
Citation: Han, G.; Zhang, J.; Sun, H.;

Shen, D.; Wu, Z.; An, X.; Meye, S.M.;

Huang, Y. Application of Iron Ore

Tailings and Phosphogypsum to

Create Artificial Rockfills Used in

Rock-Filled Concrete. Buildings 2022,

12, 555. https://doi.org/10.3390/

buildings12050555

Academic Editors: Shengwen Tang

and Lei Wang

Received: 31 March 2022

Accepted: 22 April 2022

Published: 26 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

Application of Iron Ore Tailings and Phosphogypsum to Create
Artificial Rockfills Used in Rock-Filled Concrete
Guoxuan Han 1, Jingbin Zhang 2,* , Haojie Sun 2, Dejian Shen 2, Zhoutong Wu 3, Xuehui An 4,
Serges Mendomo Meye 2 and Yongmou Huang 2

1 CITIC Construction Co., Ltd., Beijing 100027, China; hanguoxuan296@163.com
2 College of Civil and Transportation Engineering, Hohai University, Nanjing 210098, China;

1904010523@hhu.edu.cn (H.S.); shendjn@163.com (D.S.); sergesmendomo@yahoo.fr (S.M.M.);
1904010531@hhu.edu.cn (Y.H.)

3 School of Geography and Planning, Sun Yat-sen University, Guangzhou 510006, China;
wuzht6@mail2.sysu.edu.cn

4 State Key Laboratory of Hydroscience and Engineering, Tsinghua University, Beijing 100084, China;
anxue@tsinghua.edu.cn

* Correspondence: zhangjingbin2049@hhu.edu.cn or zhangjingbin_hhu@163.com

Abstract: Rock-filled concrete (RFC) has good performance in terms of energy savings, cost reduction,
and CO2 emissions as a novel massive concrete construction technology. There have been studies
into replacing natural rocks in RFC with large blocks of solid waste, and this method has been used
on several construction sites. However, the granular and powdery solid waste utilized in RFC is
limited, as a consequence of the special requirement of self-compacting concrete (SCC) in RFC. The
goal of this paper is to increase the amount of granular and powdery solid waste in RFC. Iron ore
tailing (IOT) and phosphogypsum (PG) were used separately as granular and powdery solid waste.
The modified PG, ground blast-furnace slag (GBFS), steel slag, and cement clinker are combined to
form parathion gypsum slag cement in a specific proportion, with the ratio of PG, GBFS, steel slag,
and cement being 47:47:2:2. To replace the natural rocks in RFC, artificial rockfills made of IOT and
parathion gypsum slag cement are used to increase the dosage of solid waste. The artificial rockfills
were formed using three methods: compressing, roller compacting, and normal vibrating. When the
compressive strength and material costs of the three types of artificial rockfills are compared, the
compressing method is the best for maximizing the IOT. In artificial rockfills, the mass fraction of
granular solid waste is 83.3%, and the mass fraction of total solid waste is 99.3%.

Keywords: artificial rocks; parathion gypsum slag cement; iron ore tailing sand; forming method;
cost analysis

