& frontiers | Frontiers in Earth Science

’ @ Check for updates

OPEN ACCESS

EDITED BY
Lijie Guo,

Beijing Mining and Metallurgy
Technology Group Co., Ltd., China

REVIEWED BY
Shuhua Liu,

Wuhan University, China

Zengqi Zhang,

University of Science and Technology
Beijing, China

*CORRESPONDENCE

Changlong Wang,
baistuwong@139.com

Yongxiang Zhou,
zhouyx@bjut.edu.cn

RECEIVED 08 March 2023
ACCEPTED 03 April 2023
PUBLISHED 18 April 2023

CITATION

Zhang H, Qi Y, Jing J, Wang C, Zhou Y,
Zhang K, Zheng Y, Zhai Y and Liu F (2023),
Properties and environmental impact of
building foundation pit backfilling
materials containing iron and steel

solid waste.

Front. Earth Sci. 11:1181974.

doi: 10.3389/feart.2023.1181974

COPYRIGHT

© 2023 Zhang, Qi, Jing, Wang, Zhou,
Zhang, Zheng, Zhai and Liu. This is an
open-access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication
in this journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Earth Science

TvpPE Original Research
PUBLISHED 18 April 2023
pol 10.3389/feart.2023.1181974

Properties and environmental
Impact of building foundation pit
backfilling materials containing
iron and steel solid waste

Hongze Zhang?, Yang Qi?, Jianlin Jing?, Changlong Wang?*,
Yongxiang Zhou**, Kaifan Zhang?, Yongchao Zheng*, Yuxin Zhai*
and Feng Liu®

!School of Earth Science and Surveying and Mapping, China University of Mining and Technology (Beijing),
Beijing, China, ?Collaborative Innovation Center for Intelligent Regulation and Integrated Management of
Water Resources Jointly Built by Provinces and Ministries, School of Civil Engineering, Hebei University of
Engineering, Handan, China, *Faculty of Architecture, Civil and Transportation Engineering, Beijing
University of Technology, Beijing, China, “State Key Laboratory of Solid Waste Reuse for Building Materials,
Beijing Building Materials Academy of Science Research, Beijing, China, *Technical Center, China Railway
Construction Group Co., Ltd., Beijing, China, ®Construction Development Co., Ltd., China Railway
Construction Group, Baoding, China

Introduction: In order to promote the comprehensive utilization of iron and steel solid
waste, steel slag (SS), granulated blast furnace slag (GBFS), and flue gas desulfurization
gypsum (FGDG) were used as raw materials to replace cement to prepare the full solid
waste premixed solidified agent (PSA). Then PSA, iron ore tailings (IOTs), and water
were mixed to prepare building foundation pit backfilling materials (BFPBM).

Methods: Various tests were conducted to investigate the effects of SS fineness, SS
content and mixing ratio of PSA on the properties of PFPBM, including mechanical
property test, X-ray diffraction (XRD), scanning electronic microscopy (SEM), energy
dispersive spectrometry (EDS) and synthetic precipitation leaching procedure (SPLP). The
stability of the BFPBM was tested and the hydration mechanism of the PSA was analyzed.

Results: The results show that when the specific surface area (SSA) of SSis 457 m?'kg™,
the paste mass concentration (PMC) is 79%, the mixing ratio of PSA is 20%, and the mix
proportion of PSA is SS: FGDG: GBFS = 58:10:32. In this case, water-reducing agent
(WRA) accounting for 0.18% of the total amount of PSA is added. The 28d compressive
strength of BFPBM is greater than 0.40 MPa with the maximum value of 6.22 MPa, and
the mixture slump of BFPBM is greater than 215mm, which meets the index
requirements of Chinese National Standard T/CECS 1037-2022 Technical Standard
for Backfilling Project by Using Premixed Fluidized Solidified Soil.

Discussion: According to the mechanism study, the mineral phases of the PSA after
hydration are: C,S, CsS, Ca (OH),, ettringite (AFT), C-S-H gel, and RO phase. C,S,
CsS, CaSO4 and other substances gradually disappeared with the hydration, while
the content of AFt and C-S-H gel substances increased. BFPBM prepared from iron
and steel waste has high strength and environmental friendliness, making it have
good application prospects in foundation pit backfilling and mine filling.

