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� Synergistic effect of EMR, RM and CS was proposed.
� Excellent mechanical and durability performance obtained under synergistic action.
� The EMR-RM-CS hydrated paste has well polymerized [SiO4] structure.
� AlIV and AlVI both exist in the synergistic system.
� Heavy metals can be well solidified by the road base material.
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The present study was designed to prepare the road base material by using electrolytic manganese resi-
due (EMR), red mud (RM) and carbide slag (CS) as main raw materials. The mix was optimized and
mechanical properties, durability, strength formation mechanism and environmental behavior were
investigated. X-ray diffraction (XRD), Mercury intrusion porosimetry (MIP), 29Si and 27Al magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) and electron probe microanalysis method (EPMA)
were used for microstructure characterization. The results show that after curing for 7 days, the EMR-
RM-CS exhibited the highest unconfined compressive strength (UCS), showed the best durability, the best
pore diameter distribution and critical pore size. Hydration characteristics reveal that C-A-S-H gel and
AFt are generated in EMR-RM-CS, which is positive to the form of UCS and durability. 29Si analysis
demonstrates that the synergy of EMR, RM and CS has the best polymerized structure. Al in the hydrated
pastes exists in the form of AlIV and AlVI, and one part of the dominant AlIV is activated and another one is
converted to AlVI. The leaching results meet the Chinese groundwater standards which indicate that EMR-
RM-CS system can well solidify the heavy metals. The road base material prepared by EMR not only con-
sumes a significant quantity of solid wastes but also provides a new idea for the synergistic utilization of
solid wastes.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Electrolytic manganese residue (EMR), red mud (RM) and car-
bide slag (CS) are three kinds of solid waste which are largely pro-
duced and difficult to recycle. EMR is a potentially harmful
industrial solid waste, its major hazardous substances are heavy
metals and ammonia nitrogen, which are harmful to the environ-
ment [1]. China is the largest producer of electrolytic manganese
in the world with about 1.66Mt produced in 2018 [2]. Every ton
of manganese produced generates 10–12 tons of EMR [3], implying
that more than 15.5Mt EMR are produced annually. Red mud is the
powder solid residue of bauxite after strong alkali leaching of alu-
mina. For every ton of alumina produced will bring 1.0–1.8 tons of
red mud [4,5]. Red mud contains a large number of strong alkaline
chemicals with a pH value of more than 12 [6], and the main harm-
ful element in RM is sodium. Carbide slag is an industrial waste
produced by calcium carbide hydrolysis to prepare C2H2 gas, PVC,
etc. [7,8]. The carbide slag had been identified as an industrial solid
waste, which is difficult to be recycled. [9,10]. Moreover, it is also a
highly alkaline solid slag. At present, the disposal methods of these
residues are open-air accumulation or landfill which may cause the
harmful substances in the three kinds of waste residues to infil-
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Fig. 1. Mineralogical phases of raw materials.
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trate into the soil or flow into rivers with rainwater, thereby caus-
ing harm to the soil and groundwater, and then endanger the eco-
logical environment. Therefore, the comprehensive utilization of
solid waste is particularly important.

Nowadays, the utilization of the three kinds of waste residues is
mainly in the preparation of building materials. EMR is used in
autoclaved bricks [1], ecological cement [11], geopolymer [12];
RM is used to replace clay for non-burned brick [13], road materi-
als [14] and cementitious material [15]; while CS could be used as
an alternative for limestone in cement production, xonotlite
[16,17]. These studies provide a practical and theoretical basis for
the utilization of the three solid wastes. Liu [18] investigated the
composite activator of industrial solid waste carbide slag and
desulphurization gypsum; it was found that they stimulate the
activity of Bayer red mud and make it exhibit hydraulically cemen-
titious properties. The compressive strength of 28 days can reach
more than 7 MPa. Chen [19] studied on activation of slag by EMR
and RM composite, and it was found that when the mass ratio of
steel slag, RM and EMR was 3:1:2, the activity index of steel slag
increased from 46% to 82% in 7 days and from 61% to 82% in
28 days. There have been many reports on the individual utiliza-
tion technologies of EMR, RM and CS, synergic use of them need
to be further studied. It is necessary to investigate the synergistic
effect to realize large-scale utilization of solid waste.

This paper innovative proposals on the utilization of EMR, RM
and CS as main raw materials to prepare road base material,
mainly focuses on the unconfined compressive strength (UCS),
durability properties and its synergistic mechanism. In addition,
use different detection methods such as X-ray diffraction (XRD),
Mercury intrusion porosimetry (MIP), 29Si and 27Al magic-angle
spinning (MAS) nuclear magnetic resonance (NMR) and electron
probe microanalysis method (EPMA) to obtain the synergistic
mechanism of EMR-RM-CS system. The research results provide a
basis for the synergistic utilization of various solid wastes, con-
ducive to reduce the pollution of EMR, RM and CS to the environ-
ment, demonstrate significant environmental and economic
benefits.
Table 2
Mix design of road base material (mass fraction/%).