1. Introduction

With the advancement of global economic development and industrialization, a large
number of industrial solid wastes such as tailings, industrial waste residue, and construc-
tion waste are produced in the mining and infrastructure construction processes [1]. Iron
ore tailing (IOT) is an industrial solid waste produced after the extraction and processing of
iron ores that is classified as a fast-accumulating waste. In 2021, global iron ore production
was estimated to be around 2.6 billion tons and the world usable iron ore production
was led by Australia, Brazil, China, and India [2]. In Western Australia, the production
of one ton of iron ore leads to the accumulation of two tons of IOT [3]. According to
experts, each ton of beneficiated iron ore induces 0.4 tons of tailings, and Brazil generates
260–275 million tons of IOT each year [4,5]. Tailings generation accounts for approximately
10–25 wt% of total iron ore mine production in India [6]. In China, the comprehensive
utilization ratio of tailings was below 30% in 2018 [7–9]. Another type of waste is phospho-
gypsum (PG), which is a by-product of the phosphate fertilizer industry [10]. Per ton of
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phosphoric acid produced, nearly five tons of PG are generated [11]. The accumulation
of substantial quantities of IOT or PG not only takes up a large percentage of land [12,13],
but also incurs significant financial costs for construction and maintenance. Furthermore,
serious ecological environmental destruction risks, such as groundwater pollution, dust
pollution, and land desertification, are occurring in the vicinity of IOT or PG dams [12,14].
The tailing dams are also regarded as a danger to the health and safety of residents. When
tailing dams fail, tailings leakage causes large areas to flood, resulting in human fatali-
ties and long-term devastation to communities, ecosystems, and the environment [15,16].
The significant proportion of PG is nevertheless able to be disposed of in sizable storage
facilities and into bodies of water, resulting in serious contamination of soil, water, and
the atmosphere [12]. Radon gas, F ion contamination in the atmosphere, radionuclide
contamination in groundwater, acidity or mobile anions, radioactive dust inhalation, direct
exposure to radiation, and water seepage during long-term downward leaching can all
cause contamination [17]. As a result, the reuse of IOT and PG is a critical issue. Recycling
valuable components, manufacturing construction materials, and land reclamation are the
three main directions for the development and utilization of IOT [18,19]. A large number of
construction materials are required during the industrialization and urbanization processes.
If a considerable portion of industrial waste material can be reprocessed and is used in
infrastructural development, the environment and residents will be improved and the cost
of building materials will be reduced [20–23].

The use of rock-filled concrete (RFC) in mass concrete construction is a fairly new
concept [24]. More than half of the volume of RFC is made up of rockfills with diameters
greater than 300 mm, with the remainder composed of self-compacting concrete (SCC)
with good filling performance [25,26]. Large particle size solid wastes with particle sizes
larger than 300 mm, such as waste concrete and waste stone, can be used directly to replace
natural rockfill in RFC. Granular industrial solid wastes with particle sizes ranging from
0.075 to 20 mm, such as IOT, can be used in place of natural gravel aggregate for SCC [27,28].
Powdery industrial solid waste, such as PG, with particle sizes less than 0.075 mm, can
be used as powder material for SCC [11,29]. SCC with high fluidity and segregation
resistance has stringent particle size and gradation requirements for its coarse and fine
aggregates [30–32]. As a result, granular industrial solid wastes such as IOT must generally
be sieved and graded before they can be used to replace a portion of the aggregate in SCC,
and their utilization is limited. SCC, on the other hand, requires a certain strength, which
necessitates a certain amount of cementitious materials in powder materials and limits the
use of powdered solid waste in SCC to a certain extent. At the same time, the volume of a
rockfill takes up more than half the volume of RFC, decreasing the quantity of powdered
solid waste in RFC even further. If IOT and PG are used to make artificial rockfills instead
of natural rockfills, the utilization of IOT and PG can be increased. Artificial rockfills with
no calcination, low cement consumption, and high waste content have become a solution
in terms of low energy consumption and improving the utilization rate of IOT and PG.

The composition and fineness of IOT are relatively stable. The chemical composition of
IOT analysis reveals that the majority of the iron phase in the tailings exists in a stable form,
which does not produce rust and has no negative impact on the performance of concrete.
The composition of IOT meets the requirements of construction sand and gravel [33].
Cai et al. prepared C70 pumping concrete by completely replacing natural sand with IOT
sand and replacing crushed gravel with IOT coarse aggregate gravel [34]. The fineness
modulus of IOT sand used was only 2.5, which belongs to medium sand. Compared with
concrete using natural sand, the concrete with IOT has poor workability and segregation
resistance [35]. As current mining and processing technology primarily employs three-
stage grinding, the discharged waste particles are becoming much finer. This method is
insufficient for the use of fine-grained IOT. Zhao et al. established ultra-high performance
concrete (UHPC) by replacing natural sand with IOT sand with varying content. They
discovered that the overall mechanical properties of concrete deteriorated as the IOT
content increased [36]. As the IOT sand in the target concrete is ultra-fine sand, its content
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is higher than in ultra-fine sand concrete and contains less cement. These two characteristics
indicate that the target concrete is a type of dry and hard cement concrete. This type of
concrete is typically formed using a vibration rolling forming method, such as roller
compacted concrete, and a pressure forming method, such as pressing unburned bricks and
blocks [37,38]. Ding et al. used phosphogypsum, ground blast-furnace slag (GBFS), steel
slag, and cement clinker in proportions of 45%, 48%, 2%, and 5% as cementitious materials
to prepare parathion gypsum slag cement concrete with a 28 d strength of 38 MPa [39].
Microscopic analysis revealed a significant amount of ettringite, C-S-H, and a slight amount
of calcium hydroxide in the hydration process. The chloride ion permeability of parathion
phosphogypsum slag cement concrete is better than that of Portland slag cement concrete
and conventional Portland cement concrete. This is because parathion gypsum slag cement
can generate more ettringite to solidify chloride ions. Parathion gypsumbecause slag
cement was created by combining phosphogypsum with GBFS, steel slag, cement clinker,
or limestone powder. The phosphogypsum content can reach 50%, and the 28 d strength
can reach 50 MPa. The high phosphogypsum content and the adhesive strength similar
to ordinary Portland cement contribute to the widespread use of phosphogypsum in
construction materials.

