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Abstract: This study aimed to determine the effect of circulating fluidised bed bottom ash (CFB-BA)
content on the mechanical properties and drying shrinkage of cement-stabilised soil. Experiments
were performed to study the changes in unconfined compressive strength and expansibility of cement-
stabilised soil with different CFB-BA contents and the underlying mechanisms based on microscopic
properties. The results show that CFB-BA can effectively increase the unconfined compressive
strength of the specimen and reduce the amount of cement in the soil. When the combined content
of CFB-BA and cement in the soil was 30%, the unconfined compressive strength of the specimen
with C/CFB = 2 after 60 days of curing was 10.138 MPa, which is 1.4 times that of the pure cement
specimen. However, the CFB-BA does not significantly improve the strength of the soil and cannot
be added alone as a cementing material to the soil. Additionally, swelling tests showed that the
addition of CFB-BA to cement-stabilised soil can significantly reduce the drying shrinkage. This
research project provides reference values for the application of CFB-BA in cement-soil mixing piles,
including compressive strength and the reduction in the shrinkage deformation of specimens.
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1. Introduction

In construction, some types of soil pose a greater challenge to the project due to
their poor engineering performance. Cement-stabilised soil technology is able to im-
prove the working performance of soil and is often used in building foundation treatment,
geological disaster prevention and subgrade reinforcement. Compared with other tech-
nologies, cement-stabilised soil has the advantages of low cost, ease of application, and
good working performance.

However, increasing cement content does not increase the strength of the soil; thus,
other admixtures must be combined with cement-stabilised soil in scenarios where im-
proved strength is required. Admixtures of cement-stabilised soil are mainly divided into
three types: cementitious materials, a combination of fibres and cementitious materials, and
other materials. The first type, cementitious materials, includes silica fume [1]. However,
although only a small amount of silica fume is needed to improve the strength of cement-
stabilised soil, its cost is higher than that of cement. Furthermore, adding fly ash [2] and
coal-measure metakaolin [3] can improve the late strength of cement-stabilised soil, but
this has little effect on the early strength. This is difficult to apply in real-world engineering
situations from the perspective of curing time. The second type of admixture involves fibres
and cementitious materials [4—-6]. Adding fibres to cement-stabilised soil can effectively
improve its strength. Fibres can enhance the internal structural integrity of the sample and
improve the failure mode from brittle failure to plastic failure. The disadvantage of adding
fibres to cement-stabilised soil is that if the fibres are not evenly distributed, agglomeration
will seriously affect the strength of the specimen. The third type of admixture involves other
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materials. Adding large quantities of coal gangue to cement-stabilised soil [7] can increase
the compressive strength by 80%, but this technology is restricted to specific applications
such as roadbed treatment and cannot be widely utilised. Ali R. Estabragh [8] added
resin to cement-stabilised soil for unconfined compressive strength testing and found that
resin was able to increase the strength of the samples. Fei Xu [9] studied the modification
of cement-stabilised soil using polynaphthalene sulfonate (NS) and reported that it can
promote the hydration of cement and weaken the adsorption between soil minerals and
water molecules, making NS preferentially adsorb soil minerals. The former can delay
the formation of AFt (ettringite) and AFm (monosulfate) to compensate for the volume
shrinkage of the specimens and increase the strength, and the latter can increase the drying
shrinkage of the specimens. At low doses of NS, the volume deformation of the specimens
is shown as shrinkage, and volume shrinkage deformation decreases at high doses. Rui
Xiao et al. [10] analysed the feasibility of using waste glass aggregate (GA) to replace
original aggregate as geopolymer cement through a series of tests and found that GA
has potential development value. However, GA reduces the degree of cementation of the
specimens, which negatively affects the mechanical properties of the specimen. They also
found that higher temperature and humidity can not only increase the strength of the glass
powder-based geopolymer, but also reduce the drying shrinkage of the specimen.

CFB-BA is a by-product generated during the sintering process by adding a sulphur-
capturing agent (CaO) to the circulating fluidised bed boiler when coal is burned. Cir-
culating fluidised bed technology can reduce sulphur dioxide and other harmful gases
produced by burning low-quality coal, but it will produce several times as much waste.
There is a need for novel technologies to handle these waste residues. However, due to
experimental biases and methodological limitations, it has been difficult to make use of
these materials. Nevertheless, progress in this field includes the discovery that CFB ash is
a highly absorbent cementitious material, and its mortar has self-hardening and swelling
properties, which is attributable to Al,O3, SiO, and CaO. At present, circulating fluidised
bed ash is mainly used in applications such as roadbed treatment [11,12] and new types
of cementitious materials and cement mixtures [13-19]. Currently, the expansibility and
pozzolanic activity of CFB ashes can be used to compensate for shrinkage and increase
the strength of cement-stabilised soil. However, to avoid detrimental effects on durabil-
ity, it is necessary to limit the content of SO [19], add additives [20,21], or implement a
pre-hydration treatment [22,23] to reduce hydration-induced expansion.

Despite these advances, there is still little research on mixing CFB-BA in cement-
stabilised soil to replace part of the cement and sufficiently improve its strength to achieve
industrial waste recycling. Therefore, this project uses loess as the raw material to carry out
UCS and expansibility tests on cement-stabilised soil with different contents of CFB-BA,
combined with XRD and SEM technology to fully understand the effect of CFB-BA on the
mechanical properties of cement-stabilised soil at the different curing ages and to obtain
the optimal ratio of CFB-BA and cement.

