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ARTICLE INFO ABSTRACT

Keywords: Cenospheres are low-density and hollow microspheres derived from coal-fired power plant fly ash

F?Y ash C.enospheres waste. This study aims to prepare ultra-light-weight (<1000 kg/m> wet density) concrete using

]l;\‘hghtiwelght concrete fly ash cenospheres (FAC). To begin with, FAC’s shell thickness and the water absorption and
eology

desorption were characterized. A mixing procedure was designed to avoid the segregation be-
tween the FAC and cement slurry. FAC can affect the rheological properties of fresh mixture over
time through absorption and desorption of free water. The presented ultra-light-weight concrete
has several advantages compared to the ones prepared using foaming methods. First, shrinkage is
significantly reduced due to FAC’s internal restraint and curing effects. Secondly, it has good
mechanical performance, especially in bending and is more environmentally friendly due to use
of less cement. X-ray computed tomography illustrates that FAC ultra-light-weight concrete has
smaller pores of more uniform size compared with those prepared using foaming methods. X-Ray
diffraction, thermal gravimetry-derivative thermal gravimetry, fourier-transform infrared spec-
troscopy and scanning electron microscopy are employed for the hydration products and
microstructure characterization. Outcomes prove that FAC can combine well with the cement
matrix, and react with calcium hydroxide to produce C-A-S-H through pozzolanic reaction.

Shrinkage
Pore structure

1. Introduction

Light-weight concrete is acquiring increased attention in recent construction projects (e.g., high-filled open-cut tunnel [1] and
urban underground space backfilling [2]) because it has controlled density, as well as good thermal and sound insulation properties [3,
4]. This material is generally composed of cementitious binder and a high degree of void space; some mixtures also contain fine
aggregate [5]. In terms of binders, the most used is ordinary Poland cement (OPC). Supplementary cementitious materials (e.g., fly ash
and ground blast furnace slag) are sometimes used to replace or partially replace cement [6,7].

Chemical and physical (or mechanical) methods can be used to introduce voids into the concrete matrix [5,8-10]. Chemical
methods usually involve mixing H202 or aluminum powder into cement paste as gas-releasing agents. They can react to realize
endogenous gas generation. These methods can reach lower density but tend to generate large voids [11]. Generally, physical methods
are more commonly used in practice. The air bubbles are pre-made and mixed with matrix using a high-shear mixer [5,9]. As to the

* Corresponding author.
E-mail address: zhige@sdu.edu.cn (Z. Ge).

https://doi.org/10.1016/j.jobe.2024.111258
Received 2 August 2024; Received in revised form 22 October 2024; Accepted 5 November 2024

Available online 6 November 2024
2352-7102/© 2024 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:zhige@sdu.edu.cn
www.sciencedirect.com/science/journal/23527102
https://www.elsevier.com/locate/jobe
https://doi.org/10.1016/j.jobe.2024.111258
https://doi.org/10.1016/j.jobe.2024.111258

H. Zhang et al. Journal of Building Engineering 98 (2024) 111258

pre-made bubbles, most are generated by a foaming agent. There are two shortcomings when using foaming agent to produce
light-weight concrete. One is defoaming, the other is bubble ripening and coalescence. Both can contribute to the instability of the
foam, affecting the quality of light-weight concrete. Defoaming prevents concrete from reaching to the targeted density, since less air
voids are introduced. While bubble ripening and coalescence leads to large pore size occurring [12], this is harmful to mechanical
performance [13]. During on-site construction, these two shortcomings may cause pore structure collapse or coalescence, leading to
further problems. For example, the filling height would be reduced in backfilling construction. The phenomenon of defoaming is more
pronounced in grouting construction due to the grouting pressure.