Although research into the use of IOT and PG in concrete is being conducted, rockfills
using IOT and PG with various forming methods are still lacking. Thus, this paper aims
to obtain a kind of artificial rockfill that does not require calcination, steam curing, or a
strength grade greater than C20 by using parathion gypsum slag cement instead of ordinary
Portland cement and IOT sand instead of natural sand in order to improve the utilization
rate of granular and powdered industrial solid waste in rock-filled concrete.

2. Materials and Methods
2.1. Materials

The IOT sand from the Shouyun Mining Co., Ltd. in Beijing, China was used in this
study. Figure 1a depicts the accumulation state of IOT sand. Tongling Chemical Industry
Group Co., Ltd., in Tongling, Anhui, China, provided the phosphogypsum (PG). The
moisture content of PG varies over time, and lumps form during storage, as shown in
Figure 1b, making it unsuitable for direct mixing of PG into concrete. The specific gravity
of PG is 2.35. Figure 2 depicts the particle size distribution curves of IOT sand and IOT
coarse aggregate gravel. The fineness modulus of the IOT sand is 1.23 based on the particle
size distribution, which shows that IOT sand is a kind of extra-fine sand. The particle size
of IOT gravel is limited to no more than 25 mm. The specific gravity of IOT sand and IOT
gravel is 2.73 and 2.66, respectively. The water absorption of IOT sand and IOT gravel was
1.2% and 1.3%, respectively. A wet milling method was used to modify the physical and
chemical properties of PG. PG and steel slag were mixed in a 47:2 weight ratio and then
placed in a mill filled with ZrO2 ball with water twice the weight of the solids. The reason
for using wet grinding is to remove soluble impurities in PG. The mixture was milled for
one hour before being stored in an airtight jar for eight hours. After pre-treatment, the
modified PG (MPG) paste became alkaline and hydro stable, and it was used in the study.
Figure 3 depicts the particle size distribution curves of PG and MPG. The particles of MPG
are finer than that of PG. The MPG, GBFS, and cement are combined to form parathion
gypsum slag cement in a specific proportion, with the ratio of PG, GBFS, steel slag, and
cement being 47:47:2:2. The chemical compositions of the PG, GBFS, steel slag and cement
are shown in Table 1. The above-mentioned cement is type 42.5 ordinary Portland cement
manufactured by Lafarge. BASF Company’s PCE-type superplasticizer was used.
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Figure 2. Particle size distribution curves of IOT sand and IOT gravel. 
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Al2O3 0.79 16.28 2.67 5.10 
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Table 1. Chemical compositions of the PG, GBFS, steel slag and cement.

Chemical Composition PG (%) GBFS (%) Steel Slag (%) Cement (%)

SiO2 9.65 33.17 19.48 21.78
Al2O3 0.79 16.28 2.67 5.10
Fe2O3 0.37 0.26 16.76 3.40
CaO 29.71 38.22 47.55 65.05
MgO 0.30 8.09 7.58 2.12
K2O 0.49 0.58 0.03 1.35

Na2O 0.26 0.37 0.07 0.12
MnO 0.003 0.23 1.89 /
TiO2 0.087 1.51 1.23 /
P2O5 1.03 0.102 1.76 /
SO3 36.62 / / /
LOI 20.52 / / /
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2.2. Forming Method of Artificial Rockfills
2.2.1. Pressure Forming Method

The pressure forming method was implemented using a self-designed pressing mould,
as shown in Figure 4. The No. 45 steel mould was made up of an indenter, plugboard,
sleeve plate, and cushion block. To improve hardness and reduce surface abrasion during
the pressing process, the indenter and inner wall of the mould were quenched and tem-
pered. The inner wall measures 150 mm in length and width and 250 mm in height. In
terms of mould deformation, the maximum design deformation of the inner wall of the
mould is 0.16 mm as determined by finite element calculation (Figure 5), which meets the
requirement that the side length error of the cube specimen be less than 1/150 as defined
by the China Test Code SL352-2006.
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Figure 5. Deformation of the inner wall of the mould by finite element calculation.