2. Materials and Methods
2.1. Material

Soil: The loess from the third terrace in the Jiancaoping District, Taiyuan, Shanxi, was
air-dried, crushed, passed through a 5 mm sieve, and subjected to indoor geotechnical tests. The
basic physical properties and grading curves are shown in Table 1 and Figure 1, respectively.

Table 1. Properties of the soil.

. Natural Moisture o o Optimum Water
Soil Type pg/cm3 Content PL/% LL/% IP P Content Pd max g/cm3 Cu CC D]() D50 D60
clayey silt 1.77 5.2% 16.8 27 10.2 13.2% 2.069 9.397 0.868 0.083 0.528 0.78

p—specific gravity; PL—plastic limit; LL—liquid limit; Ip—plastic index; pg max—maximum dry unit weight;
Cy—coefficient of uniformity; C.—coefficient of curvature.
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Figure 1. Grading curves.
Cement: The cement used was P.042.5 ordinary Portland cement as shown in Figure 2,

with a specific gravity of 3120 kg/m? and a specific surface area of 0.342 m?/g. The chemical
composition of the main substituents is given in Table 2.

Figure 2. Cement.

Table 2. Chemical composition of ordinary Portland cement.

CaO (%) SiO; (%) Al O3 (%) Fe; O3 (%) SO;3 (%) MgO (%) K0 (%) NayO (%) Others
65.19 21.52 431 3.38 2.51 2.02 0.61 0.11 0.35

CFB-BA: The CFB-BA used herein was produced by Shanxi Pingshuo Coal Gangue
Power Plant (which was located in Shuozhou City, Shanxi Province, China) as shown in
Figure 3, and its main chemical components are shown in Table 3. CFB-BA is made up
of irregularly shaped blocky particles, and the colour of CFB-BA after grinding changes
from grey to dark grey. It was found that grinding the CFB-BA could increase its specific
surface area and improve the reaction capacity [20-22]. Chengzhi [21] determined that the



Materials 2022, 15, 14

40f16

optimal grinding time of CFB-BA was 55 min, with agglomeration occurring after grinding
for 72 min. After comprehensive consideration, the CFB-BA used in this study was ground
by ball mill for 60 min, and the material retained on an 80 um sieve was 5.24%.

Figure 3. CFB-BA.

Table 3. Chemical composition of CFB-BA.

SiO; (%) AL, O3 (%) CaO (%) Fe, 03 (%) SO3 (%) TiO; (%) K0 (%)
48.41 36.4 6.21 3.42 3.04 0.898 0.674

2.2. Sample Preparation and Test Methods
2.2.1. Sample Preparation

Pakbaz M S [24] compared the influence of different preparation methods (dry and wet)
on the strength of cement-stabilised soil through unconfined compressive strength (UCS)
tests. The strength difference between the two preparation methods became negligible
when the curing time was prolonged. Therefore, in order to make the ingredients as
uniform as possible, this study adopts a dry method. The mass of cement and CFB-BA were
added based on the amount of dry soil, and water was added according to the water-binder
ratio (water/(cement + CFB-BA)) = 1.5:1. The specific coordination ratios are shown in
Table 4.

Production was carried out according to the proportions in Table 4. Soil, cement, and
CFB-BA were poured into containers, then water was added. A hand-held agitator was
applied for 5 min to ensure that all components were evenly mixed. The paste produced
was placed into a mould with an internal volume of 70.7 mm?3, then the mould was placed
on a vibration table and vibrated for 2-3 min to remove bubbles in the paste. Finally, the
surface was scraped and covered with cling film to prevent evaporation of water.

2.2.2. Unconfined Compressive Strength Test

Unconfined compressive strength was tested in specimens with curing times of 7 d,
14 d, 28 d, and 60 d. According to Chinese standard JGJ/T233-2011 (specification for mix
proportion design of cement soil), after 36 h, the specimens were demoulded and stored in
a curing chamber at 20 £ 2 °C and 95% relative humidity. After curing, specimens were
tested for UCS and loaded with a universal press (Figure 4) at a loading rate of Tmm /min.
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Table 4. Tested mixture ratios of CFB-BA-cement-stabilised soil.
Binders to Soil (%) Number Cement to Soil (%) CFB-BA to Soil (%)

20-1 20 0
20-2 15 5

20 20-3 10 10
20-4 5 15
20-5 0 20
25-1 25
25-2 20 5

o5 25-3 15 10
25-4 10 15
25-5 5 20
25-6 0 25
30-1 30 0
30-2 25 5
30-3 20 10

30 30-4 15 15
30-5 10 20
30-6 5 25
30-7 0 30

Figure 4. Universal press.

