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Abstract: The combination of red mud (RM) and phosphogypsum (PG) can exert the alkalinity of RM
and the acidity of PG as a calcium source to promote the gel hardening of composite cementitious
material, which effectively improves the reutilization efficiency of RM and. In this study, the effects
of the ratio and content of pretreated RM and PG on the non-evaporated water, porosity, hydration
products, mechanical properties, pore size distribution, and microstructure of composite cementitious
materials were investigated. The results show that, with the incorporation of PG, RM, PG, and RM,
the non-evaporable water content, reaction degree, compressive strength, and flexural strength show
a downward trend after rising first, and their values reach the maximum with 10% PG and 10% RM,
which are higher than a pure cement system, while 70% PG, 70% RM, 70% RM + 10% PG, and
70% PG + 10% RM have the reverse effect. The results of hydration products, pore size distributions,
and microstructure indicate that adding an appropriate dosage of RM and PG can efficaciously
improve the compactness of cement systems. Nevertheless, the research results can contribute
to using the combination of PG and RM to manufacture sustainable cementitious materials with
good performance, and achieve the purpose of environmental protection and industrial solid waste
resource recycling.

Keywords: red mud; phosphogypsum; reaction degree; hydration product; microstructure

1. Introduction

In today’s construction industry, concrete is a traditional building material. However,
cement, as the basic material of concrete, produces carbon dioxide. Hence, finding an
economic and environmental protection mode of production is an urgent problem to be
solved. Based on the concept of sustainable development, many scholars have proposed
a great deal of ways to reduce CO2 by means of using different waste materials [1]. The
application of industrial waste and by-products in the construction industry can not only
cut down the cost, but also serve to protect the environment [2,3].

Red mud (RM), as a by-product of the Bayer process, is an alkaline leaching waste [4].
It is estimated that the global RM accumulation exceeds 4 billion tons and about 120 million
tons of RM are generated per year in China [5,6]. RM contains the oxides Fe2O3, Al2O3,
SiO2, TiO2, CaO, and Na2O, a small amount of trace elements (F, Cr, Cu, Pb, V and Zn), and
radionuclides (226Ra, 232Th, and 40K) [7]. Meanwhile, due to the use of sodium hydroxide
solution in the production process, RM is highly alkaline (pH value is 9.2–12.2) [8]. However,
RM is generally treated by burial and deposition into the sea, which will contaminate water,
soil, and other sources [9]. Therefore, the recycling and rational utilization of RM is
extraordinarily significant. In recent years, researchers have been looking for economic
and environmentally-protective methods to deal with RM. It has been widely used in the
fields of cement, concrete, glass, ceramics [10], adsorbents [11], geopolymers, catalysts [12],
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composite materials, sewage treatment, waste gas treatment [13], soil improvement, and
valuable element recovery [14,15]. RM has the characteristics of porous materials and
strong adsorption capacity; therefore, it can be used to prepare water treatment adsorption
materials [16]. As a substitutable filler, RM is also used in roadbed construction [17,18].
The use of RM is mainly concentrated in the field of construction, which is also the most
effective method to consume it. It can be used as a substitute for fly ash to prepare
self-compacting concrete, thus improving the mechanical properties of concrete [19,20].
In addition, RM can also be used as an additive in materials to enhance their physico-
mechanical properties [21,22]. Because RM can cut down the porosity of hydration products
of binary blends, it can be used to prepare unfired bricks [23]. Moreover, adding a certain
amount of RM into mortar improves its fluidity and prolongs the setting time [24]. At
present, red mud is mainly used to prepare cementitious materials [25]. As a new type
of cementitious material, geopolymer has entered the public eye. The gelling property of
RM-based geopolymer alone is poor [26]. Nonetheless, geopolymers prepared from RM
and other wastes can be used in the construction industry. For example, RM and slag are
mixed in different proportions to examine the mechanical properties [27]. RM and fly ash
can also be used as raw materials for geopolymers [28,29]. Meanwhile, using municipal
solid waste incineration fly ash and RM to prepare geopolymer is a method to activate
RM [30]. Tang et al. [31] also showed that the compressive strength of fly ash mixer using
50% RM to replace fly ash was higher.