The following is the procedure for preparing an artificial rockfill using the pressure
forming method (Figure 6):

(1) Evenly distributed the concrete mixture.
(2) Placed the mould in the pressure testing machine and filled it with the concrete

mixture. Started the press until the pressure reached 900 kN, then turned off the
press’s oil feeding. Continued to feed oil after the concrete mixture had been drained
for 1 min. When the pressure reached 900 kN, adjusted the oil feeding speed of the
press to maintain the pressure for 1 min.

(3) Unloaded the pressure and drew out the three cushion blocks at the bottom of the
mould. Continued to press down on the test block and pushed it out of the mould.
Finally, placed the test block in the standard curing room to cure.
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Figure 6. The process of an artificial rockfill prepared by pressure forming method: (a) concrete
mixing; (b) loading; (c) curing.

2.2.2. Vibration Rolling Forming Method

The following is the process of an artificial rockfill prepared by vibration rolling
forming method, according to the China Test Code SL352-2006:

(1) Applied a layer of demoulding oil to the mould’s inner wall.
(2) Poured the concrete mixture twice into the mold and tamped it 25 times.
(3) Placed the vibrator (Figure 7) vertically on the surface of the concrete mixture in the

mould and began vibrating until slurry flooded on the concrete mixture’s surface.
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2.2.3. Ordinary Concrete Forming Method

The following is the process of an artificial rockfill prepared by the Ordinary concrete
forming method, according to the China Test Code SL352-2006:

(1) Applied a layer of demoulding oil to the mould’s inner wall.
(2) Filled the mould with the concrete mixture, 100 mm at a time, and began tamping

with a vibrator in a spiral direction from the edge to the center. When inserting
and tamping, kept the vibrator vertical. The vibrating rod must be inserted into the
bottom of the mould when tamping the bottom layer of concrete. When tamping the
upper layer of concrete, the vibrating rod should penetrate about 20–30 mm into the
lower layer.

(3) Inserted and tamped several times with a spatula along the inner wall of the mould
and plaster.

3. Mix Proportion Design of an Artificial Rockfill

The formula currently used in concrete mix proportion design is shown in Equation (1)
according to the specifications for mix proportion design of ordinary concrete in China.

W
B

=
αa fb

fcu,0 + αaαb fb
, (1)

where W/B is the water binder ratio of concrete; αa and αb are the regression coefficients
related to gravel type. When crushed gravel is used as coarse aggregate, αa = 0.53 and
αb = 0.20; fcu,0 is the mixing strength of concrete; fb is the 28 d mortar compressive strength
of cementitious material (MPa). When fb has no measured value, fb = γfγffce, where γf and
γf are the influence coefficients of fly ash and granulated blast furnace slag, respectively. fce
is the 28 d mortar compressive strength of cement (MPa). When fce has no measured values,
fce = γcfce,g, where γc is the margin coefficient of cement strength grade. When type 42.5
ordinary Portland cement is used, the coefficient value of γc is 1.16. fce,g is the strength
grade of cement (MPa).

In addition to the influence coefficients of fly ash and granulated blast furnace slag, it
is thought that an influence coefficient X exists between the strength of parathion gypsum
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slag cement mortar and the strength of type 42.5 ordinary Portland cement mortar. That is,
the 28 d mortar compressive strength for parathion gypsum slag cement is related to fce.

fb = X fce, (2)

Equation (3) can be obtained by substituting Equation (2) into Equation (1).

W
B

=
αaX fce

fcu,0 + αaαbX fce
, (3)

Table 2 shows the proportion and compressive strength of a parathion gypsum slag
cement concrete. MPG has a moisture content of 33.3 percent. The dry weight of the cement,
GBFS, and MPG are added together to form the binding material. The concrete’s water
binder ratio is 0.34, and the 28 d mixing strength is 42.5 MPa.