Mix name EMR RM CS Admixture Aggregate Extra cement

1 30 – 5 5 60 3
2 30 10 5 5 50 3
3 30 10 – 5 55 3
2. Experiment

2.1. Materials

The road base material including EMR, RM, CS, aggregate and a
small amount of admixture and grade 42.5 ordinary Portland
cement (OPC). EMR used in this research was obtained from Guiz-
hou electrolytic manganese plant by the hydrometallurgy process,
and its pH value is 6.0. RM was from Guizhou alumina plant; the
smelting method is the Bayer process; and its pH value is 10.9.
CS was obtained from Guizhou acetylene plant; and its pH value
is 11.2. Their chemical composition was analyzed by X-ray fluores-
cence (XRF) and presented in Table 1. The mineralogical phases of
raw materials were analyzed by XRD, as shown in Fig. 1. Combin-
ing XRD and XRF results, it can be seen that the main mineralogical
phases in EMR are quartz (SiO2) and gypsum (CaSO4�H2O), its SO4

2�

content is high, which can be used to form AFt in an alkali environ-
ment. The aluminous minerals in RM are high, which can provide
enough Al to the system. The main substance in CS is Ca(OH)2,
Table 1
Chemical composition of raw materials.

Constituents SiO2 SO3 Al2O3 CaO Fe2O3

EMR 31.38 18.58 10.71 9.45 7.53
RM 18.71 1.73 22.72 13.96 20.48
CS 4.09 1.26 2.18 83.69 0.72
which can supplement enough calcium and OH� to provide a high
alkaline environment for promoting hydration reaction. It can be
inferred that the Al-O, Si-O and Ca-O content in the system can
be stimulated by OH�, partially combine with SO4

2� to generate
hydraulic substances that make the system having hydraulically
cementitious properties.

2.2. Experimental procedures

Different proportions of raw materials were designed and the
compressive strength was tested to find a suitable proportion of
road base material. The designed proportions are presented in
Table 2. The mix design is based on the Chinese standard ‘‘Techni-
cal Specifications for Construction of Highway Roadbases”. It can
be seen that the ratio of EMR: RM: CS are 6:0:1, 6:2:1 and 3:1:0,
respectively. This study mainly focuses on the mechanical proper-
ties and synergistic mechanism of the three ratios.

According to Chinese standard T0843-2009, specimens of
50 � 50 mm were prepared according to the proportions listed in
Table 2. Raw materials were mixed to uniformity and water was
added based on the optimum water content to achieve maximum
dry density. The mixture was stored in an airtight to prevent the
loss of water. Waterproof bag for 18–24 h prior to making the test
specimens to get a uniform distribution of the moisture through-
out the whole mixture. The less water added and the more quality
of the mixture, the moisture can not be distributed evenly in the
mixture very soon. After 18–24 h, the moisture will be distributed
more evenly in the mixture, which makes the mixture reach the
optimum moisture content and reduces the strength error.
MnO K2O MgO Na2O TiO2 LOI

4.82 3.4 1.61 0.77 0.57 10.02
– 2.08 0.71 8.61 3.34 7.02
– – 0.89 – 0.15 7.01



Fig. 2. Dry density and water content of mixture materials.

Table 3
Relevant information of road base materials.

Road base materials Ratio pH Maximum dry
density (g/cm3)

Optimal water
content (%)

EMR-RM-CS 6: 2: 1, 10.1 1.89 14.2
EMR-RM 3: 1: 0 8.6 1.84 15.1
EMR-CS 6: 0: 1 7.9 1.75 16.2

Fig. 3. The UCS of different ratios after curing for 7 days.
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The specimens were moulded into a U50 � 50 mm cylinder.
The forming pressure was 20 MPa and the degree of compaction
was 98%. The pressure was maintained for 2 min and then the sam-
ple was demoulded, sealed in airproof plastic bags and cured in a
cabinet at 20 ± 2 �C and 95% humidity until the appropriate age.
After completion of the curing process, specimens were soaked
for 24 h before compressive strength testing. The best proportion
of road base material was subjected to further testing for long-
term strength evaluation, mechanism analysis, and environmen-
tally friendly performance. To investigated the hydration charac-
teristics of the road base material, the pastes were prepared
without aggregates using water to solid proportion of 0.5. The
resulting pastes were moulded in 20 mm � 20 mm � 20 mm frame
and cured at 20 ± 2 �C and 95% humidity. The specimens for
microstructure analysis were immersed in ethanol for 48 h to stop
the hydration reaction and then dried at 60 �C for 24 h.