KEYWORDS

iron and steel solid waste, steel slag (SS), granulated blast furnace slag (GBFS), premixed
solidified agent (PSA), building foundation pit backfilling materials (BFPBM), mixture
slump, ettringite (AFt)
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1 Introduction

With the acceleration of wurban construction, building
foundation pit backfilling materials (BFPBM) prepared via
premixed solidified agent (PSA) which mainly contains cement
or lime are widely used in filling projects (Ning and Huang,
2006; Abdi et al., 2021; Sun et al, 2021). In China, cement
production is a traditional industry with high emissions and
energy consumption. The annual CO, emissions account for 5%-
8% of global emissions (Turner and Collins, 2013; Mo et al., 2017).
Therefore, to achieve low-carbon and high-quality development, it is
urgent to develop new materials to replace cement-based PSA in the
current infrastructure industry. Although China has a huge stock of
industrial solid waste, such as coal gangue, red mud, tailings,
smelting slag, phosphogypsum, electrolytic manganese slag, fly
ash, coal gasification slag, and so on. But the comprehensive
utilization rate is only 62.3%, lower than that of western countries.

Steel slag (SS) is the main metallurgical slag of the Chinese iron
and steel industry. The SS emission is roughly 12-20% of crude steel
output (Shi, 2004; Guo et al., 2018; Dhoble and Ahmed, 2018). In
China, the annual production of SS is about 80 million tons, and the
cumulative storage is around 800 million tons (Zhuang and Wang,
2021; Zhang et al.,, 2022; Zhao et al., 2022). However, less than 30%
of SS has been utilized comprehensively (Alanyali et al., 2009; Li
etal, 2011; Wang et al,, 2018). In terms of chemical composition, SS
mainly consists of CaO, SiO,, Fe,03, and MgO, plus a small amount
of Al,O3;, P,0Os, and MnO (Roslan et al., 2016; Peng and Huang,
2010; Shi, 2002). The main minerals in SS include C,S (2Ca0O-Si0O,),
C;S (3Ca0-Si0,), C,F (2Ca0-Fe,03), RO phase (a continuous solid
solution composed of divalent metal oxides like FeO, MgO, MnO,
and CaO), Fe, and free CaO (f-CaO) (Yan et al., 2014; Yiiksel, 2017;
Humbert and Castro-Gomes, 2019; Liu et al., 2020; Liu et al., 2020;
Gencel et al,, 2021). Overall, SS has similar chemical and mineral
compositions as cement. At present, SS is mainly used in subgrade
engineering (Gu et al., 2018; Aldeeky and Hattamleh, 2017; Wang
et al,, 2020), mine filling (Li et al., 2021; Zhang et al., 2022; Zhao
etal,, 2022), and asphalt concrete aggregate production (Hasita et al.,
2020; Hasita et al., 2020; Jiao et al., 2020). The C,S and C3S in SS can
react with water to generate many hydration products, such as
C-S-H gel (3Ca0-2Si0,-3H,0), C-A-H crystal (CaO-Al,05-10H,0),
Ca(OH),, and C-A-S-H gel (Ca0-Al,03-4Si0,-5H,0). SS provides a
promising auxiliary cementitious material, which could reduce
resource waste and protect the environment (Palankar et al,
2016; Zhao et al, 2016; Zhuang and Wang, 2021). Thus,
replacing cement and lime with metallurgical wastes is feasible to
prepare new curing agents (Huang et al., 2020; Wang et al,, 2021).

In recent years, scholars at home and abroad have carried out
research on the preparation of BFPBM with PSA of steel waste. Yu
et al. (2021) concluded that clay minerals have a great effect on soil
engineering characteristics when using carbonized SS to prepare
PSA and stabilize soil filling. Shen et al. (2018) used flue gas
desulfurization gypsum (FGDG), SS, and clinker-free cement to
prepare PSA to solidify the soft soil. When the mixing ratio of PSA is
5% higher than that of P-O 42.5R, the curing effect is similar. Deng
et al. (2018) solidified the soft soil with PSA containing 20% SS, and
the 28d compressive strength of the solidified soft soil could reach
1.2 MPa; Wang and Wang (2022) used industrial waste slags such as
granulated blast furnace slag (GBFS)and calcium carbide slag to
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solidify soil with cement. It was found that the production of erosion
products was related to the CaO content of waste slag. Sun et al.
(2021) concluded that with the dosage of 10% PSA, the 7d
unconfined compressive strength of the prepared material was
3.46 MPa, meeting the requirements of all levels of highway
pavement base with light traffic load. However, in the
preparation of PSA from metallurgical slag, cement and
metallurgical slag are used as raw materials, and the dosage of
metallurgical slag is generally low. In the existing studies on PSA
mixed with SS, most focus on accelerating the hydration process of
SS and activating cementitious activity, while only a few studies are
conducted to synergistically activate the physical and chemical
activation of SS. The SS activated by mechanical force and mixed
with GBES and FGDG can ensure the soundness of the cementitious
system and promote the generation of hydration products in the
later stage. Adding and dissolving FGDG can provide conditions for
the formation of ettringite (Xu et al., 2019; You et al., 2020; Zhang
et al., 2020; Zhuang and Wang, 2021).