Table 2. Mix proportion of parathion gypsum slag cement concrete.

W/B
Cement
(kg/m3)

GBFS
(kg/m3)

MPG
(kg/m3)

SP
(kg/m3)

Sand
(kg/m3)

Gravel
(kg/m3)

Water
(kg/m3)

Compressive Strength (MPa)

3 d 7 d 28 d

0.34 21.76 272 375.36 2.18 584 1037 59.97 17.6 29.1 42.5

X = 0.59 can be obtained by putting the known data into Equation (3). To achieve a
similar 28 d compressive strength with type 42.5 ordinary Portland cement and parathion
gypsum slag cement, the amount of parathion gypsum slag cement in concrete should be
1.72 times that of type 42.5 ordinary Portland cement in concrete. The amount of parathion
gypsum slag cement in concrete, on the other hand, is roughly twice that of type 42.5
ordinary Portland cement in concrete.

Based on experimental practice [40], the water binder ratio of the concrete using
type 42.5 ordinary Portland cement as cementitious material is set at 0.9 to make it easy to
compact. The mixing strength of concrete (fcu,0) can be calculated using Equation (3). Under
the same mixing strength conditions, the water binder ratio of concrete using parathion
gypsum slag cement is 0.55. The water binder ratios of concrete using the ordinary concrete
forming method were set to 0.40, 0.45, and 0.50 based on the principles of low sand ratio,
low slump, low cement dosage, and use of PCE-type superplasticizer [41]. Table 3 shows
the test proportions of each concrete.

Table 3. Compressive strength and cost of the artificial rockfills.

Mix ID W/B
Binder
(kg/m3)

Water
(kg/m3)

IOT Sand
(kg/m3)

IOT Gravel
(kg/m3)

SP
(kg/m3)

Compressive
Strength (MPa) Cost

($)
7 d 28 d

VO-90 0.90 90 81 1077 1317 / 1.52 1.66 15.7
VO-130 0.90 130 117 1019 1245 / 3.35 3.54 17.4
VO-170 0.90 170 153 958 1170 / 6.36 7.67 19.2
VP-180 0.55 180 99 1008 1232 0.72 2.72 5.05 13.4
VP-260 0.55 260 143 918 1123 1.04 8.03 14.40 14.0
VP-340 0.55 340 187 829 1013 1.36 16.45 33.71 14.8
PO-180 0.90 180 162 1310 798 1.44 10.67 12.29 20.7
PO-220 0.90 220 198 1175 798 1.76 14.25 19.04 22.9
PO-260 0.90 260 234 1045 798 2.08 25.10 32.86 25.0
PP-180 0.55 180 99 1485 798 0.72 8.79 12.31 13.8
PP-360 0.55 360 198 1055 798 1.44 22.78 37.48 16.3
PP-440 0.55 440 242 865 798 1.76 32.12 47.74 17.4
OP-390 0.50 390 195 556 1210 0.39 18.85 39.28 15.9
OP-433 0.45 433 195 511 1210 0.87 21.97 42.34 17.0
OP-488 0.40 487 195 456 1210 1.46 23.55 43.78 18.4
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4. Results and Discussion
4.1. Results of Compressive Strength and Cost

Table 3 displays the outcomes of each concrete. The mixture ID is written as AB-C,
where A represents the forming method (P: pressure forming method; V: vibration rolling
forming method; O: ordinary concrete forming method), B stands for the type of cement
(O: ordinary Portland cement; P: parathion gypsum slag cement), and C denotes the amount
of binder in the concrete.

The compressive strength of the artificial rockfill in each group was tested after
7 days and 28 days. The failure mode of tested concrete specimen is the same as that of
ordinary cubic specimen [42,43]. The material cost of each artificial rockfill group was
calculated, and the price of each raw material was determined based on the practical
project budget of the relevant rock-filled concrete dam and the production cost budget
of the parathion gypsum slag cement products. Some raw material costs: cement,
$56.6 per ton; GBFS, $34.6 per ton; steel slag, $23.6 per ton; phosphogypsum, $0 per ton;
water, $1.1 per ton; IOT sand, $3.9 per ton; IOT gravel, $4.7 per ton; and PCE-type
superplasticizer, $942.7 per ton.

