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Serious environmental pollution issues caused by the storage and exposure of large amounts of red mud (RM) and yellow
phosphorus slag (YPS) have raised significant concerns. Red mud-yellow phosphorous slag-cement concrete (RM-YPS-CC) is
prepared with 25% yellow phosphorus slag content (YPSC) and 10% red mud content (RMC) to replace a portion of the cement at
the age of 28 days and was found in this study to satisfy the mechanical property requirements. More ettringite and portlandite
were generated with the RM-YPS-CC than with the yellow phosphorous slag-cement concrete (YPS-CC). In addition, the
cementitious materials were more interlaced, and there was more disorder in the crystals of the RM-YPS-CC, which formed a
more complex spatial structure than the YPS-CC did. Without RM, the initial cracking strength on the surface of the concrete was
5–6MPa, the maximum crack width was 3.96mm, and the crack number was 8. However, the cracking strength was 26.5–27MPa
with RMC5, the maximum crack width was 0.66mm with RMC15, and the crack number was 3 with RMC15. Moreover, studies
using the digital image correlation (DIC) method indicated that the displacement distribution and evolution of the first crack area
changed quickly at 10MPa in either horizontal or vertical direction, and a similar trend was maintained from 10MPa to 27.1MPa
for the YPS-CC. However, with a small distribution and evolution of horizontal or vertical displacement from 5MPa to 25MPa,
the evolution would change rapidly when reaching 30MPa for RM-YPS-CC.0is study aims to provide new insights into the wide
application of YPS and RM for saving energy and reducing emissions and to develop a new method to study the fracture behavior
of concrete.

1. Introduction

Stockpiling and discharging of large amounts of industrial
solid waste not only affects the environment but also restricts
the development of enterprises. In China, many enterprises
are facing a significant challenge to protect the environment
from damage caused by industrial solid waste disposal.
Yellow phosphorus slag (YPS) is a kind of industrial waste
generated after water quenching, produced during the hot
production process of yellow phosphorus; the output of
yellow slag is 8–10 tons of slag per 1 ton of industrially
produced yellow phosphorus [1].0e YPS utilization ratio in

China is very low, with over 8 million tons of generated YPS
waiting to be utilized every year [2, 3]. Serious environ-
mental issues caused by elemental P and F in YPS warrant
further study to avoid resource waste and environmental
pollution [4]. Red mud (RM) is an alkaline leaching waste
generated during the Bayer process or the bauxite-calci-
nation method, which produce up to twice as much RM as
alumina [5, 6], approximately 0.3–1.0 tons of RM is gen-
erated per 1 ton of aluminum produced in industries [7, 8].
0ere is an estimated 3 billion tons of accumulated RM
globally, with the worldwide generation of RM exceeding
117 million tons per year in recent years [8, 9].0e discharge
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of RM seriously impacts the environment and groundwater
because of its high alkaline content (Na2O 2.0–6.0%)
[10–12].

Cement is a vital cementitious material for any kind of
construction, and it is widely used throughout the world
[13]. However, the cement industry is one of the main
emission sources of greenhouse gas (especially CO2), and
excessive CO2 emission can result in global warming and
ecological destruction [14]. Cement is expected to be
replaced by solid industrial wastes with pozzolanic prop-
erties considering global sustainable development, depletion
of the raw materials, and low carbon emissions [13, 15].
Application of mineral admixtures to concrete might im-
prove the workability, durability, and mechanical properties
of concrete [16–18]. Studies indicate that concrete con-
taining mineral admixtures exhibits a low reaction degree
during the early ages and achieves a lower early strength than
plain cement concrete [19, 20]. New kinds of mineral ad-
mixtures are gradually being used in concrete production
because the traditional mineral admixtures are becoming
increasingly scarce [2]. Recently, in the cement industry,
there has been an increasing interest in partially or com-
pletely replacing cement with industrial solid wastes, such as
fly ash [21, 22], yellow phosphorous slag [4, 23], red mud
[24, 25], blast furnace slag [26, 27], and phosphogypsum
[28, 29].