Cenospheres are produced in power plants as a byproduct of coal combustion [14]. They are spherical particles with a hollow center
and belong to a kind of fly ash [15]. This property makes them popular in the field of polymers. For example, Singh et al. [16] used
silver coated cenospheres along with polydopamine for thermal energy storage. Kumar et al. [17] used cenospheres to produce
composite filaments with the help of 3D printed technology. The shell of cenospheres is made mainly of alumino-silicate phases, which
means it has high temperature resistance. Therefore, cenospheres have been used as flame-retarding or insulation coatings [18,19].
There are also several studies of using fly ash cenospheres (FAC) in the field of construction materials. A couple of researchers used
perforated or modified cenospheres as internal curing agents to improve the pore structure and improve the performance of concrete
[20,21]. Baronins et al. [22] used FAC as aggregate to reduce the concrete density by 19 % (from 1790 to 1450 kg/m?> dry density).
Huang et al. [23] used FAC and fiber to make a kind of composite with the dry density of 1302 kg/m® and studied the behavior of fibers
and cenospheres after high temperature (900 °C) treatment. Le et al. [24] used FAC to replace sand and reached a dry density of 1284
kg/m®. These all showed the potential of using FAC to prepare ultra-light weight concrete. However, the achieved dry densities are still
above 1000 kg/m?, which is not low enough for some engineering circumstances. For example, when the light concrete serve as the
backfilling material in the subgrade of highways to reduce land subsidence, the wet density should be no more than 1000 kg/m?®. What
is more, limited research on the fresh properties and pore structure of the FAC ultra-light-weight concrete has been reported.

In this study, FAC was added to the cement slurry to make ultra-light-weight concrete with dry density of 626-682 kg/m?>, thereby
avoiding the problems caused by foam instability. Mixtures with wet densities of 800, 900 and 1000 kg/m> were designed. Fresh
properties, rheology, shrinkage, strength, pore structure and hydration products of the designed FAC ultra-light-weight concrete were
characterized. It is believed that FAC has been successfully used to prepare light-weight concrete which can be used as a sustainable
and economical solution in backfilling construction.

2. Materials and methods
2.1. Materials

Standard P-I 42.5 cement was used as binding material. Its chemical composition is listed in Table 1. Fig. 1 illustrates the particle
size distribution of used cenospheres (measured by a laser particle size analyzer). Its median diameter is 729.5 pm and the specific
surface area is 3.4 m?/kg. Table 1 displays the chemical composition of cenospheres and the cement measured by X-ray fluorescence
(XRF). Clearly, the cenospheres have a high silicon and aluminum content and low calcium content. Fig. 2 shows its mineral
composition obtained by X-ray diffraction (XRD) analysis. The main mineral composition involves quartz and mullite. Vitreous phase
is observed as well.

In addition, polycarboxylic acid superplasticizer (water reducing rate >25 %) and hydroxypropyl methylcellulose viscosity-
modifying agent (VMA) were utilized to modify the flowability of fresh paste and ensure a uniform dispersion of cenospheres.

2.2. Characterization of cenospheres

2.2.1. Shell thickness measurement

In order to describe the cenospheres’ shell thickness, the following operations were carried out. Initially, the cenospheres were put
in a mold and impregnated using epoxy resin. Afterwards, the sample was ground by 4000 grit abrasive papers for 5 min and then
polished using 3 pm and 1 pm diamond polishing pastes for 30 min, respectively. Between each grinding or polishing interval, the
sample was washed in ultrasonic bath for 30 s to remove any dust from the surface [25]. Then the scanning electron microscope (SEM)
was employed to obtain the backscattered electron (BSE) images (Fig. 3). Subsequently, an image processing software Image J was
adopted to process the BSE images and calculate the average thickness.

2.2.2. Water absorption and desorption characteristics

A total of 50g oven-dried cenospheres was used for water absorption measurement. Cenospheres were soaked in water for 24 h.
During this period, the water absorption rate of cenospheres in saturated surface dry condition was traced and water absorption curve
was plotted [21,26].

Table 1
Chemical composition/%.
Component Al,03 CaO SiOy SO3 Fe,03 NayO K;0 TiO, MnO MgO LOI
Cenospheres 27.42 1.90 57.51 0.19 5.59 1.53 2.93 0.96 0.07 1.46 4.41
Cement 4.43 63.10 21.31 2.30 3.61 0.17 0.77 0.27 0.05 3.29 1.48
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Fig. 1. Particle size distribution of cenospheres.
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Fig. 2. XRD analysis of cenospheres.

Following ASTM E104-20 [27], saturated salt solutions were selected for the water desorption measurement, i.e., KsSO4 and NaBr
solutions, representing the RH of 97.6 % and 59.1 %, respectively. The degressive RH can be used to simulate the decreasing moisture
content occurring in the concrete matrix during hydration [20]. Both the saturated salt solution and cenospheres were placed in a
sealed plastic box under a constant temperature of 20 °C to ensure a stable RH. The weight of cenospheres was measured every week
until it became constant. The water desorption curve was also plotted.