As a by-product of phosphoric acid production, phosphogypsum (PG) is a kind of
waste gypsum. It is reported that approximately five tons of PG are generated in the
production of one ton of phosphoric acid [32]. Every year, from 100 to 280 million tons of
PG are produced in the world [33]. Nevertheless, only 15% of PG is utilized effectively and
a large amount of PG remains in areas near rivers or seas and in open-air piles without
any special treatments [34]. PG contains CaSO4·2H2O and small amounts of phosphorus,
fluorine, heavy metal, organic matters, and radioactive elements [35]. Due to the effect of
harmful impurities, the accumulation of PG causes serious environmental pollution such
as waste of land, pollution of atmosphere, water bodies, and so on [36]. Although the
cost of PG is low, it requires water washing, chemical neutralization by basic solutions,
calcination, and other pre-treatment processes before using, which not only produces a
high concentration of environmental pollutant, but also increases the cost [37,38]. Based
on this, the large-scale application of PG in the construction industry is restricted [39]. At
present, PG is recycled as raw materials of building materials [40]. In road construction,
PG stimulates the pozzolanic characteristics of fly ash. Thus, it is can be beneficial to utilize
PG and fly ash as raw materials in road base construction [41]. Besides, the treated PG
can be used as an additive in cement production to control the hydration reaction rate of
cement [42–44]. Using PG to prepare self-leveling mortar is also a method to consume it [45].
Nowadays, using PG to produce a green cementitious material with good performance is
found to be a scientific method for PG disposal [46]. Owing to the hydration of PG-based
cementitious material being complex, PG incorporation increases the mechanical property
of paste and the setting time [47,48]. Sun et al. [49] also proved that PG could obviously
prolong setting time and decrease compressive strength as well as density due to the water-
soluble phosphorus, fluoride, and sulfate compounds in PG. Zhang et al. [50] thought that
10% wet-grinded PG could improve the compressive strength of mortar, which increased
by 193%; however, the compressive strength of mortar could not unceasingly increase with
a content of wet-grinded PG over 10%.

The above research shows that RM and PG can be used as a binder or supplementary
cementitious material in cement systems. Simultaneously, recent research has studied the
properties of RM or PG incorporated into cement-based materials, involving mainly mate-
rial composition and mix proportion optimization. A key challenge related to cementitious
material combined with RM and PG is the present absence of research on its hydration
hardening characteristics, as there are few studies in the literature about this issue. Never-
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theless, the hydration hardening characteristics of cementitious material combined with
RM and PG will be discussed in this study.

In the present manuscript, the aim is to evaluate the hydration and hardening char-
acteristics of cementitious material with RM as an alkaline activator and acidic PG as a
calcium source. However, RM, having a high pH value, and PG, having high gypsum
content, are used; thus, the focus of this research is on whether cementitious material
combined with RM and PG can be manufactured. The novelty of this study is that the
use of Ordinary Portland cement is small because 80% of the Ordinary Portland cement
was replaced by industrial by-product, and the difference between RM and PG as supple-
mentary cementitious materials is investigated. Nevertheless, three types of mortar/paste
with RM, PG, and RM and PG coexistence are appraised for an effect contrast with pure
cement mortar/paste. The following performances of cementitious material were evalu-
ated: the non-evaporable water, porosity, hydration product, mechanical property, pore
size distribution, and microstructure.

2. Materials and Methods
2.1. Experimental Materials

Ordinary Portland cement (Level 42.5 R) came from China’s XiNan cement factory.
Its specific surface area is 380 m2/kg and density is 3.11 g/cm3, and the compressive
strengths are 18.7 MPa at 3 days, 29.8 MPa at 7 days, and 44.5 MPa at 28 days, respectively,
according to Chinese standard GB175-2007. Ultrasonic circulating water pretreatment
of combined process RM was employed, which came from a bauxite factory in Guizhou
of China. Its specific surface and density are 540 m2/kg and 2.81 g/cm3, respectively.
Ultrasonic circulating water pretreatment PG was employed, which came from Kailin
Chemical Fertilizer Co., Ltd. of China. It has a water content of 5.23%, a density of
2.37 g/cm3, a specific surface of 450 m2/kg, and initial and final setting times of 35.4 min
and 42.6 min, according to Chinese standard GB/T23456-2018. The chemical composition
and particle size distribution of Ordinary Portland cement, PG, and RM are illustrated in
Table 1 and Figure 1, respectively. Superplasticizer was employed to provide a satisfactory
workability, which came from Laiyang Hongyang construction admixture factory of China.
The particle sizes of the standard sand which was employed remain below 2.35, the sand
came from Xia Men ISO standard sand Co., Ltd. of China (Xiamen, China).

Table 1. Chemical composition of Ordinary Portland cement, PG, and RM (wt.%).