2.2.3. Stress and Strain Test

The experimental procedures for the elastic modulus of specimens at 28 days all
followed the Chinese Standard GB/T50081-2009 (standard for test method of mechanical
properties on ordinary concrete). Elastic modulus includes initial secant modulus (Eg) and
secant modulus (Esp). The secant modulus (Es) is defined as the ratio of one half of the
compressive strength to the axial strain corresponding to this stress.
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2.2.4. Swelling Test

A total of 12 specimens, with total binder contents of 20%, 25%, and 30% (specimen
numbers 20-1 to 20-4, 25-1 to 25-5, and 30-1 to 30-3), were selected for the expansion test.
The specimen dimensions were 40 mm x 40 mm X 160 mm and the lengths were measured
using a comparator (Figure 5). Before demoulding, the specimens and mould were cured
together for 1.5 days, and the original lengths of the specimens were recorded. Prior to
measurement, specimens were removed from the curing chamber, which had been set at
20 £ 2 °C and 95% relative humidity, and their lengths were recorded after the surfaces
had dried. A total of 60 days of test data were collected after demoulding, and then
specimens were cured for a further 30 days at the same temperature but without water
(humidity < 10%) to determine their expansion rates relative to the standard 60-day curing.

ory number: 180334
jing Zhongke Luda |
st Instrument Co., Ltd,

Figure 5. Comparator.

The calculation of the expansion rate for each curing time is as follows:

e = L=l 000
Lo

e—Free expansion rate for a specific age, %
Li—The length of the tested specimen at a specific age, mm
Lo—The initial length of the tested specimen, mm

The length of each specimen was measured three times and the expansion rate was
calculated based on the average value.

2.2.5. Microscopic Characteristics of Cement-Stabilised Soil Admixed with CFB-BA

Phase analysis of specimens was conducted using a Japanese Mechanics MiniFlex600
x-ray diffractometer (XRD). The ZEISS MERLIN Compact scanning electron microscope
(SEM) was used to observe the internal microstructure and morphology of specimens with
different material compositions and to analyse the effect of these changes in microstructure
on the macromechanical properties. These two tests were conducted in Taiyuan City, Shanxi
Province, China.

3. Results
3.1. UCS Test

Figures 6 and 7 show changes in the UCS of cement-stabilised soil admixed with
CFB-BA for 7 d, 14 d, 28 d and 60 d, with bar graphs demonstrating the strengths of
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cement-stabilised soil. After curing for 28 days, the UCS of cement-stabilised soil increased
with longer curing times. As C/CFB decreased, the strengths of CFB-BA-cement-stabilised
soil specimens with 25% or 30% binder content first increased and then decreased, with the
greatest decline at small C/CFB values, indicating that greater amounts of CFB-BA are not
necessarily superior. As can be seen in Figure 6, the strength of cement-stabilised soil with
25% cement content was greater than that of specimens with 30% cement content during the
first 14 days of curing. This is affected by the comprehensive water content (comprehensive
water content = water/(dry soil + binders)). Excessively high comprehensive water contents
cause free water to adhere to the surface of the soil particles and hydration products, thereby
reducing the bonding area between colloids and soil particles. This results in a decrease in
the early strength and an internal pore structure that affects the strength of the product.

C/CFB
00 05 1.0 1.5 20 25 30 35 40 45 50 55
7 T T T T T T T T T T
= 20%-14d
25%-14d| ¢4 i}
—=—30%-14d I F————
—~ // ]
20%-7d) £ 57 " 1
25%-7d| = - S
= 30%-7d| ¥ 41 ! T .
=)
[ 14 3 _
Hl d /
24 i
"
- / ;
0

20% 25% 30%
Content of cement

Figure 6. UCS curve of cement-stabilised soil admixed with CFB-BA for 7 days and 14 days (bar
graph shows strength of cement-stabilised soil).

C/CFB

20%-28d
25%-28d
—=—30%-28d
—m— 20%-60d
25%-60d|
—u— 30%-60d

0.0 0.5

1.0 1.5 2.0 25 30 35 40 45 50 55

10 1
9
8-
74

UCS (MPa)
W
1

[ J28d

20% 25% 30%
Content of cement
Figure 7. UCS curve of cement-stabilised soil admixed with CFB-BA for 28 days and 60 days (bar
graph shows strength of cement-stabilised soil). C/CFB indicates the ratio of cement to CFB-BA.

As demonstrated in Figure 7, after curing for 28 or 60 days, there is only a small
change in the strength of the cement-stabilised soil, which indicates that strength has
already developed at 28 days. After 28 days of curing, the UCS of the specimen increased
with increasing cement content, but the rate of increase slowed at higher cement contents,
indicating that the beneficial effects of cement on the strength of cement-stabilised soil are
limited. Therefore, the most economic effect can be obtained at a cement content of 25%.
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Many factors influence the UCS of the specimen in different ways. Studies show that the
optimal amount of cement in soil is 2~25%, which is consistent with these results.

The UCS values of CFB-BA-soil are all lower than 0.5 MPa, which is due to the low
degree of cementation in the specimen in the absence of cement. The specimen is also easily
damaged during demoulding. Furthermore, because the CFB-BA absorbs water and has
poor hydraulic properties, the specimens were in a water-saturated state during the curing
period, resulting in low strength. Taken together, these results indicate that cement plays
an important role in improving the compressive strength of the CFB-BA soil.

After curing for 7 days, the UCS values of the specimens with CFB-BA was lower than
those of cement-stabilised soil, and the strength of the specimens decreased with increasing
amounts of CFB-BA replacing cement. Hence, the formation of early strength in these
specimens depends mainly on the colloid produced by the hydration of cement, whereas
CFB-BA is most important when the curing time exceeds 7 days.