YPS is similar to but less reactive than blast furnace slag
(BFS) and is mainly composed of CaO and SiO2 [30, 31].
Previous studies indicated that YPS can refine the late-age
pore structure of hardened paste, reduce the chloride dif-
fusion coefficient, enhance the compressive strength, and
improve the durability of concrete [2, 32]. In addition, the
trace amount of fluoride and phosphorus in YPS can in-
crease the activity of the clinker mineral during dissolution
and can help improve the cement clinker strength [33]. RM
is a good binder material in cement matrices because RM
contains a considerable amount of amorphous aluminosil-
icate materials that can induce a pozzolanic reaction to cause
gelation during the hydration process [34, 35]. In addition,
RM can be used to produce special iron-rich cement clinkers
and pozzolanic pigment for colored concrete because of the
abundance of hematite in RM [36, 37]. Additionally, RM can
be developed as an alkali-activated material for practical
application to the construction industry. However, RM
cannot exceed a certain amount in building materials; for
example, the portion of RM generated in building materials
in Guizhou, China, should be less than 75.44% by contri-
bution analysis of nuclides to radiation [38, 39]. Several
studies were conducted on the application of YPS and RM as
building material additives. Qi et al. [4] conducted several
studies on the pozzolanic effects of YPS powder in concrete.
Chen et al. [1] found that YPS could fully or partly be
substituted for Portland cement, and they evaluated the
potential coagulation properties by conducting studies on
the cemented backfilling performance of YPS. Research
conducted by Liu and Poon [40] and Pan et al. [41] also
suggested that RM can be used as a substitute for cement.

After an extensive review of the literature, we found that
despite the existence of some studies in the field of partially

replacing cement with RM or YPS, there were not any in-
vestigations into the synergistic effects of RM and YPS
partially replacing cement. Inspired by the abovementioned
studies, this paper discussed how YPS and RM can be ap-
plied to partially replace cement to prepare red mud-yellow
phosphorus slag-cement concrete (RM-YPS-CC) by stim-
ulating the activity of concrete to achieve solid waste uti-
lization and pollution reduction. 0e effects of yellow
phosphorus slag content (YPSC) and red mud content
(RMC) on the mechanical properties of concretes were
investigated by using a hydraulic pressure compression
testing machine followed by X-ray diffraction (XRD),
scanning electron microscopy (SEM), and energy dispersive
spectrometry (EDS). 0e shape, size, and number of cracks
on the surface of concrete and initial cracking strength were
investigated under an applied load. 0e displacement dis-
tribution and evolution of the first crack area of yellow
phosphorous slag-cement concrete (YPS-CC) and RM-YPS-
CC under different applied load levels were studied by the
digital image correlation (DIC) method [42], which has
become popular for displacement and deformation mea-
surements in the field of experiment mechanics.

2. Experimental Procedure

2.1. RawMaterials. 0e YPS used in this study was obtained
from a phosphorus plant in Guizhou, China.0e RM (loss of
ignition� 12.86%) used was obtained from an alumina re-
finery in Guizhou, China, and it was found by XRD (X Pert
Powder, PanakoX-ray Analysis Instruments, Netherlands)
to contain mainly quartz, calcium oxide, hematite, alumina,
and small amount of chlorite and garnet. A laser particle size
analyzer (LS13320, Beckman Coulter, America) was used to
obtain the particle size distributions of the RM and YPS, as
shown in Figure 1.0e particle size of the YPSwas distributed
in − 2.1 + 0.6 μm and − 80 + 10 μm, and D90 � 53.97 μm and
D10� 0.93 μm. 0e particle size of the RM was evenly dis-
tributed: D90 � 201.7μm and D10� 2.828 μm. 0e specific
gravities of the YPS and RM were 2.95 and 2.82, respectively.
0e cement was 42.5 R common Portland cement produced
by a cement plant in Guizhou, China, and the physical
properties of the cement are shown in Table 1. 0e chemical
composition of the cement, YPS, and RM was analyzed by
X-ray fluorescence (Axios mA× 4KW, Panalytical, Nether-
lands), and the results are shown in Table 2.0ewater reducer
(WR) was JC484-2006. Tap water from the laboratory was
used for the tests, and the specific gravity of the tap water was
approximately 1000 kg/m3. 0e coarse aggregate (CA) was
crushed carbonate stone, and the fine aggregate (FA) was the
standard sand; both were manufactured according to the
Chinese National Standard GB/T17671-1999, and the FA and
CA size distributions are shown in Table 3.