Element SiO2 Al2O3 Fe2O3 CaO MgO SO3 Na2O K2O

Cement 27.5 6.59 4.89 54.87 2.69 2.66 0.46 0.34
PG 8.34 1.52 1.12 38.29 0.25 50.24 0.22 0.02
RM 31.33 32.23 8.77 19.95 0.97 0.94 4.26 1.55

2.2. Samples Preparation

According to the research of references [49–53], it was found that 10% RM- and
10% PG-replaced cement can improve the quality of cement system. In the present study,
in order to analyze the difference in hydration between PG and RM in cement systems, the
water-binder ratio was fixed at 0.5, 10%, and 70% of PG and RM replaced an equal weight
of cement. On this basis, cement was fixed at 20%, PG and RM were 10 wt% and 70 wt%
or 70 wt% and 10 wt%, respectively. Then, the differences between the single admixtures
were analyzed, and the mixture ratio is shown in Table 2. These mortars, after mixing
evenly, were poured for 63 mortar specimens (the size was 160 mm × 40 mm × 40 mm),
then demolded after curing at room temperature for 1 day, and then cured at room constant
temperature (20 ± 1 ◦C) and relative humidity over 95% for 3 days, 7 days, and 28 days.
Then, the mechanical property, pore size distribution, microstructure, and porosity of
mortar specimens were examined in pure cement system, cement PG system, cement RM
system, and cement PG–RM system.
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Table 2. Mix of mortar /g.

NO. Cement RM PG Standard Sand Water Superplasticizer

C0 450 0 0 1350 225 0
RM1 405 45 0 1350 225 0.9
RM2 135 315 0 1350 225 3.6
PG1 405 0 45 1350 225 0.5
PG2 135 0 315 1350 225 1.3
RP1 90 45 315 1350 225 1.5
RP2 90 315 45 1350 225 3.6

The paste specimens were prepared according to the mix of paste shown in Table 3.
These pastes, after mixing evenly, were put into 63 centrifuge tubes of 10 mL and sealed,
then cured at room temperature (20 ± 1 ◦C) and relative humidity over 95% for 3, 7, and
28 days. The non-evaporable water, reaction degree, and hydration product of composite
binder paste specimens were measured in cement system, cement PG system, cement RM
system, and cement PG–RM system.

Table 3. Mix of paste/g.

NO. Cement RM PG Water Superplasticizer

C0 450 0 0 225 0
RM1 405 45 0 225 0.9
RM2 135 315 0 225 3.6
PG1 405 0 45 225 0.5
PG2 135 0 315 225 1.3
RP1 90 45 315 225 1.5
RP2 90 315 45 225 3.6

2.3. Test Methods
2.3.1. The Non-Evaporable Water

The non-evaporable water of paste in cement system, cement PG system, cement RM
system, and cement PG–RM system were evaluated by calcination. First, the sample was
finely ground, then passed through a 0.16 mm square hole sieve and calcined in an oven at
105 ◦C and 1000 ◦C for 4 h to keep it at a constant weight. Then, the non-evaporable water of
paste was calculated by the difference in mass between 105 ◦C and 1000 ◦C, 3 experimental
results were used as the final value.
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2.3.2. Reaction Degree

The reaction degree of PG and RM in cement PG system, cement RM system, and
cement PG–RM system was evaluated by solution selective dissolution method according to
the Chinese national standard GB/T 12960-2007. Taking cement PG system as an example,
it weighed about 0.5 g (m1) of the ground sample (through the sieve aperture of 0.08 mm),
and was put in a 150 mL beaker, 80 mL of distilled water was added, it was stirred on
a magnetic stirrer for 5 min (rotating speed of 200 r/min, temperature of (20 ± 1) ◦C),
40 mL (1 + 2) hydrochloric acid solution was added, stirring continued for 25 min on a
magnetic stirrer with a rotating speed of 200 r/min, then it was taken off and a sand-core
glass funnel (m2) which has been dried in an oven at (105 ± 5) ◦C in advance for pumping
and filtering was used. After that, the insoluble residue was washed with distilled water
5–6 times, and then washed with anhydrous ethanol (analytically pure) 2–3 times. After
washing, we placed the glass funnel with sand core into an oven at 105 ± 5 ◦C, dried it
to a constant weight (more than 4 h), and then weighed it after drying and cooling (m3).
After hydrochloric acid dissolution, the residual mass fraction (RPG) of cement–PG paste
was calculated by Formula (1), and the reaction degree of PG was calculated according to
Formula (2):

RPG =
m3 − m2

m1
× 100% (1)

α = 1 − RPG/(1 − Wne)− fc·RC
fPG·RPG

(2)

where Wne was the non-evaporable water of cement–PG paste, %. RC was the residual
mass fraction of cement, %. f PG and f C were the mass fraction of PG, and cement in cement
PG system, %.