2.3. Test conditions

1. The maximum dry density and the optimum moisture content
were obtained by the compaction test according to T0804-
1994 (similar to ASTM D698-78 [20]) and the potential expan-
sion tests, which are regulated by the ASTM D1883 standard
[21]. Measuring the expansion performance of compacted
materials by expansion sensor. The results show that the expan-
sion of the EMR-RM-CS road base material is less than 1%.
Under the synergistic action of raw materials, the expansion
of road base material will not appear. The UCS test was con-
ducted as per the testing method T0805-1994 (similar to ASTM
D2850-87 [22]) for materials stabilized with inorganic binders
for highway engineering (Ministry of Transport of the People’s
Republic of China, 2009).

2. The synergistic mechanism was tested through the micro-
detection method: The phase analysis by XRD was done using
Bruker D8 ADVANCE X-ray diffractometer with CuKa radiation,
voltage 40 kV, current 200 mA and 2h scanning, ranging from
10�to 90�. MAS NMR spectroscopy was measured by a
BRUKER-AM300 spectrometer (Germany), 59.62 MHz for the
29Si resonance frequency and 78.20 MHz for the 27Al resonance
frequency. SEM was carried out by means of Hitachi SU8020
scanning electron microscope. The microscale elemental distri-
bution mapping was done by electron probe microanalysis
method (EPMA) using EPMA-1720H, Shimadzu, Japan. The pore
structure of samples tested by Autopore IV 9510 Mercury intru-
sion porosimetry (MIP).

3. For Backscattered Electron (BSE) test, the hydrated pastes were
cut into 5–10 mm thin sections and immersed in isopropanol,
after removing the free water, the slices were saturated with
resin to support the microstructures [23,24], the detailed pol-
ishing method has been discussed by Hu and Li [25,26,27]. Then
polished with sandpaper of different sizes to obtain a smooth
surface. Finally, the samples were sprayed with metal for subse-
quent testing under electron microscopy [28].

3. Results

3.1. The compaction test

The three main raw materials that make the road base have
quite different densities. Thus, the ratio of mixture significantly
affects the dry density. Fig. 2 shows the maximum dry density
and the optimum water content of road base materials in different
proportions. Relevant information was shown in Table 3.

The 7 d UCS of different ratio was illustrated in Fig. 3, it can be
seen that the peak value of strength is achieved when the ratio of
EMR:RM:CS is 6:2:1, and it exceeds the standard of highway road
base in China (3–5 MPa). This is mainly due to the synergy of the
three raw materials. The strength of the EMR-RM and EMR-CS are
lower, 0.7 MPa and 3.7 MPa, respectively. The Ca(OH)2 was used
to replace carbide slag to prepare road base material also be evalu-
ated. The results show that after curing for 7 days, the UCS of EMR-
Ca(OH)2 and EMR-Ca(OH)2-RM were 4.3 MPa and 5.7 MPa, respec-
tively. The performance is slightly better than mixed carbide slag
(3.7 MPa and 5.6 MPa). So, if there is not enough carbide slag, Ca
(OH)2 can be used to achieve the same effect.

The strength development of the road base material in different
proportion is shown in Fig. 4. As shown in Fig. 4, the UCS of the
three proportion is increased with the increase of curing age, espe-
cially the UCS of EMR-RM-CS increases more sharply than the
others; its 28d strength can reach up to 8.4 MPa, and the strength
of EMR-RM and EMR-CS are 5.2 MPa, 3.1 MPa respectively. Thus,
the strength of the road base materials developed sharply follow-
ing the curing age.



Fig. 4. Variation of UCS with curing time.
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3.2. Durability properties

Road base materials will be used in different areas. Therefore,
besides the basic physical and mechanical properties of road base,
it is also necessary to study the frost resistance and wetting-drying
resistance of road base materials [29].
Fig. 6. UCS of the road base materials varying with the number of wetting-drying
cycles.
3.2.1. Freezing-thawing test
The three different proportion samples were cured for 28 days

as required by the standards prior to freeze-thaw cycles test. One
cycle consists of freezing specimens at the temperature of �18 �C
for 16 h, and then thawed in water at 20 �C for 8 h. The water is
at least 20 mm higher than the surface of the specimens [30]. After
each cycle, the specimens are wiped out and weighed. After com-
pleting 5 cycles, the UCS test was carried out on frozen specimens.
The results are shown in Fig. 5. The frost resistance index (BDR)
was calculated as follows:

BDR ¼ RDC

RC
� 100% ð1Þ

BDR = The change of UCS after freeze-thaw cycles (%)
RDC = The UCS of specimens after freeze-thaw cycles
RC = The UCS of non-frozen specimens
It can be seen from Fig. 5 that after 5 cycles the strength are