2.3. Cenospheres ultra-light-weight concrete

2.3.1. Sample preparation

The water to cement ratio was 0.8 for all mixes. The wet density of cenospheres lightweight concrete was designed as 800 kg/m?,
900 kg/m> and 1000 kg/m? by adjusting cenospheres content. Superplasticizer and viscosity-modifying agent were used to modify the
flowability, and a mixing procedure [28,29] was designed, see Fig. 4.

Dry density of the specimens was measured after curing under standard conditions (RH 95 %, curing temperature 20 + 2 °C) for 28
days. Specimen was dried in an oven at 60 °C until a constant weight. The dry density of each proportion is listed in Table 2.

2.3.2. Test methods
In the fresh state, flowability was tested using a mini slump flow measurement as follows [30]: the fresh paste was poured into a
®80 x 80 mm open-ended cylinder, and the cylinder was then lifted vertically within 3 s. The average spread of the paste was
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Local shell thickness 254.112 pm

(d)

Fig. 3. The operations to get shell thickness of cenospheres: (a) cenospheres embedded in epoxy resin after polishing; (b) BSE image of the polished
surface; (c) binary image (white: cenospheres shell; black: epoxy resin); (d) Spatial distribution of cenospheres thickness obtained by Image J.
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Fig. 4. The mixing procedure.

Table 2
Mix proportions of cenospheres lightweight concrete.
Wet density (kg/m®) OPC (kg/m?) Cenospheres (kg/m®) Water (kg/m®) Superplasticizer (%) VMA (%) Dry density (kg/m?)
1000 432 222 346 0 0.42 682
900 370 234 296 0.32 0.27 643
800 311 240 249 0.3 0.14 626
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measured. Rheology test was carried out through the RSX rheometer. Fig. 5 shows the shear procedure used in the test. In the pre-shear
period, the shear rate was first increased from 0 to 50 s~! in 75s and then kept constant for 15s, and reduced to 0 s~* in another 75s.
This period is to create uniform paste conditions before the test [31]. In the data-logging shear period, the shear rate was first increased
from 0 to 50 s}, and then reduced to 0 s L. The shear stress-shear rate curve obtained in the last 75s (the decreasing stage) was used for
evaluating the rheological properties of the blends [32].The above shear procedure was executed at 15, 45, 75 and 105 min after the
water was added to investigate the time-dependent rheological properties [32-34].

The volume stability involved autogenous deformation and drying shrinkage measurements. Autogenous deformation was
measured according to ASTM C1698-2009(2014) [35]. Fresh mixtures were immediately poured into corrugated plastic tubes (420
mm in length, 29 mm outer diameter) after mixing. Three replicate specimens were tested for each wet density, and the data was
collected every 15 min. Drying shrinkage was tested following the Chinese standard GB/T 11969-2020 [36]. 3 prisms with size of 40
mm x 40 mm x 160 mm were prepared for each mix. The specimens were first soaked in water (20 + 2 °C) for 72 h. Then, the initial
length and weight were recorded. The specimens were then moved to a constant temperature and humidity chamber (20 + 2 °C, 45 +
5%RH). The length and weight were measured every day in the first 5 days and then every 4 days. The test was terminated after the
weight change was less than 0.1 %.

The compressive strength at 3, 7 and 28 days were measured following the Chinese standard JG/T 266-2011 [37]. 3 cubic
specimens with size of 100 mm were loaded for each mixture using a universal loading machine at a loading rate of 2.5 kN/s 28-day
flexural strength was obtained using the specimen with size of 40 x 40 x 160 mm.

The pore structures were characterized using a combination of X-ray computed tomography and image analysis technique. In this
approach, a cylindrical specimen with a diameter of 50 mm and height of 150 mm was used for acquiring raw greyscale X-CT images
through a high resolution micro-XCT system (ZEISS Xradia 510 Versa). The voxel size was 25 pm. A deconvolution approach was
adopted to fit the greyscale value histogram by two Gaussian distributions (Fig. 6). The threshold grey value between pore and solid
phases was defined as the intersection of the two Gaussian curves [38]. A comparison between a raw greyscale image and segmented
binary image is given in Fig. 7.