The reaction degree of PG and RM in the cement PG–RM system was evaluated by
calcination, and the specific implementation process was as follows: the paste was molded
in a centrifugal tube according to the mass ratio of water to PG of 1:1, and its non-evaporable
water content was measured after curing at 60 ◦C for 120 days. The measured value (n0)
was regarded as the approximate total non-evaporable water content of fully-hydrated PG,
and the non-evaporable water content (nt) at a specific curing age was measured, then the
reaction degree of PG (η) at a specific curing age was calculated according to Formula (3)
and 3 experimental results were used as the final value.

η = nt/n0 × 100% (3)

2.3.3. Phase Analysis of Paste/Mortar with PG and RM

After mortar/ paste was cured for 3 days and 28 days, samples were taken by crushing
and placed in alcohol to stop hydration; they were then used for X-ray diffractometer,
scanning electron microscope, and mercury intrusion porosimeter investigation. Hydration
products of paste with PG and RM were investigated by X-ray diffractometer (XRD) with
copper palladium. Implementation voltage and current were 40 KV and 40 mA, respectively.
The various chemicals were identified by the Made Jade software using the PDF-2 database
as a reference. Scanning rate was 10◦ per minute and 0.02◦ per step, and experimental range
wase 10–50◦. Microstructure of mortar with PG and RM was investigated by the TM4000
series scanning electron microscope (SEM) after spraying gold in vacuum, its resolution
is 1.2 nm@30 keV and 3.5 nm@1 keV, acceleration voltage was 200 eV–30 keV, and probe
beam current is 3 pA–20 nA, the stability is better than 0.2%/h.

2.3.4. Mechanical Property and Pore Size Distribution of Mortar with PG and RM

The compressive strength and flexural strength of mortar with PG and RM were
investigated by YAW-300C experiment machine according to the Chinese national standard
GB/T 17671-2005, its loading ratios were 2.4 and 0.5 kN/s, respectively, and the average of
6 compressive strength and 3 flexural strength experimental results were used as the final
value, respectively. The porosity and the pore size distribution of mortar with PG and RM
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were investigated by mercury intrusion porosimeter (MIP, model is auto pore II 9220), and
the maximum mercury intrusion pressure was 300 MPa.

3. Results and Discussion
3.1. Reaction Degree of PG and RM

The reaction degrees of PG and RM in a cement PG system, cement RM system, and
cement PG–RM system are shown in Figure 2. From Figure 2a, it can be seen that the
reaction degree of PG in the PG2 group was about 41.78% at 3 days, 24.77% at 7 days,
and 32.79% at 28 days compared with PG1 group. Unlike the cement PG system, the RM
in the RM group had a reaction degree of 9.88% at 3 days, 15.88% at 7 days, and 18.43%
at 28 days in RP1 group, which is a decrease of 38.67%,24.60% and 28.79%, respectively,
compared with RP2 group. Therefore, the reaction degree of PG decreases with increases
in the replacement ratio of PG in a cement PG system, while it increases in a cement PG–
RM system. Compared with the PG2 group, when adding 10% RM, the reaction degree
of PG in the RP1 group increased by 92.70% at 3 days, 45.95% at 7 days, and 56.47% at
28 days. When adding 70% RM, the reaction degree of PG in RP2 group decreased by
31.20% at 3 days, 17.21% at 7 days, and 25.11% at 28 days, compared with the PG1 group.
Therefore, RM alkalinity has an obvious stimulating effect, and the excitation effect of RM
alkalinity is relatively small. The literature [54] also found that the reactivity of PG can be
not sufficiently excited because of its low activity under the excitation of cement and RM.
Nevertheless, the filling action of PG plays a vital role at the early stage of hydration of
composite cementitious material [55]. Unlike the change trend of PG, the reaction degree of
RM also decreases with increases in the replacement ratio of RM in a cement RM system
and cement PG–RM system. Compared with the cement RM system, the reaction degree of
RM increased in the cement PG–RM system with increases in the replacement of PG and
RM; however, it was no more than 3%. Besides, compared with the RM2 group, it is not
difficult to find that, when adding 10% PG, the reaction degree of PG in the RP2 group
increased by 14.42% at 3 days, 8.25% at 7 days, and 10.43% at 28 days. Adding 70% PG, the
reaction degree of PG in the RP1 group increased by 8.70% at 3 days, 7.96% at 7 days, and
5.44% at 28 days, compared with the RM1 group. Obviously, the excitation effect of gypsum
in PG is relatively small. Comparing with the reaction degree of PG, it is not difficult to
find that the reaction degree of RM is relatively higher; even in the cement RM system and
the cement RM-PG system, the curing period was prolonged from 3 days to 28 days, and it
still showed the same variation tendency, although it was no more than 3%. Nevertheless,
it is beneficial to exert the alkalinity of RM and the excitation of gypsum in PG in a cement
RM-PG system.
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3.2. The Non-Evaporable Water of Paste with RM and PG