The results of each concrete are shown in Table 3. The mixture ID is represented in
the form of AB-C, where A stands for the forming method (P: pressure forming method;
V: vibration rolling forming method; O: ordinary concrete forming method), B stands for
the type of cement (O: ordinary Portland cement; P: parathion gypsum slag cement), and
C stands for the amount of the binder in concrete.

The cost of materials and transportation of the artificial rockfill were considered in
this analysis. Labor and machinery were not considered, nor was the solid waste treatment
cost of solid waste phosphogypsum. According to the powder components of parathion
gypsum slag cement mentioned above, the material cost of parathion gypsum slag cement
was calculated to be $19.0 per ton. Table 3 shows the compressive strength at 7 d and 28 d,
as well as the cost of each group of artificial rockfill.

4.2. Analysis of Strength Cost Ratio of the Artificial Rockfills

Researchers conclude that when IOT was used to substitute all of the natural sand in
concrete preparation, the performance and strength of the concrete were greatly
reduced [36,44]. However, rockfills do not have high requirements for compressive strength,
so IOT was applied to replace all the natural sand used to prepare concrete in this study. As
shown in Table 3, a mixture with a low water cement ratio or a less amount of binder had a
28 d compressive strength of less than 30 MPa, which does not meet the requirements of an
artificial rockfill for compressive strength. Therefore, the mixtures with 28 d compressive
strength greater than 30 MPa were selected for strength cost analysis. The strength cost
ratio was defined as the ratio of 28 d compressive strength to material cost, which was used
as an index to evaluate the comprehensive performance of an artificial rockfill.

PO-260 with 260 kg ordinary Portland cement in a cubic meter of concrete has the best
strength-to-cost ratio, as shown in Figure 8. This is due to the lower mortar strength of
parathion gypsum slag cement compared to ordinary Portland cement. However, using
ordinary Portland cement does not allow for the effective use of parathion gypsum slag
cement and does not achieve the goal of using solid waste. As an alternative, a high
strength-to-cost ratio can be achieved by using parathion gypsum slag cement instead of
ordinary Portland cement, such as VP-340 and PP-360, as shown in Figure 8. The reason for
this is that parathion gypsum slag cement contains nearly half of the cost of solid waste
phosphogypsum and low-cost GBFS. Using these two main powders to their full potential
reduces the material cost of parathion gypsum slag cement significantly.
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When the mix proportions of VO-170 and VP-180 were compared using the vibration
rolling forming method, it was discovered that the amount of ordinary Portland cement in
VO-170 was slightly lower than the amount of parathion gypsum slag cement in VP-180,
but its 28 d compressive strength was higher. This was due to a coefficient relationship
of X = 0.59 between the strength of ordinary Portland cement mortar and the strength of
parathion gypsum slag cement mortar, indicating that the strength of mortar containing
the same amount of ordinary Portland cement was greater than that of mortar containing
parathion gypsum slag cement. This conclusion also applied to the vibration rolling
forming method’s artificial rockfills.

As the strength of parathion gypsum slag cement mortar was 0.59 times that of
ordinary Portland cement mortar, the dosage of parathion gypsum slag cement was set at
twice the dosage of cement to ensure that the strength of the artificial rockfills with different
cementitious materials was close. When the strength of VO-90 and VP-180, VO-130 and
VP-260, and VO-170 and VP-340 were compared, it was revealed that when the dosage
of parathion gypsum slag cement was twice that of ordinary Portland cement, the 3 d
compressive strength of the artificial rockfill with parathion gypsum slag cement was at
least 1.79 times that of ordinary Portland cement. The 28 d compressive strength of the
artificial rockfill with parathion gypsum slag cement was at least 3.04 times that of ordinary
Portland cement. It demonstrates that the difference in 3 d compressive strength is less
than that of 28 d compressive strength.

The comparison of 3 d and 28 d strength between PO-180 and PP-360, as well as
PO-220 and PP-440, revealed a similar change trend. The artificial rockfill with parathion
gypsum slag cement had a 3 d compressive strength that was at least 2.13 times that of
ordinary Portland cement. The 28 d compressive strength of the artificial rockfill with
parathion gypsum slag cement was at least 3.05 times that of ordinary Portland cement. It
can be seen that the design with the dosage of parathion gypsum slag cement twice that of
type 42.5 ordinary Portland cement was very conservative. In other words, the coefficient
of X could have been larger.