The hydration products were analyzed using X-Ray Diffraction (XRD), Thermal gravimetry-derivative thermal gravimetry (TG-
DTG) and Fourier-transform infrared (FTIR) spectroscopy. The XRD diffraction angle ranged from 5° to 90° with a step size of 0.05° at a
scanning rate of 5° per minute. The TG-DTG experiments were conducted in nitrogen atmosphere and heated up from room tem-
perature to 1000 °C using a heating rate of 10 °C min~'. FTIR spectra were detected with 4 cm ™! resolutions, in the range of 4000~400
em IR absorption band.

Scanning electron microscopy (SEM) was used to observe the morphology of hydrates and the interface between the cenospheres
and hydrated cement paste. Both secondary electron (SE) and backscattered electron (BSE) modes were employed. For the BSE mode
observation, the sample was impregnated and well-polished following the procedure presented in Ref. [25]. After BSE imaging, Energy
Dispersive Spectrometer (EDS) mapping and line scanning were performed.

3. Results and discussion
3.1. Shell thickness

18 processed binary images including 243 cenospheres particles were used to calculate the average shell thickness using Image J.
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Fig. 5. The shear procedure used in the rheological property test.
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Fig. 7. The definition of the threshold grey value. (a) raw grey scale image; (b) binary image after thresholding (the blue part represents the pores).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

The results (Fig. 8) indicate that the shell thickness follows a Gaussian distribution and concentrates in the range of 0-150 pm. The
average shell thickness is 66.4 pm. Along with the average particle size, the average internal diameter and inner volume of FAC are
calculated. They are 596.7 pm and 0.11 mm?, respectively.

3.2. Water absorption and desorption
Fig. 9 shows the water absorption and desorption curve of FAC. The water absorption of FAC increases dramatically in the first 5 h,
and quickly reaches a steady level at 38 %. On the other hand, the water desorption shows a different pattern, which lasts much longer-

about 80 days. FAC in low RH condition has larger water desorption. This means that the desorption period of FAC would last quite
long in hydrated cement paste.

3.3. Stability of the prepared FAC ultra-light-weight concrete

Table 3 shows the measured fresh properties of FAC ultra-light-weight concrete. A density ratio is defined as the measured wet
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Fig. 9. Water absorption and desorption curve of FAC. (a) absorption curve; (b) desorption curve.

density/designed wet density. As listed in the table, these ratios are all nearly 1 which means that the fresh mixtures are well mixed
[39-41]. Furthermore, the flowability of the mixture was controlled between 160 mm and 190 mm, in line with the requirements of
in-place casting [30].

3.4. Rheology

Modified Bingham model (M — B model) was used to fit the data, and the results are shown in Figs. 10 and 11. The equation of the
M — B model [42,43] is as bellow:

Table 3
Measured fresh properties of the FAC ultra-light-weight concrete.
Designed wet density (kg/m>) Measured wet density (kg/m>) Density ratio Flow value (mm)
1000 995 0.995 171
900 920 1.022 175
800 830 1.037 164
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where 7 refers to shear stress (Pa), 7o refers to yield stress (Pa), 5 refers to plastic viscosity (Pa-s), y refers to shear rate (S ™H,andcisa
constant parameter.

For yield stress, from Fig. 11a, it can be found that the yield strength of 900 kg/m® mixture is much lower than the other two wet
densities. This can be explained as follows. For one thing, more superplasticizer is added in the mixture, which can reduce the yield
strength [44]. Secondly, it is very likely that the FAC dosage in 900 kg/m> mixture is optimum for the formation of water film.
Specifically, there is not so much FAC to absorb substantial amount of water like the 800 kg/m® one at early stage, while can release
much more water than the 1000 kg/m? one at later stage. That is to say the free water in the mixture can always stay at an adequate
level for the water film formation. It has been reported in Ref. [31] that a thicker water film leads to a smaller yield stress.

What is more, it can be observed that the yield stress of 800 and 900 kg/m? first increased and then decreased slightly over time.
This probably because the free water was first absorbed by the cenospheres and some of them would be released with the cement
hydration going on. However, the mixture with wet density 1000 kg/m® does not follow the trend described above, its yield strength
increases steadily with time, see Figs. 10 (c) and Fig. 11 (a). This can because, as it contains less cenospheres, the absorption and
desorption have limited effects on the yield stress.