In this paper, steel waste (SS, GBES, iron ore tailings (IOTs), FGDG)
was used as raw materials to prepare full solid waste PSA and BEPBM to
completely replace cement. Besides, the influences of SS fineness and
content, and the mixing ratio of PSA on the performance of BFPBM
were studied through various tests, including mechanical property test,
X-ray diffraction (XRD), and energy dispersive spectrometry (EDS). In
addition, the PSA stability and hydration mechanism were tested.
Finally, synthetic precipitation leaching procedure (SPLP) was
adopted to test the leaching of heavy metals from the solidified
body. This paper provides theoretical and technical support for the
application of iron and steel metallurgical wastes in construction and
mine engineering.

2 Materials and methods
2.1 Experimental materials

(1) SS.The SS used is the converter steel slag with the content of f-CaO
as 2.85% and of f-MgO as 2.29%. The active coefficient and
alkalinity value can reflect the activity of SS to a certain extent.
The active coefficient is the ratio of active ingredients to inert
ingredients, HAI=0.38. The alkalinity value is calculated through
the Mason’s method (Mason, 1944). According to the alkalinity
value, SS can be classified as low-alkalinity SS (<1.8), medium-
alkalinity SS (1.8-2.5), and high-alkalinity SS (>2.5). The alkalinity
value of the used SS is 3.175, indicating that it has high-alkalinity.
The particle size distribution analysis shows that 86.12% of the SS
particles have the diameter between 0.3mm and 9.5 mm. Thus, the
SS should be broken before grinding. The chemical composition of
SSis listed in Table 1 and the major chemical components are CaO,
Fe,O; and SiO,. Mineral phases of SS are CsS, C,S, and RO phases
(FeO, MnO, and solid solution of MgO) (See Figure 1A).

(2) IOTs. The density of IOTs used in the test is 3.20 g cm™. The
major components are inorganic constituents, such as SiO,,
Ca0, MgO, Fe,03, and AL, O;. As the content of SiO, in IOTs is
73.15% (>60%), the IOTs belong to high silica mineral
materials. As can be seen from Figure 2, most of the IOTs
particles are between 0.3 and 1.18 mm in size, accounting for
64.43%.
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TABLE 1 Chemical composition of raw materials (mass fraction, %).

10.3389/feart.2023.1181974

Materials Ca0o SiO, Fe,O5 MgO Al,O3 TiO, Na,O K,O SO3 Others
SS 33.56 9.10 27.31 7.96 432 0.12 0.11 0.06 0.36 10.91
GBFS 38.14 29.94 0.48 9.82 16.90 1.35 0.23 0.38 1.66 1.10
FGDG 37.98 0.56 0.45 0.08 1.13 0.02 0.03 0.06 51.27 8.55
10Ts 3.19 73.15 7.41 3.42 6.28 0.09 0.65 2.05 0.59 2.01
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FIGURE 1

XRD patterns of raw materials. (A) SS; (B) GBFS; (C) FGDG.

(3) GBES. The particle size of GBES is 0.2-6 mm, and the apparent
density is 2.86 x 10°kg'm’. According to the chemical
composition of the used GBFS, the alkalinity value is
1.024 and it belongs to alkaline GBFS. The quality coefficient
Kis 2.058 (>1.2) and the larger the K value, the better. The active
coefficient M, is 0.564 (>0.3), indicating that it belongs to
highly-active GBFS. Figure 1B shows the XRD patterns. It
can be seen that there is an obvious peak at 25-35°, which is
indicating that GBES belongs to vitreous substance.

FGDG. The chemical composition of FGDG is listed in Table 1.
The major components are CaSO4-2H,0 and CaSO,41/2H,0
(Figure 1C).
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(5) Other materials. In the test, the water-reducing agent (WRA) is
polycarboxylates high performance water-reducing admixture
(PC) whose water-reducing rate is 25%. P-O 42.5 ordinary
Portland cement (OPC) is used in the contrast test.

2.2 Experimental method

(1) PSA preparation. Firstly, SS (ground into 1-3 mm particles with
a jaw crusher), GBFS, and FGDG were put in the oven at 105°C
for 24 h. Then, they were milled separately with the SM®

500mm x 500 mm laboratory ball mill. Finally, the
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FIGURE 2
Particle size distribution of IOTs.

pulverized raw materials were mixed according to the optimal
ratio, thus obtaining the PSA.