2.2. Mixture Proportion and Experimental Method

2.2.1. Mixture Proportions and Preparation of the Concrete
Specimens. 0e concrete mixtures were prepared for ex-
amination by mixing different proportions of cement, WR,
CA, FA, YPS, and RM (Tables 4 and 5). 0e water/binder
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ratio was fixed at 0.5 and 0.46 for YPS-CC and RM-YPS-CC,
and the binder, water, and sand were mixed in the ratios of
1 : 0.5 : 2.86 and 1 : 0.46 : 2.86, respectively. 0e concretes
were prepared based on the Chinese standards GB/T50080
and GB/T50081. 0e specific operation process is as follows:
the concrete mixtures were accurately weighed according to

Tables 4 and 5, and then, they were transferred to a concrete
mixer (SJD-15, Shaoxing Shangyu Jeda Instrument Factory,
China) for even stirring. 0e concrete mixtures were placed
in the (100×100×100mm) molds one at a time and then
placed on the platform vibrator (50 cm, Shaoxing Shangyu
Daoxu Feiteng Building Equipment Factory, China) until
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Figure 1: Particle size distribution of the RM and YPS.

Table 1: Physical properties of cement.

Setting time (min) Compressive
strength (MPa) Specific surface area (cm2·g− 1) Density (g·(cm3) − 1)

Initial setting Final setting 3 d 28 d
108 125 29.1 55.1 3945 3.09

Table 2: Chemical composition of cement, YPS, and RM.

Name
Oxide composition (wt. %)

SiO2 CaO Al2O3 TiO2 Fe2O3 MgO K2O Na2O P2O5

Cement 20.08 60.65 4.61 0.55 3.36 1.98 0.54 0.85 0.22
YPS 37.22 44.77 5.42 0.26 0.45 2.61 1.43 0.33 2.83
RM 17.33 16.32 21.09 4.69 21.93 1.89 1.21 1.46 0.34

Table 3: Aggregate size distribution of the FA and CA.

Aggregate
Aggregate diameter distribution (mm)

+8 − 8 + 2 − 2 + 1.6 − 1.6 + 1.0 − 1.0 + 0.5 − 0.5 + 0.16 − 0.16 + 0.08
FA (%) 0 0 6.9 27.3 34.3 19.4 11.5
CA (%) 0 100 0 0 0 0 0

Table 4: Mixture proportions of YPS-CC (by weight).

No. YPS (%) WR (%) FA (%)
1m3 concrete material composition (g)

Water Cement YPS WR FA CA
A 20

0.5 33 250

400 100

2.5 635 800
B 25 375 125
C 30 350 150
D 35 325 175
E 40 300 200
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the slurry was discharged from the surface. 0e finished
specimens were transferred to a curing box (SHBY-40,
Shanghai Jiyi Instrument Factory, China) and then kept at
25°C and 95% of R. H. for 24 h, and the surface of the
specimens was covered with an impermeable film. 0e
specimens were maintained for 3 days, 7 days, and 28 days
after removing the molds at the same condition to ensure the
progress of the hydration reactions, causing the filling and
segmentation of the capillary voids by the hydration
products under the appropriate temperature and humidity
conditions [43].

2.2.2. Measurement of Compressive Strength. Compressive
strength was measured by using a hydraulic pressure
compression testing machine (YAW-3000B, Zhejiang
Yingsong Instrument Equipment Manufacturing Company,
China), and the concrete cube compressive strength (fcu) was
calculated according to the following formula:

fcu �
F

A
, (1)

where F is the damage load (N) and A is the specimen
bearing area (mm2).

2.2.3. Microstructure and Composition Tests. 0e mineral
compositions of the hardened pastes of YPS-CC and RM-
YPS-CC were measured by XRD, and the microstructures of
YPS-CC and RM-YPS-CC were measured by SEM to
evaluate the effect of RM on concrete to help explain the
macroscopic behavior of the concrete.