The non-evaporable water content can usually be used as the relative hydration degree.
The effect of PG and RM on the cement PG system, cement RM system, and cement PG–RM
system are presented in Figure 3. Compared with pure cement paste, the non-evaporable
water content of paste with 10% PG is the higher, being more than 2% at 3, 7, and 28 days.
Similarly, the non-evaporable water content of paste with 10% RM is higher than that of
pure cement paste at 7 and 28 days. Compared with the effects of PG and RM on the non-
evaporable water content of composite cementitious material paste, it was found that the
effect of RM is higher than that of PG, especially in the later stage. What is more, compared
with the PG2 group, when adding 10% RM, the non-evaporation water content of the RP1
group increased by 15.53% at 3 days, 9.37% at 7 days, and 7.04% at 28 days. When adding
70% RM, the non-evaporation water content of RP2 group decreased by 51.82% at 3 days,
24.72% at 7 days, and 24.51% at 28 days, compared with the PG1 group. The reason for this
is mainly that the gypsum in PG had a certain retarding effect, which hindered the setting
and hardening of paste [47,48], while RM had a certain stimulating effect due to the alkali
in RM [16]. Compared with the non-evaporable water content of the cement PG system, the
non-evaporable water content of the cement PG–RM system paste had a certain enhancing
effect; however, by no more than 2%w While RM also showed similar experimental results.
In addition, compared with the RM2 group, when adding 10% PG, the non-evaporation
water content of the RP2 group showed a decrease of 43.40% at 3 days, 18.46% at 7 days,
and 23.75% at 28 days. Adding 70% PG, the RP1 group decreased by 2.55% at 3 days, 1.61%
at 7 days, and 0.25% at 28 days, compared with RM1 group. This shows that PG and RM
can a exert superposition effect to increase the non-evaporation water content of paste.
Therefore, adding a certain proportion of RM and PG can improve the non-evaporated
water of cement paste, which is also similar to the change rule for reaction degree.
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3.3. Mechanical Property of Mortar with PG and RM