Preparation and testing of paste samples. The water

—
58]
~

requirement of normal consistency of PSA was determined
according to GB/T 1346-2011 Test methods for water
requirement of normal consistency, setting time and soundness
of the Portland cement, and its setting time and stability were
tested. Then, we added water and stirred well according to the
water requirement of normal consistency. Next, we injected the
mixture into the mold of 30 mm X 30 mm X 50 mm, and
vibrated it. After 24h, it was demoulded and put into a
standard curing box with the temperature of (20 + 1) °C and
the humidity of more than 95%. The striding length (L) was
measured by ISO-160 comparator with an accuracy of
0.001 mm. Then, the standard curing was continued until the
set age. After that, the length (l;) and its mechanical properties
were determined. The central part of the test block was taken for
phase composition and structure test.

(3) Preparation and testing of GFPBM. The PSA and IOTs were
mixed according to a certain cement sand ratio. Then we added
some water, stirred the GFPBM, and then put it into the cement
mortar triple testing mold (40 mm x 40 mm x 160 mm). And it
vibrated on the cement mortar vibration platform. After 24 h, it
was demoulded and put into a standard curing box with the
temperature of (20 + 1) °C and the humidity of more than 95%.
Finally, the mechanical properties of the test block at different
ages were determined.

2.3 Property characterization

The f-CaO content of SS was determined by EDTA
complexometric titration according to Methods of Chemical
Analysis of SS (YB/T 140-2009) with ethylene glycol as
The f-MgO content
ammonium nitrate-ethanol as extractant. The SSA of materials

extractant. was measured by using

was obtained with SSA-3200 (a dynamic specific surface area
analyzer). The compressive strength test was conducted on the
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FIGURE 3
Fitting curve of SSA of SS at different grinding times

samples based on the Chinese National Standard GB/T 17671-
2021 Method of testing cement-determination of strength. The
strength was measured by YES-300 (a hydraulic pressure testing
machine) whose maximum load was 300 KN and the loading rate
was 2.0 £ 0.5 kN/s. The value of mixture fluidity and slump were
determined in accordance with GB/T 50,080-2016 Standard for test
method of performance on ordinary fresh concrete.

The XRD spectras were obtained by a D/Max-RC diffractometer
(Japan) with Cu-Ka radiation whose working voltage was 40 kV and
working current was 150 mA. Its 2 0 scanning ranged between 10°
and 90°, and it could generate rays with the wavelength of
1.5406 nm. Through the Zeiss SUPRA™55 scanning electron
microscope coupled with a Be4-U92 energy spectrum, SEM
observation was performed to analyse the mineral phase and the
hydration products of the paste samples.

SPLP is a method used to evaluate the impact of BFPBM metal-
leaching behavior. In this test, sulfuric acid or salpeter solution with
the mass fraction of 60%/40% was added to adjust the pH to 4.20 +
0.05, thus obtaining the leach liquor (Li and Chi, 2017). Then, the
solidified powder of BFPBM with the particle size as 0.075 mm was
mixed with the leach liquor according to the ratio of 1:20 (100 g of
BFPBM solids/2,000 gleach liquor) and vibrated on a rotary agitator
for 18 h. After that, the BFPBM slurry was filtered through a 0.45 pm
filter, and the concentrations of Cr, Ni, Cu, Cd, Pb, Zn, As, and Hg
were determined via the inductively coupled plasma optical
emission spectrometer (ICP-OES) (Zhu et al.,2017).

3 Results and discussion

3.1 Effect of SS fineness on the mechanical
properties of BFPBM

SS was ground for 15, 30, 45, 60, and 75 min, and the obtained
specific surface areas (SSA) were 252 m> kg, 386 m” kg™, 457 m* kg,
487 m* kg, and 506 m> kg, respectively (see Figure 3). With the
increase in grinding time, the SSA of SS presents an overall trend of
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Effect of SS fineness on the mechanical properties of BFPBM at
different curing ages.

increasing. In particular, the SSA of SS increases rapidly when the
grinding time is less than 45 min. When the grinding time continues
from 15 min to 30 min and 45 min, the SSA increases by 53.21% and
18.35%, respectively. Then, the increasing speed slows down, and the
SSA of SS increases by 6.51% and 3.84% at 60 min and 75 min
respectively. After 45 min grinding, the SSA of the SS is 457 m*'kg™.
After the preliminary exploration experiment, the mix proportion of
optimized PSA was SS: FGDG: GBFS=50:12:38, and the SSAs of FGDG
and GBFS after grinding were 390 m*'kg™" and 480 m*kg', respectively.
The mixing ratio of PSA was 1:5, and the paste mass concentration
(PMC) was set as 70%. The influence of SS fineness on BFPBM under
different grinding times was studied, as shown in Figure 4.