To prepare the specimens for XRD analysis, concrete
cementitious material specimens were produced according
to themix proportions shown in Table 5 (A and C) except for
FA and CA and cured for 28 days under standard conditions.
0e specimens were removed from the standard curing box,
dried in the oven, and ground to − 0.075mm, accounting for
100%. XRD analyses were performed on an X-ray diffraction
instrument (X Pert Powder, Panako X-ray Analysis In-
struments, Netherlands) with Cu Kα radiation at 40mA and
40 kV. A step interval of 0.02° was selected in a 2θ range of
5–90°. 0e specimens for the SEM and EDS analyses were
produced according to themix proportions in Table 5 (A and
C). 0e specimens were removed from the standard curing
box after curing for 28 days under standard conditions, dried
in the oven, and cut into 5mm thick slices. SEM and EDS
analyses were carried out on a scanning electron microscope

(ΣIGMA+X-Max20, Deiss Company, Germany) for ex-
amination of the microscopic morphology and structure of
the RM-YPS-CC and YPS-CC at the age of 28 days.

2.2.4. Optical Image Acquisition. To evaluate the fracture
behavior of the concretes, an image acquisition system
containing a hydraulic pressure compression testing ma-
chine (YAW-3000B, Zhejiang Yingsong Instrument
Equipment Manufacturing Company, China), comple-
mentary metal-oxide semiconductor (CMOS) camera, and
image acquisition software (MER-500-7UM-L, China
Daheng Group Limited Company, China) was designed for
the study (Figure 2). 0e collected images were used to
conduct an analysis of the failure morphologies and to
conduct a DIC analysis. Natural speckles were adopted
because of the optical inhomogeneity on the concrete
surface. 0e setting parameters of the compression testing
machine are as follows: a strength grade of C30; a stress
velocity of 0.3MPa/s; and a load speed of 3 KN/s. 0e
white-light images were recorded using a CMOS camera
with a time image acquisition speed of 500msec each time,
and a resolution of 5 million pixels was used to calculate the
displacement distribution and evolution using the DIC
method and to trace the crack initiation or propagation up
to fracture failure.

2.2.5. DIC Method. 0e DIC is a method to obtain the in-
plane displacement field along the vertical and horizontal
directions (u, v) at different positions by searching for the
maximum correlation depending on the computation of the
gray-level between the selected region of interest in the
deformed image g and the reference image f. 0e correlation
equation is given by the following formula [44, 45]:

C �


m
i�1

m
j�1 f xi, yj  − f  g xi

′, yj
′  − g 
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m
i�1

m
j�1g xi
′, yj
′  − g2

 ,

(2)

where C is the maximum correlation factor, f(x, y) is the
gray-level intensity at coordinate (x, y) for the reference
image, g(x′, y′) is the gray-level intensity at coordinate
(x′, y′) for the deformed image, f is the average gray in-
tensity of the images f(x, y), and g is the average gray
intensity of the images g(x, y). 0e size of the selected
region of interest is m×m pixels.

Table 5: Mixture proportions of RM-YPS-CC (by weight).

No. RM (%) YPS (%) WR (%) FA (%)
1m3 concrete material composition (g)

Water Cement RM YPS WR FA CA
A 0

25 0.5 33 230

375 0

125 2.5 635 800

B 5 350 25
C 10 325 50
D 15 300 75
E 20 275 100
F 25 250 125
G 30 225 150
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In this experiment, the camera lens was adjusted to be
parallel to the specimen surface; therefore, the relationship
between the coordinates (x, y) and (x′, y′) can be expressed
as follows [46]:

x′ � x + u + Δx ·
zu

zx
+ Δy ·

zu

zy
,

y′ � x + v + Δx ·
zv

zx
+ Δy ·

zv

zy
,

⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

(3)

where u and v are the displacement components for the subset
centers in the x and y directions, respectively, andΔx andΔy are
the distances to the point (x, y) from the subset center.0e other
three parameters (zu/zx, zv/zy, and 1/2(zu/zy + zv/zx))

except for u and v can be obtained using the DICmethod. In the
experiment, a pixel translated into the size of 33.179μm/pixel,
which was experimentally derived.