The UCS curve of the CFB-BA-cement-stabilised soil cured for 60 days demonstrates
that when the binder content in the soil is equal or greater than 20%, the ratio of cement
to CFB-BA cannot be lower than 1.5. When the binder content was 30%, the UCS of the
specimen with C/CFB = 2 was 10.138 MPa, which is 1.5 times that of cement-stabilised soil
with 20% cement content, and 1.4 times that of the cement-stabilised soil with 30% cement
content. Therefore, the optimum amounts of cement and CFB-BA in the soil are 20% and
10%, respectively.

The stress—strain curves were obtained from the UCS tests carried out with a universal
press. The stress—strain curve of the specimens with 20% CFB-BA and 10% cement at
different curing times was used for the analysis.

From Figure 8, we found that the strength development of CFB-BA-cement-soil
specimens can be divided into three stages. The first stage is linear growth, in which the
stress—strain relationship is in direct proportion, the slope of the curve is small and the
strength development is slow. The second stage is the compaction, in which the strain
continues to increase, but the stress increase is small, because the pores are in the process
of being compacted. The third stage is the strength growth, in which the stress—strain
relationship in the front section also has a linear relationship, and the slope of the curve is
slightly larger than that in the first stage, the latter section has a nonlinear relationship and
strain continued to increase while the stress increases gradually and eventually reaches the
peak strain of the specimen.

aasdity

8 f
- strength growth /“ ]
& 64
S 6 Vs c‘f
~ -
. i a ~ ——7d
8 compaction ‘x: - e 44
»n

44 { 57
linear growth /‘:«' .__.-' ——28d
Lt
e
24

o~
=~

T T T T
0.02 0.03 0.04 0.05
Strain

Figure 8. Stress—strain curves of specimens with 20% cement and 10% CFB-BA at different curing times.

3.2. Elastic Modulus

The relationship between the elastic modulus and compressive strength of the speci-
mens was studied using the stress—strain curve. From Figure 9, we found that the addition
of CFB-BA has a greater impact on E;/UCS, and the value of E5y/UCS does not change
much regardless of whether there is addition of CFB-BA. When no CFB-BA is added, the
value of Ey/UCS will increase slightly with the increase in cement content. When the
amount of cementing material is unchanged, the value of Ey/UCS will be larger, with
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increasing amounts of CFB-BA replacing cement. The secant modulus of the specimens
Eso = (14-15) UCS.

45 30
—u—E,/UCS
40 [ ]E/JUCS
425
35
o 304 H20
&) &)
2 254 )
e ] His &
= 204 | it = o
15 4 H 10
10 4
Hs
5 -
0 T T T T T T 0
20-1 25-1 252 25-3 25-4 30-1

Figure 9. The relationship between the Eg, E5y and the UCS of different specimens (bar graph shows
Ey/UCS).

3.3. Swelling Test

Previous research has demonstrated that the swelling of CFB-BA admixed with prod-
uct results in a decrease in the strength [14,16,18,19,21-23,25]. Cement-stabilised soil is
less compact than concrete, so when an appropriate amount of CFB-BA is mixed into
cement-stabilised soil, the swelling of the CFB-BA is conducive to improving its strength. In
the current study, although the specimens were vibrated during preparation, there would
still be small pores that provide space for the development of crystals.

The results of the expansion test, showing the relationship between expansion rate
and the age of the specimen, is shown in Figures 10-12.

As depicted in Figures 10-12, increased binder content and comprehensive water
content reduced the time required for the specimen swelling rate to stabilise, with 28 days,
25 days, and 20 days required for 20%, 25%, and 30% binder content, respectively. This is
attributable to the increased comprehensive water content produced by adding CFB-BA
to cement-stabilised soil, which not only improves strength but also minimises the time
required for expansion. After curing for 1-2 days, the specimen of CFB-BA-soil became
curved due to excessive expansion and the length could not be measured; hence, the
expansion test was not carried out.

0.12
——20-1 Curve fitting —_———
0.104/——20-2 Curve fitting
——20-3 Curve fitting
0.08 {|— 20-4 Curve fitting
Q
5
§ 0.06
g
=
5 0.04
0.02
0.00 T T T

3d 5d 7d  9d 1sd 25d 35d 50d 60d
AGE /d

Figure 10. Curve of expansion rate and age of specimen with 20% binder.
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Figure 11. Curve of expansion rate and age of specimen with 25% binder.
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1d 2d 3d 4d 5d 15d20d25d30d 35d 40d 45d 50d 55d 60d
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Figure 12. Curve of expansion rate and age of specimen with 30% binder.