As can be seen from Figure 4, with the increase of the SSA of SS, the
compressive strengths of BFPBM at 3 d, 7 d and 28 d all show an
increasing trend. Similar to the conclusion of SSA in Figure 3, when the
SSA of SS is within 457 m* kg, the compressive strength of BFPBM at
each curing age will grow rapidly. Later, as the SSA continues to
increase, the strength grows slowly. Therefore, the 28 d compressive
strength of BFPBM is taken as an example. As the SSA of SS is increased
from 252 m*kg'-386 m* kg, and then increased to 457 m*kg". The
compressive strength of BFPBM is increased by 13.45% and 16.99%,
respectively. Subsequently, the increasing rate of the compressive
strength of BFPBM slows down to 8.77% and 5.29%. Therefore,
when the SSA of SS is 457 m*kg"', the BFPBM has the compressive
strength of 1.14, 2.66 MPa and 3.65MPa at 3 d, 7 d and 28 d,
respectively. It can be seen that when the grinding time of SS is
greater than 45 min, the SSA of SS and the compressive strength of
BEPBM prepared is increased slowly. Considering the grinding
efficiency and cost, the optimal grinding time of SS is 45 min, at
which the SSA of SS is 457m”kg' and BFPBM has high
compressive strength.

3.2 Effect of SS content on the mechanical
properties of BFPBM

Considering the soundness of SS, the mixing amount of SS was
tested, and the mix proportion was shown in Table 2. The FGDG
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content was 10%. The SSAs of FGDG and GBFS after grinding were
390 m*kg" and 480 m*’kg". The mixing ratio of PSA was 1:5, and
the PMC was 79%. Then, the obtained sample was determined at the
specified age (3 d, 7 d, and 28 d) to obtain the compressive strength.
The experimental results are shown in Figure 5.

With the fixed mixing ratio of PSA and the content of FGDG, as
the SS content decreases, the compressive strength of BFPBM in
each age increases first and then decreases. When the SS content
decreases from 68% to 58%, the 28d compressive strength is higher
than the initial value (G1-28 d compressive strength) of 48.44%.
With the further reduction of the SS content, the 28d compressive
strength of BEPBM decreases, and the 28 d compressive strength of
G7 decreases by 35.50% compared with that of G3. Compared with
the 28d compressive strength of the BFPBM, the variation trends of
the compressive strengths at 3 d and 7 d are the same as that of the
28 d compressive strength. When the SS content is 58%, the
compressive strength of BFBPM is the maximum, and the
experimental result of G3 is the best. That is, the PSA mix
proportion is SS: GBFS: FGDG=58:32:10, the cement sand ratio
is 1:5, and PMC is 79%. At this time, the 3 d, 7 d and
28 d compressive strengths of the BFPBM are 1.87 MPa,
3.26 MPa, 524 MPa, respectively. It meets the requirement of
0.4 MPa strength in Chinese National Standard T/CECS
1037-2022 Technical Standard for backfilling project by using
premixed fluid solidifying soil.

3.3 Effect of WRA dosage on the properties
of BFPBM

The water-reducing agent (WRA) is a kind of concrete
admixture applied in the field of building materials. The
mechanism of WRA contains: dispersion, lubrication, steric
hindrance, and sustained release. WRA can reduce the mixing
water consumption with the slump of concrete basically
unchanged. It can be used to disperse the mixture, improve its
working property, reduce unit water consumption, enhance the
fluidity of the mixture, and reduce unit cementitious material
consumption.

In this study, the material mix proportion determined in Section
3.2 was adopted. The PMC was 79%, and polycarboxylate
superplasticizer (PC) was selected as the WRA. The dosages of
PC accounted for 0.14%, 0.15%, 0.16%, 0.17%, 0.18%, 0.19%, and
0.20% of the weight of PSA, respectively. The corresponding
experimental numbers were W1, W2, W3, W4, W5, W6, and
W7. The effect of PC dosage on the property of BFPBM is
shown in Figures 6, 7.

As can be seen from Figure 6, when the PMC is 79%, the slump
of the BFPBM with PC is significantly higher than that without PC,
which meets the slump requirement (150 mm<slump<240 mm) in
Chinese National Standard T/CECS 1037-2022 Technical Standard
for backfilling project by using premixed fluid solidifying soil.

With the same PMC, the slump of BFBPM increases significantly
after adding PC, which is higher than that without adding PC
(175 mm). With the increase of PC content, the slump increases
first and then decrease. When the content of PC is 0.18%, the
maximum slump reaches 215 mm. The addition of PC is beneficial
to improve the mechanical properties of the BFPBM system.
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TABLE 2 Mix proportion of BFPBM.