3. Results and Discussion

3.1. Concrete Compressive Strength Evaluation

3.1.1. Compressive Strength of the YPS-CC. Figure 3 shows
the results of the experiments on the compressive strength of
the YPS-CC. 0e compressive strength increased and then
followed a downward trend as the YPSC content ranged
from 20% to 40% for the ages of both 7 days and 14 days.0e
strength reached the maximum values of 20.78MPa and
25.73MPa at the ages of 7 days and 14 days, respectively,
while the YPSC content was 25%, and it decreased gradually
as the YPSC increased and exceeded the maximum value.
0ese results indicated that YPSC had a great influence on
the strength of the concrete, and 25% might be the ap-
propriate content. In addition, the pozzolanic effects of the
YPS were enhanced in the concrete as the curing age in-
creased, and the YPS was beneficial to the development of
the long-term strength of the concrete [4]. 0e compressive
strength of the concretes using all the YPSC did not reach
29.1MPa (compressive strength of pure cement in Table 1) at
the age of 3 days because the residual P2O5 in the YPS had a
strong retarding effect on the setting time and because the
insufficient Al2O3 content affected the early strength
properties [31]. 0e cementing effect of the YPS was not as
strong as that of the cement, and the YPS contained residual

phosphorus in the form of P2O5; therefore, it was beneficial
to add other materials to improve the alkalinity or inhibit the
negative impact of the phosphorus on the mechanical
properties. In the experiments described in Section 3.1.2, RM
was used to investigate the synergistic effects on RM-YPS-
CC based on high alkali and high aluminum contents in RM.

3.1.2. Compressive Strength of RM-YPS-CC. Variations in
the compressive strength of the RM-YPS-CC versus the
content of cement replacement by RM under the condition of
25% YPSC at the ages of 3, 7, and 28 days are presented in
Figure 4, in which the horizontal dotted line represents the
minimum control values (28.5MPa) according to the Chinese
standard GB/T50107-2010. Obviously, the presence of RM
significantly changed the mechanical properties of the con-
crete. Figure 4 shows that the strength of development at 3
days and 7 days was very similar except with RMC15. In
general, RMC0 had the highest strength and presented a
downward trend as the content of RM increased, which was
probably because the setting times of the RM and YPS were
longer than those of the cement and because the reaction in
the RM-YPS-CC was not complete within 7 days. 0e
compressive strength increased as the RMC content increased
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Figure 3: Compressive strength of concrete (7 and 14 days of
curing) as a function of substituting YPSC for cement.
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in the range of less than RMC15 and decreased in the range of
more than RMC15 at the age of 28 days, which was consistent
with the previous studies conducted by Ribeiro and Labrincha
[47]. 0ese results might be attributable to a considerable
amount of alkaline substances in RM, raising the pH of the
cementing mixture to stimulate the YPS activation and re-
leasing more calcium hydroxide during hydration and pro-
ducing greater cementitious properties in a certain range of
RM content. Moreover, concrete compressive strength in-
creased gradually in the case of higher iron levels in the
concrete mix from the research studies performed by Tang
et al. [34] and Alzaed [48]; therefore, the higher iron levels of
RM may help improve the compressive strength. However,
the pozzolanic properties of the RM were lower than those of
Portland cement, and there was greater water absorption as
the RM content was increased [13]; therefore, the compressive
strength decreased after RMC15. 0e compressive strength
met the standard for RMC5, RMC10, and RMC15, and it
reached its highest value for RMC10 higher than that in the
previous studies, showing that the RMC was usually less than
5% in cement prepared from RM [49–51].

3.2. Role of RM in the Microstructure Formation of
RM-YPS-CC

3.2.1. XRD Analysis. To study the influence of RM on
concrete, the mineral composition of cementitious materials
in the specimens was determined by XRD, which provided
insight into the microstructure of the concrete and explained
why the RM-YPS-CC had superior mechanical properties
compared with the YPS-CC. Figure 5 presents the XRD of
the cementitious materials in the concrete specimen and the
raw materials. 0e XRD results show that the main mineral
phase of the YPS was vitreous because there was insufficient