Mechanical properties are accepted as one of the main parameters for cement mortar.
In the present research, the effects of PG, RM, PG, and RM on the mechanical properties of
cement PG system, cement RM system, and cement PG–RM system at 3, 7, and 28 days
are presented in Figure 4. Compared with pure cement mortar, 10% RM can obviously
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improve the flexural strength of mortar at 3, 7, and 28 days, while 10% PG can decrease
the flexural strength of mortar at 3 and 7 days; however, the flexural strength increases
at 28 days. For example, at 3 days, the flexural strength in the PG1 group was 5.34 MPa,
in the PG2 group it was 0.51 MPa, in the RM1 group it was 6.21 MPa, and in the RM2
group it was 4.25 MPa, increases of −6.64%, −91.08%, 8.57%, and −25.70%, compared
with the flexural strength of the pure cement mortar group, which was 5.72 MPa. At
28 days the flexural strength in the PG1 group was 9.02 MPa, in the PG2 group was
5.56 MPa, in the RM1 group was 9.84 MPa, and in the RM2 group was 7.23 MPa, increases
of 5.37%, −35.05%, 14.95%, and −15.54%, compared with the flexural strength of the pure
cement mortar group, which was 8.56 MPa. It is mainly the gypsum component in PG that
prevents the hydration of cement, which further decreases the early mechanical properties
of mortar [18–20]. The alkaline substance in RM has a stimulating effect [16,21] which
further improves the early mechanical properties of mortar. Nevertheless, it is beneficial to
improve the mechanical properties of mortar at 28 days with 10% RM and 10% PG, while it
shows obvious deterioration with 70% RM and 70% PG. In addition, compared with the
PG2 group, it is not difficult to find that, in adding 10% RM, the flexural strength of the
RP1 group increases by 584.31% at 3 days, 149.17% at 7 days, and 28.96% at 28 days. When
adding 70% RM, the flexural strength of the RP2 group decreased by 91.57% at 3 days,
67.69% at 7 days, and 39.47% at 28 days, compared with the PG1 group. Thus, after RM
and PG replace cement together, their respective characteristics can be brought into play
and the flexural strength of mortar can be improved; however, this effect is relatively small
when the dosage is 80%. The main reason for this is that the activity of RM and PG is
limited, and the reduction in cement content it further decreases the excitation effect of
cement on RM and PG. This is also confirmed by the research results of hydration degree
and non-evaporation water.
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The compressive strength of mortar in the cement PG system, cement RM system and
cement PG–RM system at 3, 7 and 28 days is presented in Figure 5. Form Figure 5, it can be
seen that the compressive strength of cement mortar shows a downward trend after rising
first in the cement RM system and cement PG system at 7 and 28 days, while it shows a
downward trend in the cement PG–RM system and cement PG system at 3 days, and the
change in their peak compressive strength depends on the content of RM and PG. For the
pure cement mortar, the compressive strength is 19.1 MPa at 3 days, 28.4 MPa at 7 days,
and 44.5 MPa at 28 days. The peak value of compressive strength of the cement PG system
appeared at 10%, which was 12.5 MPa at 3 days, 32.8 MPa at 7 days, and 49.8 MPa at
28 days, a decrease by 34.55%, and an increase by 15.49% and 11.91% compared with pure
cement mortar. The peak value of compressive strength of the cement RM system appeared
at 10%, which was 22.3 MPa at 3 days, 34.3 MPa at 7 days, and 51.2 MPa at 28 days, an
increase by 16.75%, 20.77%, and 15.06% compared with the pure cement mortar. Therefore,
adding 10% RM and PG is beneficial to improve the compressive strength of mortar at
28 days. Besides, the compressive strength of the cement RM system was higher than that
of the cement PG system. Compared with the PG2 group, it is not difficult to find that,
when adding 10% RM, the compressive strength of the RP1 group increases by 750.00% at
3 days, 135.34% at 7 days, and 50.75% at 28 days. When adding 70% RM, the compressive
strength of the RP2 group decreases by 79.20% at 3 days, 53.66% at 7 days, and 36.18% at
28 days, compared with the PG1 group. Meanwhile, compared with the RM2 group, when
adding 10% PG, the compressive strength of the RP2 group decreases by 85.64% at 3 days,
43.28% at 7 days, and 22.86% at 28 days. When adding 70% PG, the compressive strength of
PG in the RP1 group decreases by 31.39% at 3 days, 20.41% at 7 days, and 21.68% at 28 days,
compared with the RM1 group. Similarly, the flexural strength, when adding RM and PG to
replace cement together, the compressive strength of mortar can be improved; however, this
effect is relatively small when the dosage is 80%. According to the research, the appropriate
amount of PG and RM can improve the mechanical properties of cement-based materials,
Ortega et al. [51] and Zhang et al. [50] also found a similar result. Combining the existing
literature and the experimental results of this paper, it can be seen that the replacement
rate of RM and PG is less than 10%, and is beneficial to improve the mechanical properties
of composite cementitious material. Generally speaking, after adding RM and PG, their
28-day compressive strengths were not less than 25 MPa in all experimental groups, which
meets the requirements of M25 in China standard JGJ/T70—2009. Therefore, it can be used
in masonry wall, mortar brick, wall decoration, and other projects.

3.4. Porosity of Mortar with PG and RM

The porosities of mortar in the cement PG system, cement RM system, and cement
PG–RM system at 3 and 28 days are presented in Figure 6. Obviously, curing age, single-
doped content, and compound-doped content can significantly change the porosity of
mortar. For example, the porosities of the samples C0, RM1, RM2, PG1, PG2, RP1, and
RP2 were 18.4%, 17.7%, 22.3%, 17.3%, 20.3%, 23.0%, and 20.5% at three days, respectively,
which prove that 10% RM and 10% PG can effectively improve the porosity of mortar, while
70% RM, 70% PG, 70% RM + 10% PG, 70% PG + 10% RM showed a negative effect. Even
compound-doped PG and RM do not have a good modification effect on the porosity of
mortar, which can be attributed to the high replacement rate and low reaction degree of
RM and PG that fail to give full play to pozzolanic activity [52]. After the curing period
was prolonged, the mortar become denser due to the hydration of the cement; nevertheless,
the porosity of mortar decreased by 38.9% at 28 days in the C0 group, and sample RM1
and sample PG1 decreased by 39.7% and 37.9%, respectively, which are both lower than
that of pure cement mortar. The samples RM2, PG2, RP1, and RP2 reduced no more than
20%, which are all higher than that of pure cement mortar. Comparing RM1, PG1, RM2,
PG2, RP1, and RP2, it is found that PG can more effectively refine the pore structure of
mortar than RM. There is a certain amount of ettringite that can be generated due to the
existence of gypsum in PG. In addition, ettringite can grow effectively without affecting
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the stability of mortar due to the retarding effect of PG. Nevertheless, PG has a good
function of refining the pore structure of mortar. What is more, many studies have also
confirmed that single-doped RM and PG can improve the pore structure of mortar. For
example, Yang et al. [12] thought that mortar became denser, and the porosity decreased
with 0–9% RM. Venkatesh et al. [53,56] also thought that the porosity of concrete decreased
with 10% RM, and exhibited higher strength and durability compared with pure cement
concrete. Li et al. [47] compared unmodified PG, 500 ◦C burnt PG, and neutralized PG with
4% lime, and thought that the porosity of mortar with 15% PG burnt at 500 ◦C was the
smaller, and the differences in others were less than 1%.
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3.5. Pore Size Distribution of Mortar with PG and RM