For plastic viscosity, it is the measure of the friction force in the slurry [43,45]. It increases with the increasing wet density. This is
understandable because more VMA are added when the wet density increases, as shown in Table 2.
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Fig. 10. Fitting of M — B model for FAC ultra-light-weight concrete: (a) 800 kg/m?; (b) 900 kg/m>; (c) 1000 kg/m>.
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Fig. 11. The time-dependent rheological properties for FAC ultra-light-weight concrete with different wet densities: (a) yield stress to; (b) plastic
viscosity 1.

3.5. Volume stability

Fig. 12 shows the autogenous deformation of FAC ultra-light-weight concrete with different wet densities. They all shrink at the
first day and starts expanding afterwards. In the shrinking stage, the deformation of the 3 mixtures reaches the maximum of
approximately 300 pm/m (900 kg/m>), 400 um/m (800 kg/m>) and 500 pm/m (1000 kg/m>) shrinkage strain dramatically. These
values are slightly higher than the ultra-light-weight concrete in other studies [46-48] at the same age. However, the deformation is
mitigated and then prominent expansion is observed after 2 days. There are two reasons for this. First, as discussed in section 3.2, the
FAC can absorb water very quickly and release water slowly and steadily. When it absorbs water, the shrinkage stress caused by the
capillary pores increases and shrinkage occurs; when it releases water, the matrix takes in the water and expands, as documented in
Ref. [49]. Because the water desorption is a long process, the expansion also increases correspondingly. Second, the w/c ratio of this
current study is 0.80, which is much higher compared with those commonly used (about 0.3-0.5). This can reduce the capillary
pressure caused by the water loss [50].

Fig. 13 illustrates the drying shrinkage of the FAC ultra-light-weight concrete with different wet densities. They have a similar
changing trend; the drying shrinkage first increases and then levels off at a certain value after 28 days. Drying shrinkage of FAC ultra-
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Fig. 12. Autogenous deformation of FAC ultra-light-weight concrete.
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light-weight concrete is much smaller than the ones using the foaming methods [30,51,52]. For example, when the wet density is 800
kg/m®, it is 50 % lower than the light-weight concrete in Ref. [30]. What is more, drying shrinkage decreases with the increasing FAC
contents, which is consistent with the previous research [24], while the final drying shrinkage in Ref. [24] is even smaller due to the
addition of shrinkage reducing mixture and PP fiber. However, there is no doubt that FAC can mitigate the drying shrinkage which can
be attributed to the internal restraint [53-55] and internal curing effects [56].

3.6. Strength

As shown in Fig. 14, compressive strength increases gradually with curing age and wet density, as expected. Table 4 compares the
FAC ultra-light-weight concrete in this study and the ones formed by other methods [38,57-59]. Overall, the 28-day compressive
strength of FAC ultra-light-weight concrete is slightly lower (about 10%-20 %) than the others reported in the literature [38,57-59].
However, in terms of the flexural strength, it can exceed that of the light-weight concrete foamed by protein-based anionic foaming
agent. This can be explained as follows. Firstly, cenospheres has coarse surface which is beneficial to the tight bond between cement
matrix and cenospheres. Second, as shown in Fig. 15, the FAC can disturb the propagation of cracks leading to a more tortuous crack
pattern, increasing the size of fracture process zone, thus resulting in a higher flexural strength [60].

Furthermore, the FAC ultra-light-weight concrete consumes much less cement when the targeted wet density is the same compared
to (traditional) foam concrete. It has the highest strength-to-cement content ratio among them (see Table 4). This value can be used to
evaluate the environmentally friendly performance of the light-weight concrete because when the required strength is fixed, less
cement consumption leads to lower embodied energy and CO; emissions [61,62]. In other words, FAC ultra-light-weight concrete is a
more environmental-friendly porous material.

3.7. Pore structure

Fig. 16 shows the pores spatial distribution of the prepared ultra-light-weight concrete segmented from the X-CT images. Note that
the FAC shell cannot be identified as it has similar density as the hydrated cement paste. The pore phase mainly represents the inner
volume of FAC and air voids involved during mixing.