The hydration products calcium hydroxide (CH) and ettringite (AFt) are the main
reasons for the increase in sample volume. In the early stages, the main hydration reactions
involve dicalcium silicate (C,S), tricalcium silicate (C3S), and tricalcium aluminate (C3A) in
cement and calcium oxide in CFB-BA. The rapid hydration of C3A generates a small amount
of ettringite in the early stage, which results in the synergistic development of compressive
strength and swelling. In the initial stages of CaO hydration, small Ca(OH), crystals with
a size of 10-20 nm are formed. These small crystals later recrystallise to form relatively
large crystals [24]. The more free water there is inside the sample, the more conducive it
is to the consumption of CaO, which can reduce the pressure of crystal growth produced
by Ca(OH); in the later stage. With the increasing concentration of Ca(OH),, the SiO, and
Al O3 in the CFB-BA are stimulated to generate C-S-H and C-A-H gels. The dissolution
of anhydrite is also accelerated and the formation of ettringite is further promoted. These
reactions are expressed in Equations (1)—(3) below:

CaO + H,O — CH 1)
CH + SiO; + H,0 — CSH
CH + Al,O3 + H,O — CAH @)
CaSO4 + H,O — CaSO4eH,0
CAH + CaSO40H,O + HyO — AFt 3)

As the curing time increases, the strength of the specimen increases, the expansion
becomes weaker, and the tensile stress generated by the volume change is less than
the tensile strength of the cementitious material. Therefore, the specimen no longer
exhibits expansion.
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The expansion rates of specimens cured at the same temperature but in the absence of
water are shown in Figure 13.

20-1 20-2 20-3 20-4 25-1 25-2 25-3 25-5 30-1 30-2 30-3

-FifiiE

Expansion Rate

Figure 13. The expansion rates of the specimens cured at a temperature of 20 °C and a humidity of
less than 10%.

The shrinkage of cement-based materials is mainly caused by water loss; that is, the
free water in the specimen is evaporated or consumed in a reaction. Figure 13 demonstrates
that the expansion rate of the specimens with CFB-BA is greater than that of the cement-
stabilised soil with identical binder contents, indicating that the addition of CFB-BA in
cement-stabilised soil can reduce its drying shrinkage. The addition of CFB-BA reduced
the drying shrinkage rates of samples with binder contents of 20%, 25% and 30% by
0.143-0.811%, 0.052-0.86%, and 0.21-0.97%, respectively. The addition of CFB-BA can
generate the formation of more rigid crystals such as ettringite in the specimen, which
not only fill the pores of the specimen but also form the skeleton to reduce the shrinkage
caused by water loss. However, the drying shrinkage only indicates good overall structure,
not small porosity.

3.4. Composition and Microstructure

X-ray diffraction analysis was conducted to determine sample compositions using a
Japanese mechanics miniflex 600 X-ray diffractometer (XRD), as shown in Figure 14.

XRD results are greatly influenced by factors such as specimen quality and quantity, as
well as instrument properties, but the degree of hydration of the binder can be determined
by the diffraction peak intensities of the phase.

Figure 14a shows that the main chemical components of the specimen with 30%
cement are [I-CaSO;, C-5-H, a small amount of AFt and CaSO4-H,O after curing for 7 days.
The main chemical components of the specimen with 30% CFB-BA shown in Figure 14b
are II-CaSO4, CaSO4-HO, AFt and a small amount of C-S-H. In comparison, specimens
with 30% CFB-BA produced more gypsum in the early stage. During the process of
dissolving anhydrite to gypsum, the solid volume expands 2.26 times; during the formation
of ettringite, the solid volume increases 2.22 times, and it is difficult to restrain swelling
in the network structure of C-S-H gel. This produces many pores in the specimen, which
leads to the loss of effective connection between colloids and failure to produce strength,
resulting in a strength of less than 0.5 MPa. The specimen with 30% cement in the early
stage can rely on more C-5-H gel to restrain the expansion caused by the hydrolysis of
anhydrite and ettringite, filling internal pores and producing early strength. Comparing
Figure 14c with Figure 14a, it is evident that adding CFB-BA can increase the content of
ettringite and C-S-H gel, the main components of strength, in cement-stabilised soil after
curing for 28 days, thus resulting in greater unconfined compressive strength.



Materials 2022, 15, 14

12 of 16

Intensity

1CH 1CH
——28d 211-CaSO4 E— ' 2 11-CaS0,
— ;3(1 3 C-S-H —— 14d iii:st_H
4 AFt —7d
5 2H
) H 5 CaSO4-2H)(] \ ; ‘3'0 S CaS0,2H,0
4 1042, J;ﬂfﬁm SBa o 244 N Mﬁwwvdﬁ 3 M.»j 32 244
2 i
|
5
4 i I 4 3 4 2l . | 53 ‘\4\5 2
e M\W@ DO OOV < M . " Lmbirotsnpmpuoid b Tore R 5 0 43 2 4 24
‘ SERI -1
2 L h Blls s 45 5 24
4 s Assipsa o (N S Y -
WWW%JW{ s A3 3 24 "l st
T T T T T T T T T T T T
10 20 30 20 40 50 60 70 10 20 30 40 50 60
: 200)
(a) (b)
1 CH
i 2 11-CaSO,
14d 3CSH
7 4 AFt

5 CaS0,2H,0

MJL&J ISEIE NN T I

Intensity

3
4 5 I_J‘32ULA/5 I 1232 4545 4

; Lo il n a2 s

T T T T T

10 20 30 40 50 60
20(°)
(0

Figure 14. XRD patterns of samples with 30% cementitious material content after curing for 7, 14 and
28 days. (a) 30% cement. (b) 30% CFB-BA. (c) C/CFB = 2.