time for crystallization and a large number of amorphous
active reticular or glass structures were formed inside the
YPS when the phosphorus slag was treated by water
quenching from the high-temperature amorphous melt
[52, 53]. 0ere was a great quantity of calcium aluminum
oxide in the RM, which could promote the generation and
growth of the cementing materials. Compared with the XRD
results of the cementitious materials in the YPS-CC speci-
men, the intensity of the portlandite (CH) characteristic
peak (2θ≈18°, according to PDF#44-1481) of the RM-YPS-
CC was significantly enhanced and the intensity of the
ettringite (AFt) characteristic peak (2θ≈ 23°, according to
PDF#41-1451) was also enhanced to a certain extent; these
were the main cementing materials in the cement binder
[41]. 0ese results might have occurred because the RM
contained a great quantity of calcium oxide, aluminum
silicate, and alkaline substances that stimulated the YPS
activation to induce the secondary pozzolanic reaction. In
addition, the solubility of the calcium hydroxide decreased
in the high-alkali environment [54], and the newly formed
CH would have precipitated rapidly, which might have led
to the formation of CH crystals in the concrete. 0e
equations of chemical reactions of CH and Aft are as
follows [55]:

2C3S + 11H⟶ C3S2H8 + 3CH (4)

2C2S + 9H⟶ C3S2H8 + CH (5)

C3A + 3CSH2 + 26H⟶ C6AS3H32 (6)

where in cement chemistry notation, C3S is tricalcium sil-
icate, H is water, C3S2H8 is calcium silicate hydrate, C2S is
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dicalcium silicate, C3A is tricalcium aluminate, CSH2 is
gypsum, and C6AS3H32 is AFt. CH and AFt were beneficial
to mechanical properties of the concrete.

3.2.2. SEM and EDS Analysis. Hardened concrete consists of
three components, including the aggregate, interfacial
transition zone (ITZ), and cement paste. 0e ITZ, the region
between the hardened cement paste and the aggregate, is
recognized as a high correlate to the mechanical strength
[34]. 0e SEM images of the ITZ morphology and the
hardened cement paste characteristics are presented in
Figure 6. All the ITZs in the YPS-CC and RM-YPS-CC had
microcracks with different widths, which indicated that the
cementitious materials in the concrete had shrunk to a
certain extent at the age of 28 days of the curing period.
Comparison of the SEM images of the ITZ in the YPS-CC
and RM-YPS-CC (Figures 6(a) and 6(b)) shows that there
was not a significant difference between them in terms of the
porosity and crack width.

Comparison of the structures and morphologies of the
cement pastes shows there was a large difference between
the RM-YPS-CC and YPS-CC. Figures 6(c) and 6(d) show
the morphologies within the cementitious materials in the
RM-YPS-CC and YPS-CC, respectively. Compared with
the YPS-CC, the cementitious materials in the RM-YPS-CC
were more interlaced and had more micropores inside
them and there was more disorder in the crystals of the
RM-YPS-CC, which formed a more complex spatial
structure. EDS was performed to investigate the chemical
composition of the hardened cement pastes of the samples.
Figures 7(a) and 7(b) present the locations of the EDS
analyses on the RM-YPS-CC and YPS-CC, respectively.
0e quantitative results of the elemental analysis of the
cementing materials in the RM-YPS-CC and YPS-CC are
presented in Table 6. 0e results in Table 6 show that more
elemental Al was entrained into the cementitious materials
by adding RM, which was beneficial for promoting the
formation of AFt.

3.3. Destruction Image of the RM-YPS-CC. 0e whole failure
process of the RM-YPS-CC under different applied loads
was recorded using a CMOS camera. Figure 8 shows the
binary images of the failure morphologies on the concrete
surfaces at the maximum compressive strength at 28 days
with different contents of RM.0e topographies were highly
relevant to the RMC. 0e microcracks on the failure mor-
phology of the concrete without RM were chaotic, and there
were many transverse microcracks compared with those of
the specimen with RM.

Figure 9 shows the relationships among the compres-
sive strength, the initial cracking strength, and the amount
of RMC added to the concrete cured for 28 days. 0e
change trend of the initial cracking strength was the same
as that of the compressive strength. However, the change in
the initial cracking strength was more obvious than that of
the compressive strength.

