estimate the
optimum proportion between CFBC ash and CS.

Assume that the main hydration product CSH is formed
with CaO/SiO2 molar ratio at 1.2. The reaction is shown as
follows:

1.2CaO + SiO2 + 𝑛H2O → 1.2CaO ⋅ SiO2 ⋅ 𝑛H2O (1)

Active Al
2O3 and Fe2O3 react with CaO to form

C3(A,F)H6 which reacts with CaSO4⋅2H2O to form ettringite
(AFt).The proportion is calculated by the following equation:

Unit mass SiO2 hydration reaction needs unit mass:

CaO = 1.2 × 56
60
= 1.12. (2)

Unit mass Al
2
O
3
hydration reaction needs unit mass:

CaO = 168
102
= 1.65. (3)

Unit mass Fe
2
O
3
hydration reaction needs unit mass:

CaO = 168
160
= 1.05. (4)

Unit mass Al
2
O
3
combines maximummass:

CaSO4 ⋅ 2H2O =
172

102
= 1.69. (5)

Unit mass Fe2O3 combines maximummass:

CaSO4 ⋅ 2H2O =
172

160
= 1.08. (6)

Then unit mass CFBC ash hydration reaction needs unit
mass CaO and CaSO4⋅2H2O can be calculated by

𝑚CaO

= 𝑎 (1.12𝜔SiO2
+ 1.65𝜔Al2O3

+ 1.05𝜔Fe2O3
− 𝜔CaO) ,

(7)

𝑚CaSO4 ⋅ 2H2O

= 𝑎 (1.69𝜔Al2O3
+ 1.08𝜔Fe2O3

− 2.15𝜔SO3
) 𝑏.

(8)

Notes. 𝜔SiO2
, 𝜔Al2O3

, 𝜔Fe2O3
, 𝜔CaO, and 𝜔SO3

are mass fractions
of all kinds of compounds in CFBC ash.
𝑎 is CFBC ash hydration reaction ratio, 𝑏 is CFBC ash

expansion ratio:

𝑎 =
reacted CFBC ash
total CFBC ash

(9)

𝑏 =
Al2O3, Fe2O3 in formation reaction of AFt

Al2O3, Fe2O3 participate in reaction
. (10)

According to the proportion of all kinds of oxides, the
theoretical optimum proportion of CFBC ash and CS can be
calculated by (7). According to the results of this experiment,
the indexes 𝑎 and 𝑏 are proposed to take 0.25 and 1, respec-
tively.

3.3. Effect on CFBC Ash Stabilizing Soil by Mixing FGDG.
Based on the optimum proportion of CFBC ash : CS = 8 : 2,
discuss the optimum proportion of FGDG in soil stabilizer.
The effect of FGDG on stabilized soil compressive strength
can be revealed by changing the proportion of FGDG in stabi-
lizer. As is shown in Table 3, there is an optimum proportion
of FGDG in stabilizer, and the optimum proportion is 10%
of stabilizer by weight. In this proportion, the stabilized soil
compressive strength can increase to 2.12MPa, twice of that
without FGDG. After that, the stabilized soil compressive
strength decreased with the increasing proportion of FGDG.
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Stabilized soil is usually formed by uniformly mixing
loose and porous soil particle groups. In order to obtain the
highest strength of stabilized soil, stabilizer should not only
bind the loose soil particles, but also squeeze and fill the pores
[9]. Active SiO

2
in CFBC ash reacts with Ca(OH)

2
to pro-

duce cementitious hydrates CSH, which can bind the loose
soil particles together, producing a certain strength in this
process. Active Al2O3 and Ca(OH)2 react with CaSO4⋅2H2O
to form expansible hydrates AFt. The solid volume doubles
during the formation of AFt, so that the volume expansion
squeezes and fills the pores efficiently, making the stabilized
soil more compact and enhancing the strength further. If
more proportion of expansible hydrates is added, the cemen-
titious structure provided by CSH would be insufficient;
therefore, AFt will produce greater expansion destroying
the links between particles formed by CSH, leading to the
decrease of stabilized soil strength.

3.4. Engineering Application Feasibility of CFBC Ash Stabiliz-
ing Soil. As is shown in Table 3 in sample 3-1, when stabilizer
total content is 10% and the ratio of CFBC ash : CS : FGDG
= 7.2 : 1.8 : 1, compressive strength of stabilized soil can reach
the maximum of 2.12MPa at the age of 28 d of curing.
Preliminary test results indicate that the hydration rate of
CFBC ash is quite low, and the hydration ratio of CFBC ash
at 90 d is two or three times that at 28 d. It can be inferred
that compressive strength of stabilized soil at 90 days will
have greatly increased compared with that at 28 d. Researches
[13, 14] show that, in cement-soil mixing pile composite
foundation and cement-soil mixing pile waterproof curtain,
the compressive strength at 90 d is 0.5 to 1.5MPa. This
experiment shows that it is feasible to prepare soil stabilizer
which is CFBC ash-based, supplementedwith CS and FGDG,
composed of complete industrial wastes.

CFBC ash hydration requires high water demand and low
strength at early age; in particular, the free lime and anhydrite
contained in CFBC ash can produce volume expansion dur-
ing hydration, which severely limits the resource utilization
of CFBC ash in concrete. However, all these characters will
not be disadvantages if the CFBC ash is used in preparing soil
stabilizer. The usage of soil stabilizer is mixing dry stabilizer
powder or stabilizer mortar with soil. For mixing dry stabi-
lizer powder with soil, high water requirement is beneficial
to construction and increases strength. For mixing stabilizer
mortar with soil, increment on water requirement, which will
not bring significant effect on the compressive strength of
stabilized soil, is quite little compared to soil’s water content,
according to the national technology standard, the standard
compressive strength of stabilized soil should be taken at
90 d; therefore, the low compressive strength of CFBC ash at
early age is not a disadvantage.The volume expansion during
hydration can just fill the pores in stabilized soil, which is
beneficial to increase the compressive strength.

According to the preliminary test results obtained from
this experiment and the analysis of the characteristics of CFB
above, it is completely feasible to utilize CFBC ash to make
the stabilizer. Stabilizer with better technical performance
is expected to be made, which is CFBC ash-based and

composed of complete industrial wastes, with further opti-
mization.

4. Conclusions

(1) In this paper, stabilizers which are prepared bymixing
CS with CFBC ash and PFA, respectively, are used to
stabilize soil. The compressive strength of CFBC ash
stabilizing soil is 3–5 times that of PFA stabilizing soil
in the strength test at 28 d, which shows that CFBC
ash has better pozzolanic activity than fly ash.

(2) There is an optimum proportion of the ratio between
CFBC ash and CS and the FGDG content. The com-
pressive strength of stabilized soil peaks at 2. 12MPa at
the age of 28 d, when total mixing proportion of stabi-
lizer was 10% and CFBC ash : CS : FGDG= 7. 2 : 1. 8 : 1.
Using stabilizer which is CFBC ash-based, supple-
mented with CS and FGDG, composed of complete
industrial wastes, can meet the engineering strength
requirements.
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