Pore size distributions have been naturalized as one of the primary factors affecting
strength and permeability; the effect of PG, RM, PG, and RM on the pore size distributions
of mortar is monitored by MIP and the experimental results are shown in Figure 7. From
Figure 7a, it can be seen that the pore size distributions of mortar are greatly influenced by
single-doped content and compound-doped content. For example, the volume of capillary
pores of >200 nm for mortar with 0% PG and RM is approximately 27% of the total gel pore
volume. A total of 10% PG and 10% RM reduce by approximately 25%, and the volumes
of capillary pore of 100~200 nm are similar. The volume of capillary pores of >200 nm,
100~200 nm, 20~100 nm, and <20 nm in mortar with 70% PG, 70% RM, 70% RM + 10% PG,
and 70% PG + 10% RM significantly increase, and the volume of capillary pore of >200 nm
in the RM2 group, PG2 group, RP1 group, and RP2 group increase by approximately two
times compared with the pure cement mortar. Nevertheless, the larger the incorporation of
PG and RM, the larger the volume content of mortar gel pores.
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Figure 7. Pore size distributions of mortar with PG and RM; (a) 3 days, (b) 28 days.

The curing period was prolonged from 3 days to 28 days (seen Figure 7b), most of
the cement particles have been hydrated, which stimulates the activity of PG and RM
and promotes the refinement of the pore structure of mortar; nevertheless, the volume of
capillary pores of <20 nm for mortar without PG and RM significantly increases, while the
volume of capillary pores of >200 nm and 100~200 nm significantly decreases. Similarly, the
volume of capillary pores of >200 nm significantly decreases among all mixers. Based on the
above experiment results, the prolongation of curing age and the addition of appropriate
admixtures are beneficial to the refinement of mortar pore structure, and many studies
have also confirmed this point. In general, a pore size of more than 50 nm has an important
impact on strength [47]; according to the pore size distributions of mortar in Figure 7, which
are in response to the experimental results of the strength as shown in Figures 4 and 5, the
capillary pore of mortar could be filled with the secondary hydration reaction between
cement and RM [24].
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3.6. Hydration Products of Paste Samples with PG and RM

To analyze the hydration product of paste in the cement PG system, cement RM
system, and cement PG–RM system at 3 and 28 days, the method of XRD analysis was
carried out and the experimental results are shown in Figure 8.
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Figure 8. Hydration products of paste with PG and RM; (a) 3 days, (b) 28 days.

Generally, hydration products in cement paste are mainly portlandite, hydrated cal-
cium silicate, ettringite, hydrated calcium aluminate, unhydrated particles, etc. [5,32], while
portlandite has a strong peak, other peaks are weak or undetected in ample C0. The
characteristic peak of portlandite significantly decreases in ample RM1 and PG1 compared
with ample C0; this proves that PG and RM have a certain pozzolanic activity and can
consume a part of portlandite [35,38]. Besides, the cement content in these mixes has been
decreased to 90%, which can also reduce the amount of portlandite formed; therefore,
the characteristic peak of portlandite is significantly decreased. Compared with the PG2
group, it is not difficult to find that, when adding 10% RM, the characteristic peak of port-
landite significantly decreases in the RP1 group. When adding 70% RM, the characteristic
peak of portlandite decreases in the RP2 group; however, it is higher than that of the RP1
group. Similarly, compared with the RM1 group, adding 10% RM, the characteristic peak
of portlandite is also decreased in the RP1 group; however, it is abnormal in the RP2 group
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compared with the RM1 group. It is worth noting that the characteristic peak of portlandite
is also significantly decreased in ample RP2 and disappears in ample RP1, which further
proves that it is beneficial to stimulate the activity of PG and RM with a ratio of PG to RM
of 7: 1; it is similar to the experimental results of the reaction degree. The curing period
was prolonged from 3 days to 28 days, the hydration products of paste are not changed
in 3 kinds of composite cementitious material systems, and the strength of the hydration
characteristic peak has a certain change. In general, the octahedral [Al (OH)6)]3− ion and
alkaline oxides (Al2O3, CaO, Fe2O3, K2O, and Na2O) in RM will prompt the formation
of ettringite and hatrurite [57,58], and can exert amicro-aggregate effect, improving the
compactness, microstructure, and strength [3,59]. There are no less than 90% CaSO4·2H2O
in waste PG, with the presence of C3A in cement, which will form ettringite [60,61]; how-
ever, their characteristic peak intensity in three kinds of composite cementitious material
systems is not obvious. It can be summarized that portlandite in hydrates is detected due
to the presence of low activity PG and RM, and its amount is significantly decreased as
time goes on and can even disappear, which indicates that the hydration of cement can be
stimulated by PG and RM. Nevertheless, the greater the amount of portlandite consumed,
the higher the reaction degree of PG and RM.