Figure 15a shows that there are large crystals of hexahedral lamellar calcium hydroxide
in the specimen, and well-crystallised rod-like and needle-like ettringite crystals in the
pores, as well as a spatial network structure composed of flocculated C-S-H gel. Figure 15b
displays a large number of well-crystallised small hexagonal calcium hydroxide crystals
with a side length of about 1 um, and many rod-shaped ettringite crystals. Compared
with Figure 15a, the addition of 5% CFB-BA in Figure 15b caused an obvious reduction
in the pores and a denser structure. Figure 15¢ shows that a small amount of hexahedral
lamellar calcium hydroxide crystals is found in the specimen with C/CFB = 2, and the
ettringite crystals are more rod-shaped and overlap with the C-S-H gel to fill in the holes.
Most of these remaining holes are smaller than 200 nm, whereas the holes in Figure 15b are
larger than 200 nm. Comparing Figure 15a—c, the volume of calcium hydroxide gradually
decreased, the ettringite crystals became thicker, and the number and size of pores were
reduced. This indicates that the addition of desulphurization slag to cement-stabilised soil
promotes the consumption of calcium hydroxide, generates more ettringite, and increases
density. Therefore, the UCS values of specimens with C/CFB = 2 were higher than those of
C/CEFB = 5 when the cementitious content was 30%.
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Figure 15. Microscopic images for specimens with 30% binder: (a) 30% cement; (b) C/CFB = 5;
() C/CFB=2.

4. Discussion

Towards the end of the last century, cement-stabilised soil technology developed
gradually and steadily. Today;, it is widely used in the field of construction engineering.
CFB ash is industrial waste produced as a result of pollution mitigation measures that
reduce harmful emissions from the combustion of low-quality coal. At present, there is no
fully mature waste treatment method for CFB ash. The expansion of CFB ash affects its
ability to be repurposed. Different measures have been proposed to address this issue, such
as alternative curing methods, a variety of additives, and a reduction in the quantity used.

Richard J. Deschamp et al. [23] used CFB ash as a filling for roadbed and found that
CFB ash continued to show expansion stress two years after construction. Therefore, it
was proposed that CFB ash should be pre-hydrated by exposing it to humid air in advance.
Guillermo Thenoux et al. [26] studied the potential of CFB fly ash as a soil stabiliser
and found that it can improve the strength of soils rich in silica and alumina, but the
proportion of CFB fly ash should not be too large due to its expansive properties. Ding
T [27] demonstrated that autoclave curing of CFB ash mixed with Portland cement clinker
mortar not only improves early strength but also restrains the expansion of CFB ash.

In this project, the maximum content of CFB-BA was 10%. Under standard curing con-
ditions, the strength of soil with 20% cement and 10% ground CFB-BA reached 10.138 MPa
after curing for 60 days, which is 1.5 times that of 20% cement-stabilised soil and 1.4 times
that of 30% cement-stabilised soil. The actual construction process in this area, the cement
content of the cement—soil pile is 25%, and when combined with the high strength and
expansibility of cement-stabilised soil mixed with CFB-BA, we believe that this new mate-
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rial can be used in pile foundation engineering. High-strength materials can increase the
ultimate bearing capacity of the pile. Additionally, the swelling can improve compaction
and increase the friction between the pile and the surrounding soil, which has a positive
impact on its bearing capacity. Moreover, it can avoid the brittle failure of the pile due to
the restriction of the surrounding soil. When the cement and CFB-BA in the soil are at an
appropriate ratio, it can not only improve the working effect of the pile but also reduce the
amount of cement and further increase the utilization rate of the CFB-BA in the project.

However, due to the differences between practice and theory, the application of cement-
stabilised soil mixed with CFB-BA in pile foundation engineering still needs to be further
experimentally verified. The soil quality in different regions is different, so when other
soils are used for the above tests, the results may be different. Additionally, adding CFB-BA
to cement-soil mixtures reduced the ductility of the specimens. Future work should focus
on different soils to carry out the above experiments and carry out related experiments
on cement-soil piles mixed with CFB-BA. Although the experimental results are in line
with expectations, it is necessary to study the addition of other additives to the CFB-BA-
cement-soil to continue to reduce the cement content and improve the brittle failure of
the specimens.

5. Conclusions

Through UCS tests, swelling tests, and microscopic analysis, this project studied
the influence of CFB-BA on the mechanical properties and shrinkage characteristics of
cement-stabilised soil and obtained the following conclusions:

e  According to the unconfined compressive strength test, the increase in cement content
in soil from 25% to 30% resulted in only a small increase in strength, thus the optimum
cement content in soil is 25%. Since in the early hydration process of the CFB-BA,
more gypsum will be produced, which causes the specimen to expand and cannot
effectively improve the strength of the soil, it is not recommended to mix the CFB-BA
separately into the soil to increase the unconfined compressive strength.

e Atabinder content level of 30%, the UCS of the specimen with C/CFB=2 after curing
for 60 days was 10.138 MPa, which is 1.4 times that of the specimen with 30% cement
and 0% CFB-BA, indicating that the addition of CFB-BA can reduce the cement content
used and increase the compressive strength. When cement and CFB-BA are mixed
into the soil, the binder content should not be less than 20% and the ratio of cement to
CFB-BA should not be less than 1.5.