Composition of PSA/% Cement sand ratio PMC/%
FGDG
Gl 68 10 22 1:5 79
G2 63 10 27 1:5 79
G3 58 10 32 1:5 79
G4 53 10 37 1:5 79
G5 48 10 42 1:5 79
G6 43 10 47 1:5 79
G7 38 10 52 1:5 79

Note: PMC, solid mass/(solid mass +liquid mass) x100%.
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Effect of content of SS on the mechanical properties of BFPBM at
different curing ages.

Figure 7 shows the trend diagram of the mechanical properties
of the BEPBM when the PMC is 79%. The bending strengths and
compressive strengths of the BFPBM sample with PCat 3 d, 7 d, and
28 d are obviously better than those without PC in Figure 5. The

230
b compressive strengths of the BEPBM samples with 0.18% PC at 3 d,
2or 7 d, and 28 d increased by 31.56%, 26.69% and 18.70%, respectively,
210F compared with the samples without PC at the same age.
200k The compressive strengths of the BFPBM mixed with 0.18% PC
gt - reach 246 MPa, 4.13 MPa, and 6.22MPa at 3 d, 7 d and 28 d,
CPBM without PC
%_ 190 respectively. They all meet the strength index (>0.4 MPa) in Chinese
E 50l National Standard T/CECS 1037-2022. Compared with most building
& foundation pit backfilling requirements, the strength of the BFPBM is
mor T/CECS 1037-2022 limit value relatively higher. In application, the water-binder ratio and slump can
160 be selected and adjusted more reasonably according to the specific
150 requirements of BFPBM for strength and pumping conditions.
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WRA dosage/% 3.4 Soundness analysis of BFPBM
FIGURE 6
Effect of WRA dosage on the working properties of BFPBM. From Section 3.3, the full solid waste PSA with the mix

proportion of SS: GBFS: FGDG=58:32:10 was prepared into paste
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FIGURE 8
Volume soundness comparison of OPC and PSA paste samples

according to the water-cement ratio of 1:2 Then, initial setting, final
setting and fluidity tests were conducted, and no water seepage
phenomenon was found in the PSA paste, proving its good water-
retaining properties. The initial setting time of PSA was 162 min and
the final setting time was 246 min, which could not only ensure the
conveying and backfilling of BFPBM, but also facilitate solidification
and improve the backfilling efficiency. The fluidity of the PSA paste
was 136 mm, which also meets the fluidity requirement of the PSA
for fertilizer tank backfilling (>100 mm) specified in Chinese
National Standard T/CECS 1037-2022.

Since the BFPBM contains SS, it has soundness problems. It is
necessary to test the volume soundness. In our test, the volume
expansion values of two groups of samples were measured by the Le
Chatelier Needles, and the results were 2.2 mm and 2.5 mm,
respectively. This proved that the soundness was qualified. With
OPC as the control group, we measured the changes in the volume
soundness of the paste samples prepared by PSA at different ages, as
shown in Figure 8.

It is reflected in Figure 8 that both paste samples present shrinkage
characteristics under the standard condition, but their shrinkage
degrees are obviously different: the shrinkage degree of the latter is
smaller. At 14 d, the shrinkage values of the two samples were
2480%x107° and 1285x107°, respectively. The shrinkage values of the
PSA samples with SS at 14 d were 48.2% lower than that of OPC at the
same age. The volume soundness of the newly prepared PSA was
better than that of the ordinary Portland cement. In summary, it can
be seen that the optimal proportion of PSA is determined through the
test, and its working performance and soundness meet the standard
requirements, making it suitable for the next practical engineering.

3.5 Hydration mechanism analysis of PSA

3.5.1 XRD analysis

The PSA paste sample with the water-binder ratio of 0.5 was
prepared according to the optimized mix proportion. The hydration
products of the paste sample were cured for 1 d,3 d, 7 dand 28 d, as
shown in Figure 9. As can be seen from their XRD patterns, the
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FIGURE 9
XRD patterns of hydration products of PSA paste at different ages.