4.3. Utilization Cost Analysis of Unit IOT

IOT gravel is used in the same way as conventional gravel, whereas IOT sand is a
very ultra-fine sand that is difficult to use. As a result, the utilization cost of IOT sand
must be assessed. The utilization cost of IOT sand per ton was compared between mix
proportions with 28 d strengths greater than 30 MPa. The three groups of OP-390, OP-433,
and OP-488 were the artificial rockfills formed using the ordinary concrete forming method
and parathion gypsum slag cement as a cementitious material, as shown in Figure 9. The
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utilization cost of IOT sand in these three groups was higher when compared to other
groups. It was because the IOT sand ratio in ultra-fine sand ordinary concrete was lower
than that of ordinary concrete. The group of PP-360 formed by the pressure forming
method had the lowest IOT sand utilization cost. In PP-360, the cementitious material
dosage was 360 kg/m3, and the IOT sand dosage was 1055 kg/m3. In comparison to PP-360,
the cementitious material of VP-340 formed by the vibration rolling forming method was
340 kg/m3, with only 829 kg/m3 of IOT sand. When the 28 d compressive strengths of
PP-360 and VP-340 were compared, it was found that the 28 d compressive strengths were
37.48 MPa and 33.71 MPa, which were close to each other. The material cost of PP-360 is
10% higher than that of VP-340. However, the PP-360 used 226 kg/m3 more IOT sand than
the VP-340, and the PP-360’s IOT sand utilization cost was 13% lower. As a result, PP-360
was the best artificial rockfill test group in terms of fully utilizing IOT sand.
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In terms of solid waste content in artificial rockfills, the dosage of PP-360 cementitious
material was 360 kg/m3, of which only 4% was cement and the rest was solid wastes such
as phosphogypsum, GBFS, and steel slag. Simultaneously, all aggregates were replaced
with IOT sand and IOT gravel. The artificial rockfill contained 99.3% solid waste, with
granular solid waste accounting for 83.3% of the mass of solid materials. As a result, PP-360
was also the best artificial rockfill test group in terms of solid waste utilization rate in
artificial rockfills.

5. Conclusions

To increase the dosage of granular and powdery solid waste in RFC, IOT sand and PG
were used separately as granular and powdery solid waste. To replace the natural rocks in
RFC, the dosage of solid waste was increased by producing artificial rockfills with IOT and
parathion gypsum slag cement. Three methods were used to form the artificial rockfills:
pressure forming, vibration rolling forming, and ordinary concrete forming. The following
are some possible outcomes.

(1) IOT and PG were successfully used separately as granular and powder solid waste.
The modified PG, ground blast-furnace slag (GBFS), steel slag, and cement clinker are
combined to form parathion gypsum slag cement in a specific proportion, with the
ratio of PG, GBFS, steel slag, and cement being 47:47:2:2. To replace the natural rocks
in RFC, artificial rockfills made of IOT and parathion gypsum slag cement are used to
increase the dosage of solid waste.
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(2) A higher strength-to-cost ratio, such as VP-340 and PP-360, can be obtained by making
full use of solid waste phosphogypsum and cheap GBFS and replacing ordinary
Portland cement with parathion gypsum slag cement. The strength of parathion
gypsum slag cement mortar was 0.59 times that of ordinary Portland cement mortar,
and the design with the dosage of parathion gypsum slag cement twice that of cement
was very conservative.

(3) The three forming methods can produce artificial rockfills with a strength grade of
C20. When the compressive strength and material costs of the three types of artificial
rockfills were compared, the compressing method was found to be the most effective
in making full use of the IOT sand. The mass fraction of granular solid waste in
the PP-360 artificial rockfill was 83.3%, and the mass fraction of total solid waste
was 99.3%.

However, the compressive strength of concrete samples was only tested at 7 and
28 days in this paper. After 2 or 3 months, soil-cement composites in geotechnical engi-
neering may show significant gains in strength and stiffness. As a result, in the future,
maintained compression tests with strain-stress relationships will be performed, allowing
not only compressive strength but also E modulus to be determined.
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