e  The stress—strain curve of CFB-BA-modified cement-stabilised soil can be divided into
a linear growth stage, compaction stage, and strength improvement stage. Regardless
of whether CFB-BA is added, the Es5j and strength of the specimen conform to a certain
rule; that is, E5y = (14-15) UCS.

e  The addition of CFB-BA to cement-stabilised soil can improve the structure of the
specimen and reduce shrinkage. The greater the CFB-BA content used, the more
obvious the effect, but the compressive strength will also decrease.

e XRD analysis shows that in the early hydration reaction, more CSH gel is more
conducive to the improvement of strength. SEM analysis shows that adding CFB-BA
to cement-stabilised soil can increase the content of ettringite in the specimens, which
is one of the main factors responsible for strength.

Author Contributions: Conceptualization, Y.W. and Y.H.; methodology, YW. and Y.H.; formal
analysis, Y.Z. and M.Z.; data curation, YW., YH. and Y.Z.; writing—original draft preparation, Y.Z.;
writing—review and editing, YW., Y.Z. and M.Z,; funding acquisition, Y.W. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by the Natural Science Foundation of Shanxi Province of China
(No. 201901D111133 and No. 201901D111169) and the Shanxi Province Science Foundation for Youths
(No. 201901D211209).



Materials 2022, 15, 14 15 of 16

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jiang, N.; Wang, C.; Wang, Z; Li, B.; Liu, Y.-A. Strength Characteristics and Microstructure of Cement Stabilized Soft Soil Admixed
with Silica Fume. Materials 2021, 14, 1929. [CrossRef] [PubMed]

2. Zhou, S.; Zhang, Y.; Zhou, D.; Wang, W.; Li, D.; Ke, Z. Experimental Study on Mechanical Properties of Fly Ash Stabilized with
Cement. Adv. Civ. Eng. 2020, 2020, 11. [CrossRef]

3.  Wang, L,;Li, X,; Cheng, Y.; Bai, X. Effects of coal-metakaolin on the properties of cemented sandy soil and its mechanisms. Constr.
Build. Mater. 2018, 166, 592-600. [CrossRef]

4. Danso, H.; Manu, D. Influence of coconut fibres and lime on the properties of soil-cement mortar. Case Stud. Constr. Mater. 2020,
12, e00316. [CrossRef]

5. Duan, X,; Zhang, ]. Mechanical properties, failure mode, and microstructure of soil-cement modified with fly ash and polypropy-
lene fiber. Adv. Mater. Sci. Eng. 2019, 2019, 13. [CrossRef]

6. Wang, S.; Chen, E; Xue, Q.; Zhang, P. Splitting Tensile Strength of Cement Soil Reinforced with Basalt Fibers. Materials 2020,
13, 3110. [CrossRef]

7. Long, G; Li, L.,; Li, W.; Ma, K.; Dong, W.; Bai, C.; Zhou, J.L. Enhanced mechanical properties and durability of coal gangue
reinforced cement-soil mixture for foundation treatments. J. Clean. Prod. 2019, 231, 468-482. [CrossRef]

8.  Estabragh, A.R.; Naseh, M.; Beytolahpour, I; Javadi, A.A. Strength of a clay soil and soil-cement mixture with resin. Proc. Inst.
Civ. Eng.-Ground Improv. 2013, 166, 108-114. [CrossRef]

9. Xu, F; Cai, Y,; Qian, W.; Wei, H.; Zhuang, H.; He, Y. Characterization and mechanism analysis of polynaphthalene sulfonate
modified cemented soil. Constr. Build. Mater. 2020, 240, 117936. [CrossRef]

10. Xiao, R.; Polaczyk, P; Zhang, M.; Jiang, X.; Zhang, Y.; Huang, B.; Hu, W. Evaluation of glass powder-based geopolymer stabilized
road bases containing recycled waste glass aggregate. Transp. Res. Rec. 2020, 2674, 22-32. [CrossRef]

11. Takada, T.; Hashimoto, I.; Tsutsumi, K.; Shibata, Y.; Yamamuro, S.; Kamada, T.; Inouec, K.; Tsuzurad, K.; Yoshidae, K. Utilization
of coal ash from fluidized-bed combustion boilers as road base material. Resour. Conserv. Recycl. 1995, 14, 69-77. [CrossRef]

12.  Pandey, KK, Canty, G.A ; Atalay, A.; Robertson, ].M.; Laguros, ].G. Fluidized Bed Ash as a Soil Stabilizer in Highway Construction.
In Geoenvironment 2000: Characterization, Containment, Remediation, and Performance in Environmental Geotechnics; ASCE: Reston,
VA, USA, 2014.

13. Junhong, S.; Zhenying, X.; Jun, W.; Baozhen, Z.; Shengge, R. Experimental research on CFB-BA used in the production of aerated
concrete. J. Hebei Univ. Eng. 2010, 27, 29-32.

14. Dung, N.T.; Chang, T.P; Chen, C.T. Engineering and sulfate resistance properties of slag-CFBC fly ash paste and mortar. Constr.
Build. Mater. 2014, 63, 40—48. [CrossRef]

15. Bohe, F; Jielong, G.; Yuehua, Z. Feasibility study of dry desulphurization ash used as cement admixture and retarder. Electr.
Power Technol. Environ. Prot. 2000, 04, 35-38.