0e crack number and maximum crack width as a
function of RMC for curing 28 days are shown in Figure 10.
0e crack number and maximum crack width showed
almost the same trends.0emaximum crack width reached
3.96mm, and the crack number was 8 with RMC0, while
the maximum crack width was 0.66mm and the crack
number was 3 with RMC15, which was in agreement with
the previous studies. 0e obvious trend indicated the RM
stimulated the performance of the concrete.

3.4. Distribution and Evolution of the Displacement

3.4.1. YPS-CC. 0e DIC method was employed to calculate
the field displacement of the concrete surfaces at different
loading levels. Figure 11 shows the distribution and evo-
lution of the horizontal and vertical displacements (u, v) of
the first crack area on the YPS-CC surface (in the red box of
image 1) after 28 days under an applied load. It is obvious
from Figure 11(a) that the displacement distribution was
symmetric along the vertical direction and uniform along
the horizontal direction, with the exception of a few small
areas in which the applied load increased from 0MPa to
5MPa, which was a kind of elastic deformation character-
ization [46].0e horizontal and vertical displacements for an
increase in the applied load to 10MPa are shown in
Figure 11(b).0e displacement distribution changed quickly
at 10MPa for both the horizontal and vertical directions and
maintained a similar trend from 10MPa to 27.1MPa
(compressive strength value), as shown in Figures 11(b)–
11(f ), which indicated that local irreversible fractures
appeared inside the concrete at 10MPa. While the applied
load reached 27.1MPa, the distribution of displacement
tended to be uniform along the vertical direction, which may
have occurred because all parts of the specimen had been
destroyed at 27.1MPa. 0e distribution and evolution of the
macroscopic cracks could also support the above conclu-
sions, as shown in images Figures 11(a)–11(f ).

3.4.2. RM-YPS-CC. Figure 12 shows the distribution and
evolution of the horizontal and vertical displacements (u, v)

of the first crack area and the surface topographies on the
RM-YPS-CC surface (in the red box of image 1) at the age
of 28 days under the applied load of 5MPa, 10MPa,
15MPa, 20MPa, 25MPa, and 30MPa. 0ere were small
distribution and evolution of the horizontal and vertical
displacements; however, there was little change in those
from 5MPa to 25MPa, as shown in Figures 12(a)–12(e).
0erefore, the surface and internal structure of the concrete
were almost undamaged under the applied load of 25MPa.
When the applied load reached 30MPa, the distribution of
the displacement changed rapidly along the horizontal
direction. 0us, a local irreversible fracture appeared inside
the concrete. 0e analysis of the surface morphology in
Figures 12(a)–12(f ) was consistent with the aforemen-
tioned results. 0e RM-YPS-CC clearly had a greater re-
sistance to failure and a better cohesive capability inside
than did the YPS-CC.
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Figure 6: SEM images of interfacial transition zone in (a) RM-YPS-CC and (b) YPS-CC and the paste in (c) RM-YPS-CC and (d) YPS-CC.
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Figure 7: EDS locations for paste in (a) RM-YPS-CC and (b) YPS-CC.

Table 6: EDS chemical compositions of hardened concrete pastes (average).

Element
Weight (%)

RM-YPS-CC YPS-CC
C 13.43 14.95
O 49.93 49.60
Mg 0.76 0.37
Al 1.95 0.61
Si 6.01 2.12
K 0.31 0.52
Ca 25.80 31.82
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4. Conclusions

0e following conclusions were derived from the study of
the RM-YPS-CC preparation and the fracture behavior of
the RM-YPS-CC under different loading conditions:

(1) Concrete prepared with the addition of 25% YPSC
and 10% RMC to partially replace the cement at the
age of 28 days could meet the mechanical property
requirements. More AFt and CH were generated, the
cementitious materials were more interlaced, and
there was more disorder in the crystals of the RM-
YPS-CC, which formed a more complex spatial
structure than those in the YPS-CC, as demonstrated
by XRD, SEM, and EDS. 0e research aimed to
achieve wide application of YPS and RM to save
energy and reduce CO2 emission.

(2) By studying the shape, size, and number of cracks
and initial cracking strength on the surface of the
concrete, we found that RM had an excellent ad-
hesive ability on RM-YPS-CC. 0e RM inhibited the
appearance of concrete surface cracks and optimized
the surface morphology of the concrete. Without
RM, the initial cracking strength was 5–6MPa, the
maximum crack width was 3.96mm, and the crack
number was 8. However, the cracking strength was
26.5–27MPa with RMC5, the maximum crack width
was 0.66mm with RMC15, and the crack number
was 3 with RMC15.