3.7. Microstructure of Mortar with PG and RM

In order to observe the microstructure of mortar in the cement PG system, cement
RM system, and cement PG–RM system, the SEM images of three kinds of systems are
obtained at 3 days and 28 days, as shown in Figures 9 and 10. In general, the solid phase
in cement consists of fibrous hydrated calcium silicate, hexagonal sheet-like portlandite,
needle-like ettringite, and unhydrated particles. It is similarly shown, in Figure 9a, and
these hydration products are wrapped together, indicating that the interface structure of
pure cement mortar is relatively dense. In comparison with ample C0, there is typical
hexagonal sheet-like portlandite and a certain amount of hydrated calcium silicate in RM1
and a certain amount of needle-like ettringite and unhydrated particles in RM2. After the
cement was replaced by PG, there was typical cluster hydrated calcium silicate interleaved
by needle-like ettringite and column-like gypsum in PG1 and short column-like gypsum
and unhydrated particles in PG2. After the cement was replaced by PG and RM, there is
a typical fibrous hydrated calcium silicate, a small quantity of needle-like ettringite, fine
column-like gypsum, and unhydrated particles in RP1, while there is a certain amount of
portlandite in RP2. These experimental results indicate that continuous incorporation of
RM, PG, RM, and PG can notably reduce the content of cement hydration products and
the compactness of microstructures [39]. Comparatively speaking, 10% RM and 10% PG
can strikingly improve the microstructure of mortar, which can promote the hydration of
cement, and RM and PG, to participate in the hydration reaction [40]. The larger the amount
of hydration, the looser the structure, and the hydration products pile up with each other,
thus reducing their mechanical properties. The curing period was prolonged from 3 days to
28 days, and hydration products in three kinds of cement systems are relatively abundant
and closely connected together; however, the pore size is relatively large and loose, with the
replacement rates being 70% and 80%. It can be deduced that the incorporation of PG, RM,
and PG and RM can obviously transform the porous microstructure of cement mortar due to
the hydration reaction of cement in three kinds of cement systems along with the pozzolanic
reaction of PG, RM, and PG and RM, which produces more hydration products such as
hydrated calcium silicate and ettringite. The first parameter mainly comes from the reaction
of portlandite in cement with pozzolanic activity Al2O3 and SiO2 in PG and RM [35,62], and
the second parameter mainly comes from the reaction of calcium aluminate hydrate with
SO4

2− in PG [63]. Additionally, it can be found that the pozzolanic activity of PG and RM is
low from the experiment of reaction degree (Seen Figure 2) and the non-evaporable water
(Seen Figure 3), and most of the PG and RM particles can fill the pores and cracks because
PG and RM are finer than cement, which can improve the compactness of mortar [50,61].
For this reason, the combination of PG and RM can efficaciously improve the interfacial
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transition zone and mechanical properties of mortar [49,53,56,62]. This is attributed to the
fact that RM and PG have experienced pretreatment processes by ultrasonic circulating
water instead of calcination and lime neutralization, etc., which can favorably manufacture
sustainable cementitious materials.
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4. Conclusions

In this work, the effect of PG and RM on the hydration properties of a cement PG sys-
tem, cement RM system, and cement PG–RM system were studied. The main experimental
results can be drawn as follows:

(1) The non-evaporable water content, reaction degree, compressive strength, and flexural
strength of cement systems show a downward trend after rising first when increasing
the incorporation of PG, RM, and PG and RM, whose values reach the maximum with
10% PG and 10%RM, which are higher than a pure cement system, and the others
have the reverse effect on cement systems.

(2) The XRD, MIP, and SEM analyses revealed that the incorporation of PG, RM, and
PG and RM can obviously transform the porous microstructure and produce more
hydration products of cement systems.

(3) The combination of PG and RM can efficaciously improve the interfacial transition
zone as RM with high pH value and PG with high gypsum content are used, and
PG and RM are finer than cement. The first mainly promotes the pozzolanic reaction
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of PG, RM, and PG and RM, and the second mainly improves the compactness of
cement systems.
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