16. Havlica, J.; Odler, 1.; Brandsstetr, J.; Mikulikova, R.; Walther, D. Cementitious materials based on fluidised bed coal combustion
ashes. Adv. Cem. Res. 2004, 16, 61-67. [CrossRef]

17.  Chindaprasirt, P.; Rattanasak, U. Utilization of blended fluidized bed combustion (FBC) ash and pulverized coal combustion
(PCC) fly ash in geopolymer. Waste Manag. 2010, 30, 667-672. [CrossRef]
18. Jaturapitakkul, C.; Cheerarot, R. Development of bottom ash as pozzolanic material. ]. Mater. Civ. Eng. 2003, 15, 48-53. [CrossRef]
19. Liu, J.X; Song, YM.,; Xu, H.Z.; Ma, Y.L,; Yue, Y.B.; Zhang, L.H. Study on the utilization of FBC ashes as cement admixture. In
Applied Mechanics and Materials; Trans Tech Publications Ltd.: Bich, Switzerland, 2011; Volume 99, pp. 116-119. [CrossRef]
20. Li, X.; Chen, Q.; Huang, K.Z.; Ma, B.G.; Wu, B. Cementitious properties and hydration mechanism of circulating fluidized bed
combustion (CFBC) desulphurization ashes. Constr. Build. Mater. 2012, 36, 182-187. [CrossRef]

21. Cheng, Z.; Cheng, Z.; Hou, H.; Han, T.; Liu, L. Research on the expansion characteristics and compressive strength of mortars
containing circulating fluidized bed combustion desulphurization slag. Adv. Mater. Sci. Eng. 2018, 2018, 4150145. [CrossRef]

22. Blondin, J.; Anthony, E.J. A Selective Hydration Treatment to Enhance the Utilization of CFBC Ash in Concrete; American Society of
Mechanical Engineers: New York, NY, USA, 1995.

23.  Deschamps, R.J. Using FBC and stoker ashes as roadway fill: A case study. |. Geotech. Geoenviron. Eng. 1998, 124, 1120-1127.
[CrossRef]

24. Pakbaz, M.S.; Farzi, M. Comparison of the effect of mixing methods (dry vs. wet) on mechanical and hydraulic properties of

treated soil with cement or lime. Appl. Clay Sci. 2015, 105, 156-169. [CrossRef]


http://doi.org/10.3390/ma14081929
http://www.ncbi.nlm.nih.gov/pubmed/33921456
http://doi.org/10.1155/2020/6410246
http://doi.org/10.1016/j.conbuildmat.2018.01.192
http://doi.org/10.1016/j.cscm.2019.e00316
http://doi.org/10.1155/2019/9561794
http://doi.org/10.3390/ma13143110
http://doi.org/10.1016/j.jclepro.2019.05.210
http://doi.org/10.1680/grim.12.00014
http://doi.org/10.1016/j.conbuildmat.2019.117936
http://doi.org/10.1177/0361198119898695
http://doi.org/10.1016/S0921-3449(95)80001-8
http://doi.org/10.1016/j.conbuildmat.2014.04.009
http://doi.org/10.1680/adcr.2004.16.2.61
http://doi.org/10.1016/j.wasman.2009.09.040
http://doi.org/10.1061/(ASCE)0899-1561(2003)15:1(48)
http://doi.org/10.4028/www.scientific.net/AMM.99-100.116
http://doi.org/10.1016/j.conbuildmat.2012.05.017
http://doi.org/10.1155/2018/4150145
http://doi.org/10.1061/(ASCE)1090-0241(1998)124:11(1120)
http://doi.org/10.1016/j.clay.2014.11.040

Materials 2022, 15, 14 16 of 16

25.  Chatterji, S. Mechanism of expansion of concrete due to the presence of dead-burnt CaO and MgO. Cem. Concr. Res. 1995, 25,
51-56. [CrossRef]

26. Thenoux, G.; Halles, F; Vargas, A.; Bellolio, ].P.; Carrillo, H. Laboratory and field evaluation of fluid bed combustion fly ash as
granular road stabilizer. Transp. Res. Rec. 2007, 1989, 36—41. [CrossRef]

27. Ding, T,; Song, YM.; Cao, A.Z. Study on the Effect of Curing Condition on the Performance of FBC Ash. In Advanced Materials
Research; Trans Tech Publications Ltd.: Béch, Switzerland, 2012; Volume 549, pp. 687-690. [CrossRef]


http://doi.org/10.1016/0008-8846(94)00111-B
http://doi.org/10.3141/1989-46
http://doi.org/10.4028/www.scientific.net/AMR.549.687

	Introduction 
	Materials and Methods 
	Material 
	Sample Preparation and Test Methods 
	Sample Preparation 
	Unconfined Compressive Strength Test 
	Stress and Strain Test 
	Swelling Test 
	Microscopic Characteristics of Cement-Stabilised Soil Admixed with CFB-BA 


	Results 
	UCS Test 
	Elastic Modulus 
	Swelling Test 
	Composition and Microstructure 

	Discussion 
	Conclusions 
	References