(3) Studies by the DIC method indicated that the RM-
YPS-CC had a greater resistance to failure and a
better cohesive capability inside than did the YPS-CC.
For the YPS-CC, the displacement distribution and

(a) (b) (c) (d)

(e) (f ) (g)

Figure 8: Failure binary images of the concrete at the maximum compressive strength with different RMC contents: (a) 0%, (b) 5%, (c) 10%,
(d) 15%, (e) 20%, (f ) 25%, and (g) 30%.
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Figure 9: Compressive strength and initial cracking strength as a function of RMC added to concrete cured for 28 days.
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Figure 11: Continued.
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Figure 11: 0e field displacement (u, v) of the first crack area and surface topographies on the YPS-CC surface at the age of 28 days under
(a) 5MPa; (b) 10MPa; (c) 15MPa; (d) 20MPa; (e) 25MPa; and (f) 27.1MPa.
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Figure 12: 0e field displacement (u, v) of the first crack area and surface topographies on the RM-YPS-CC surface at the age of 28 days
under (a) 5MPa; (b) 10MPa; (c) 15MPa; (d) 20MPa; (e) 25MPa; and (f) 30MPa.
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evolution of the first crack area changed quickly at
10MPa for both the horizontal and vertical directions
and maintained a similar trend from 10MPa to
27.1MPa. For the RM-YPS-CC, there were small
distribution and evolution of the horizontal and
vertical displacements from 5MPa to 25MPa, and
they changed rapidly and reached 30MPa.
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Supplementary Materials

File 1: graphical abstract representing the difference of
displacement distribution and evolution of the first crack
area in horizontal or vertical direction between the two
kinds of concretes (yellow phosphorous slag-cement
concrete and red mud-yellow phosphorous slag-cement
concrete). For yellow phosphorous slag-cement concrete,
the displacement distribution and evolution changed ob-
viously to 15MPa from 5MPa either in horizontal or
vertical direction, and the specimen had been destroying at
27.1MPa. For red mud-yellow phosphorous slag-cement
concrete, a small distribution and evolution of horizontal
or vertical displacement occurred from 5MPa to 15MPa,
and it would change rapidly when reaching 30MPa. More-
over, graphical abstract showed the reason for the better
mechanical properties of red mud-yellow phosphorous slag-
cement concrete was the existence of red mud led to more
ettringite (AFt) and calcium hydroxide (CH) in concrete,
which had proved to be an effective cementitious material and
promoted beneficial changes in the spatial structure of ce-
mentitious material. File 2: highlight 1: qualified concrete
prepared with up to 10% of red mud and 25% of yellow

phosphorus slag. In the research, concrete prepared by
adopting 25% yellow phosphorus slag content and 10% red
mud content to replace part of cement at the age of 28 days
could meet the requirement of mechanical properties, which
provided some ideas for wide application of yellow phos-
phorus slag and red mud in energy-saving and emission
reduction. Highlight 2: displacement distribution and evo-
lution of the first crack area using DIC measurement. In the
research, the displacement distribution and evolution of the
first crack area of yellow phosphorous slag-cement concrete
and red mud-yellow phosphorous slag-cement concrete
under different applied load levels were studied by digital
image correlation (DIC) method, respectively, which had
become popular with displacement and deformation mea-
surements in the field of experiment mechanics. Highlight 3:
study on fracture behavior of concrete by optical image
features. In the research, optical images were adopted to
evaluate the failure behavior of concrete with different con-
crete mix proportion. Highlight 4: inhibition the appearance
of concrete surface cracks and optimization the surface
morphology of concrete by adding red mud. 0e experi-
mental research presented that concrete by adding red mud
and yellow phosphorus slag had fewer cracks and higher
compression strength than concrete by only adding yellow
phosphorus slag. We might conclude that a small amount of
red mud could inhibit the appearance of concrete surface
cracks and optimize the surface morphology of red mud-
yellow phosphorous slag-cement concrete. (Supplementary
Materials)
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