The average porosity along the height (Z-direction) of each mix is present in Fig. 17a. The slice porosity fluctuated around the
average porosity, which reflected that the cenospheres are well-distributed in the cement matrix. The average porosity decreases when
wet density increasing. It is 51 %, 39 % and 25 % for specimen with density of 800 kg/m?, 900 kg/m> 1000 kg/m?, respectively.
Fig. 17b shows that the equivalent pore diameters. They are all smaller than the calculated FAC internal diameter in section 3.1. High-
density FAC concrete has smaller pore size and narrower pore size distribution. These could be explained by the fact that high-density
FAC concrete contains more hydrated cement paste, and most pores existing in cement are smaller than that of FAC. Compared with the
ultra-light-weight concrete (protein-based anionic foamed) in Ref. [38], FAC ultra-light-weight concrete has much larger porosity but
smaller equivalent pore size. This means FAC ultra-light-weight concrete has a more stable structure.

3.8. Hydration products

XRD patterns of the hardened FAC ultra-light-weight concrete is shown in Fig. 18. Hydrates of ettringite, Ca (OH); and calcium

2500

2000

1500

1000

Drying shrinkage (pm/m)

500

0 1 1 1 1 L 1 1 L
0 10 20 30 40 50 60 70 80 90
Time (day)
Fig. 13. Drying shrinkage of FAC ultra-light-weight concrete.
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Fig. 14. Compressive strength of FAC ultra-light-weight concrete.

Table 4
The comparation between FAC ultra-light-weight concrete and other kind of light-weight concrete.
Relevant w/c Target wet 28-d compressive 28-day flexural cement foaming method strength-to-cement
works ratio density (kg/ strength (MPa) strength (MPa) content (kg/ content ratio
m?) m?) (MPa-kg~1-m~3)
Jiang et al. 0.50 800 3.74 1.26 521 physical (protein-based 0.007
[38] anionic foaming agent)
Li et al. 0.40 800 4.35 / 593 physical (SDS anionic 0.007
[57] surfactant foaming
agent)
Wu et al. 0.93 / 3.62 / 425 chemical (alumina 0.008
[58] power)
Huang et al. 0.78 250 0.68 / 91 chemical (H,02) 0.007
[59]
Current 0.80 800 3.42 1.64 311 physical (cenospheres) 0.011
study

Fig. 15. The fracture surface of FAC ultra-light-weight concrete.
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Fig. 16. Spatial distribution of pore phase in the region of interest (®25*20 mm) of scanned FAC ultra-light-weight concrete. (a) 800 kg/m3; (b)
900 kg/m?>; ()1000 kg/m>.
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Fig. 17. X-CT analysis outcomes. (a) The average porosity of the scanned slices of X-CT image along Z direction; (b) the equivalent diameter of
different wet densities.

silicate are detected. The peak intensity of hydrates increases with the wet density and curing age. C-A-S-H is detected as well, which
reveals that the aluminum phase of FAC can participate in the hydration process.

Fig. 19 shows the results of the FTIR. The hydration products of different wet density are the same. The wavenumbers, 970 cm™
and 455 cm ! represent the Si-O stretching in Q2 site and Si-O bending, respectively; 660 cm™! represents Si-O-Si bending. These 3
bands indicate that C-S-H is included in the hydration products [63-65]. The peak at 455 band become more remarkable with curing
age growing, this is consistent with the results of XRD analysis. Besides, it has been reported that the characteristic peaks of gel phases
are similar and can overlap with each other [64,65]. Hence, other gels like C-A-S-H cannot be distinguished from the measurement.

The outcomes of TG-DTG are shown in Fig. 20. The decomposition peak of C-S-H, ettringite and CH are about 100 °C, 100 °C-150 °C
and 380 °C-500 °C, respectively [66,67].

1

CH — to — Cement ratio = M 2
Cement content
The calcium hydroxide (CH) content (%) in hardened FAC ultra-light-weight concrete is calculated based on the method proposed
in Refs. [66,67]. Cement content (%) is the proportion of cement to raw materials listed in Table 2.
CH content and CH-to-Cement ratio are all listed in Table 5. It illustrates that the higher wet density corresponds to the more CH
production as it has more cement involved in the hydration. Additional, the w/c ratio of these 3 mixtures is the same, while the CH-to-
cement ratio decreases with the FAC content increasing, this means FAC can consume CH through pozzolanic reaction as reported in
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Fig. 18. XRD analysis of the hardened FAC ultra-light-weight concrete (1-ettringite 2-Mullite 3- Calcite 4- Ca (OH), 5-Quartz 6-C,S 7-C3S 8-C-A-S-H
9-Calcium silicate). (a) same curing age, different wet density; (b) same wet density, different curing age.
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Fig. 19. FTIR analysis of the hardened FAC ultra-light-weight concrete (a) with different densities cured for 7days; (b) with density of 800 cured for
3, 7 and 28 days.