following substances are observed, including ettringite (AFt),
Ca(OH),, RO phase, CaSO,, C,F, CaCO;, and unhydrated CsS
and C,S. SS is similar to cement clinker, in which active minerals
C;S and C,S undergo hydration reaction to form C-S-H gel and
Ca(OH),. There is an obvious “bulge” at 25-35 °, indicating that the
system contains a large number of C-S-H gels and amorphous
substances with low crystallinity (Bensted and Barnes, 2002; Wang
etal., 2016; Wang et al.,, 2019). With the extension of the curing age,
C-S-H gels are continuously deposited, gradually thickening and
hardening the paste, and rapidly increasing its macroscopic strength
(Cui et al, 2017). There is the amorphous vitreous body
((Ca0)»(Si05)(ALLO3)) in SS and GBFS, which can be
illustrated by the steamed bread peaks between 25° ~ 35°
(Figures 1A, B). Since the vitreous body has volcanic activity
(Mejdi et al,, 2019), the Ca(OH), generated by the hydration of
C;S and C,S in SS will consume the glass phase of SS and GBES.
Therefore, the diffraction summit of C;S and C,S in Figure 9 will
gradually weaken with the extension of curing time. AFt diffraction
peaks appear at 20 of 15.7°, 19.0°, 23.1° and 32.3°, and the AFt
diffraction peaks gradually increase with the extension of curing age.
Since the generation of AFt consumes CaSO, in FGDG, the
diffraction summit of CaSO, in hydration products decreases
with the extension of age (Li et al., 2017; Wu et al,, 2019).

In our test, after curing 1-day paste sample, hydration products
did not change greatly and mainly contained more CsS, C,S and
CaSO42H,0. The contents of Ca(OH), and AFt increased
significantly with the curing age increasing to 3 d, which was
because the Ca(OH), generated by the hydration of C;S and C,S
in SS created an alkaline environment for the system. Therefore,
more Ca®* and AI’* ions were dissociated from the GBFS vitreous
body to generate C-S-H gels, and they reacted with SO,* provided
by FGDG to form AFt (see Eq. 1), making the diffraction peaks of
C5S, C,S and CaSO42H,0 in Figure 9 drop significantly. The
contents of Ca(OH), and AFt in the system continued to
increase when the curing age reached 7 d, and the reaction
continued. When the age increased 28 d, the content of
CaS0O42H,0 in the system was basically exhausted, and the
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SEM-EDS images of hydration products of PSA paste at different ages. (A) 3 d; (B) 7 d; (C) 28 d.

content of AFt tended to be stable. In addition, the RO phase in the
system basically did not participate in the hydration reaction, and
the hydration entered the stable stage.

2H;Al0,* + 3Ca®" + 3CaSO, - 2H,0 + 20H" + 22H,0 — 3Ca0
(1)

The diffraction peak of Ca(OH), was low in the early stage of
hydration, which was related to its low crystallinity and partial
absorption by GBFS hydration (Jiang et al., 2018). With the progress
of hydration, the content of Ca(OH), increased at 3 d of hydration,
the content of Ca(OH), basically remained unchanged at 28 d of
hydration, and the hydration entered a stable stage. With SS, GBFS
and FGDG stimulating each other, the system shows good hydraulic
cementing characteristics, and the three synergically promote the
hydration reaction to continue.

Compared with Portland cement clinker, SS has fewer contents
of CaO and GC,S, indicating that it can be regarded as a weak
Portland cement clinker. Therefore, it needs to be fully excited.

Frontiers in Earth Science

FGDG is a sulfate activator, which can accelerate the crystal
precipitation of hydration products and improve the material
compactness (Duan et al, 2018). The soundness of SS is
improved after mechanical grinding, and GBFS powder can
absorb f-CaO and f-MgO of SS to a certain extent. In addition,
the activity of GBFS is much higher than that of SS, which can
improve the strength of cementing materials, making the advantages
of the two materials complementary (Zhang et al., 2019).

3.5.2 SEM-EDS analysis

Figure 10 shows the SEM-EDS images of the dried hydration
products of PSA paste samples which were cured to different ages
and then immediately mixed with the anhydrous ethanol solution to
end the hydration. As can be seen from Figure 10, the hydration
products of PSA are mainly rod-shaped AFt crystals and amorphous
C-S-H gels.

After 3 d of hydration, rod-shaped AFt crystals of about 10 um
and a small number of amorphous C-S-H gels in tiny voids appeared
(Figure 10A). However, the crystallization of AFt crystal was
incomplete, and the content of C-S-H gels was small, which was
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TABLE 3 The leaching concentrations of heavy metals from some raw materials, the PSA paste block and the BFPBM block after 28d curing age (pg/L).

Materials Cu Pb Zn Ni (@] Cr As Hg
sS 6.419 0.07 25.47 0.0175 03641 0.793 0.0047 —
GBFS 0.028 0.42 033 0.0009 0.0013 2.021 0.0056 —
FGDG 093 1.84 24.63 0.0049 02818 2556 0.1873 0.06258
10Ts 19.33 0.85 6331 0.8830 04231 0.879 25215 0.00224
PSA paste block 1.765 0.03 1238 0.0438 0.1526 1.012 0.5762 0.01360
BFPBM block 8.246 0.18 40.62 0.0564 0.2473 1.605 0.8525 0.00356
Limiting value 100 5 100 5 1 5 5 0.1

not enough to obtain a dense surface of the structure. As a result, the
strength was not greatly improved.