Ref. [68].

Fig. 21 is the SE image of the hardened FAC ultra-light-weight concrete. Hydrates of CH, C-S-H and ettringite can be observed.
Fig. 21e illustrates that cement matrix combines well with the FAC, which is beneficial for mechanical performance.

The elemental mapping of the FAC ultra-light-weight concrete with 200 x magnification is presented in Fig. 22. In the FAC shell, Si
and Al elements are high while Ca element is low, which is consistent with the test results of XRF.

In addition, in order to find out the element distribution in the interface between FAC and cement matrix, EDS line scanning was
operated as shown in Fig. 23a. Fig. 23b shows the element content along the line. The ultra-light grey part represented the elements in
the FAC, and the white part, the cement matrix. It can be observed that the 0-point lies in a “elements changing region”, indicating that
Si and Al might seep out from the shell, and Ca might migrate towards the shell. This element migrations mean the FAC is reactive and
C-A-S-H gel can be possible formed.
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Fig. 20. TG-DTG results of the hardened FAC ultra-light-weight concrete. (a) 1000 kg/ms; (b) 900 kg/m3; (c) 800 kg/m3; (d) comparison of all
wet densities.

Table 5
CH content of FAC ultra-light-weight concrete of different wet densities.
Wet density (kg/ms) w/C CH content (%) CH-to-Cement ratio
1000 0.8 18.0 0.42
900 0.8 15.7 0.38
800 0.8 13.3 0.34

4. Conclusions

In this paper, FAC was mixed with cement to prepare ultra-light-weight concrete. Both the characteristics of FAC and the per-
formance of FAC ultra-light-weight concrete were investigated. Based on the presented results, the following conclusions can be
drawn.

@ The FAC can absorb water quickly in the first 5 h to reach 38 % moisture content while it can release water steadily up to 16 % at an
RH = 59.1 % during a quite long period (about 80 days).

@ The dosage of cenospheres can have effect on the time-dependent rheological properties of the fresh mixture but only above a
certain amount.
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CH(massive)

4’ V'

1000-7d

Fig. 21. SEM images of the hardened FAC ultra-light-weight concrete. (a) plate-like CH in samples of 900 kg/m® at 28 days; (b) massive CH in

samples of 900 kg/m® at 28 days; (c) C-S-H gel in samples of 900 kg/m? at 28 days; (d) ettringite in samples of 900 kg/m® at 28 days; (e) the
combination between FAC and hydrates.

@ The FAC ultra-light-weight concrete shows good volume stability: its autogenous deformation and drying shrinkage can be miti-
gated due to the aggregate restriction and internal curing effects.

@ FAC ultra-light-weight concrete has good mechanical properties: its 28-day compressive strength can reach 5.9 MPa. The flexural
strength of 800 kg/m> wet density can reach 1.64 MPa. Compared with light-weight concretes created by other foaming methods of
similar strength, it consumes less cement, and is thus more environmentally friendly.
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Fig. 22. EDS mappings of FAC ultra-light-weight concrete of 900 kg/m® at 28 days: (a) EDS image composed by different element mappings, (b) Ca
mapping, (c) Si mapping, (d) Al mapping, (e) Fe mapping, (f) Mg mapping.

@ Pore structure analysis indicates that cenospheres can be well distributed in the FAC ultra-light-weight concrete. The distribution of
equivalent diameter is uniform. FAC ultra-light-weight concrete has larger porosity but smaller equivalent pore diameter than the
protein-based anionic foamed ones.

@ XRD, FTIR, TG-DTG and SEM were employed to characterize the hydration products. Ettringite and CH can be observed clearly, and
the bond between cenospheres and cement matrix is strong. Furthermore, XRD and FTIR measurements illustrate that CASH gel can
form, and EDS line scanning indicates that Al and Si element might seep out from the shell, while Ca element might migrate towards
the shell. All these measurements prove that FAC can react with CH to produce C-A-S-H through pozzolanic reaction.
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Fig. 23. EDS line scanning of FAC ultra-light-weight concrete of 1000 kg/m® at 28 days. (a) schematic view of the EDS line scanning; (b) element
content along the scanned line.
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