After 7 d of hydration, the number of C-S-H gels and AFt
crystals increased (Figure 10B). This made the structure tend to be
reticular and denser, further improving the strength.

After further hydration for 28 d, the EDS spectra of each site
showed that the main elements were Ca, Si and Al, which was
consistent with those of AFt (Figure 10C). At this curing age, SS,
GBFS and FGDG stimulated each other to further promote
and the obtained C-S-H gels and AFt were
interwoven. Consequently, we obtained a tight network structure

hydration,

with closer arrangement of particles, further improving the strength
of the test blocks. Thus, BEPBM could have good macro strength (Li
et al., 2020).

3.6 Environmental impact of BFPBM

At present, one of the focuses of iron and steel solid waste
application research is its application in the field of building
materials, but little attention is attached to its heavy metal leaching
problem. SS, GBFS, and FGDG, as the iron and steel waste and the
corresponding building materials, contain Cr, Zn, Cu, Ni, Pb, Cd, As
and other heavy metals (Zhang et al, 2018; Young et al, 2021;
Sarathchandra et al., 2022). They are easy to transfer and transform
in the environment, presenting potential environmental risks.

In this study, the leaching toxicity of BFPBM raw materials (SS,
GBES, FGDG, and IOTs), PSA paste blocks and BFPBM blocks were
separately tested by the SPLP test. The SSA of SS powder milled for
45 min was 457 m*> kg, that of GBFS was 480 m* kg, and that of
FGDG was 390 m*kg'. The chemical composition of IOTs raw
materials is shown in Table 1, and the composition of grain size is
shown in Figure 2. PSA mix proportion is SS: GBFS: FGDG=58:32:
10. The water-binder ratio for preparing the PSA paste block is 0.5.
The cement sand ratio for preparing the BFPBM block is 1:5, PMC is
79%, and the content of WRA is 0.18% of the mass of PSA.

The PSA paste block and the BFPBM block were cured for
28 d, then leaching toxicity was tested. The results of leaching
toxicity are shown in Table 3. Although heavy metal leaching was
detected in raw materials and samples under acidic environment,
the content of heavy metals was still far lower than the standard
value of leaching toxicity evaluation stipulated in Chinese
National Standard GB/T 5085.3-2007. In addition, as the
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formation of hydration products C-S-H gels and AFt in PSA
and BFPBM contributed to hydration stabilization, the risk of
heavy metal leaching was further reduced. Therefore, it can be
expected that even if raw materials with heavy metal leaching are
added to the BFPBM system, the environmental risk coefficient of
its application is still lower than the limit value specified in
Chinese National Standard GB/T 5085.3-2007.

4 Conclusion

This paper used steel slag (SS), granulated blast furnace slag
(GBFS) and flue gas desulfurization gypsum (FGDG) after
mechanical activation to prepare building foundation pit
backfilling materials (BFPBM) with the coordination of iron ore
tailings (IOTs). By studying the composition, performance,
hydration mechanism and environmental impact of BEPBM, the

following conclusions are drawn.

(1) After mechanical activation, the steel waste (SS, GBFS and
FGDG), can replace the cement to prepare the full solid
waste PSA. The PSA can be used to prepare the BFPBM
with the coordination of IOTs, which provides a new path to
study the resource utilization of steel waste.

(2) As the mix proportion of PSA is SS: GBFS: FGDG=58:32:10,
PMC is 79%, PSA incorporation ratio is 20%, and the added PC
(a water-reducing agent) accounts for 0.18% of PSA total, the
slump of BFPBM is 215 mm, and 28 d compressive strength
reaches 6.22 MPa. Both meet the requirements of T/CECS 1037-
2022 Technical Standard for filling of Ready-mixed fluidized
solidified soil. The fluidity of PSA paste is 136 mm, and the
soundness is qualified and better than that of P-O 42.5 ordinary
Portland cement.

(3) In the BFPBM system, SS, GBFS and FGDG can stimulate each
other and further promote hydration. PSA hydration products
include C;S, C,S, Ca(OH),, C-S-H gels, AFt, RO phase, CaCOs3,
and C,F. With the increase of curing time, C5S, C,S, and CaSO4
gradually disappear, and the contents of AFt and C-S-H gels
increase continuously.

(4) According to the environmental risk evaluation, BFPBM has low
leaching toxicity, lower than the limit stipulated by Chinese
National Standard GB5085.3-2007. It proves that it has high
strength and good environmental friendliness. Therefore, BFPBM
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has a good application prospect in building foundation pit
backfilling and mine filling.
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