7.1 MPa, 2.3 MPa and 0.9 MPa respectively, the UCS of EMR-CS-
RM changed a little, still exceeding China’s highway standards.
But the strength of EMR-RM and EMR-CS decreased greatly. The
Fig. 5. UCS and BDR of each circle.
BDR are 85.47%, 47.5% and 28% respectively. The BDR value of tra-
ditional cement stabilized macadam road base material after five
freeze-thaw cycles are about 80%. It can be concluded that the syn-
ergistic effect of the EMR, RM and CS road base materials have good
frost resistance. The reason is that the three materials synergize to
form hydration products with better frost resistance, which can
better resist low temperature.

3.2.2. Wetting-drying cycle test
Wet-dry cycle is an important test of the durability of road base

material [31]. The road base material often encounters the alter-
nating state of dry and wet due to the influence of climate condi-
tions. The moisture content in the material is constantly
changing while it is known that water has a great influence on
the strength and stability of the high-grade road base. Thus, this
change will cause the expansion and contraction of the materials
in the road base.

The 28-day cured specimens were used for wet-dry cycles test.
One cycle consisted of soaking specimens in water at room tem-
perature for 5 h, then dry them at 70 �C for 42 h, and then dry them
in air for 1 h (48 h). After attaining the desired number of cycles,
specimens were soaked for 2 h and dried for at least 2 h before
testing the UCS [32]. Figs. 6 and 7 show the UCS and weight loss
respectively after 1, 3, 6, 9, 15, 18 and 20 cycles.
Fig. 7. Mass loss of the road base materials varying with the number of wetting-
drying cycles.



Fig. 8. Cumulative porosity (A) and Log-differential volume (B) curve plots at 7 days
for road base material.
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As shown in Fig. 6, the UCS of EMR-RM-CS, EMR-CS and EMR-
RM after 20 wetting-drying cycles are 6.1 MPa, 1.1 MPa and
1.7 MPa respectively. The strength of EMR-RM-CS still meets the
standard of road base material, which implies that it possesses
enough wet-dry resistance. However, the strength of the other
two groups decreased obviously. It is worth noting that in the
EMR-RM-CS and EMR-RM, the UCS of the 1–3 cycles increased
gradually. After the third cycle, the strength began to decrease,
and the UCS was lower than that of the contrast specimen after
the sixth cycle. The main reason is that water immersion promotes
hydration reaction at the cycles 1–3, more aluminum participates
in the reaction and combines with Ca and Si to produce strength-
advantageous products, after 3 cycles, the hydration reaction is ter-
minated, the hydration products no longer increase and the
strength begins to decrease; and drying at 70 �C can also accelerate
hydration reaction. The combination of hydration reaction and
structural transformation is beneficial to the increase of strength.
The strength of EMR-CS decreases gradually, mainly due to the fact
that the hydration reaction was completed after curing for 28 days,
and the hydration reaction could not continue to take place as
there was no more Al in the system to form the hydration products.
It can be seen from Fig. 7 that the mass loss of different specimens
increases with the increase of cycles, and the 1–3 cycles have a lar-
ger mass loss, mainly due to the surface mass loss at the initial
stage of the cycles, and then the weight loss increased slowly.

The durability test further proves the feasibility of the applica-
tion of EMR-RM-CS road base material. In order to further observe
the strength forming mechanism and structural characterization,
the internal structure and hydration products were further
analyzed.

3.3. MIP analysis

MIP analysis can be able to correlate strength and porosity and
microstructure and porosity [33]. Through the analysis of pore
structure by MIP method, the total pore volume, average pore size,
porosity and pore size distribution can be obtained and then the
influence of internal structure on mechanical properties can be
inferred [34]. The detailed analysis results of the pore structure
are shown in Table 4. The total pore volume decreases under the
synergy of EMR-RM-CS. Meanwhile, the average pore diameter
and porosity are lowest in EMR-RM-CS, and then has the best pore
structure [35]. Bulk density and apparent density were also dis-
played in Table 4. The higher density corresponds to higher
strength because of the higher density of hydration products
[36]. It is clear that EMR-RM-CS showed the highest bulk density,
and then the density of C-A-S-H gel and AFt are highest, so the
highest UCS and durability are exhibited in EMR-RM-CS.

Fig. 8 gives the cumulative porosity and Log-differential volume
curve plots of EMR-CS, EMR-RM and EMR-RM-CS based road base
material cured for 7 days. The critical pore diameter (pc) and
threshold pore diameter (pt) are shifted to smaller pore diameter
from EMR-RM to EMR-RM-CS on the Log differential and cumula-
tive porosity plot, respectively. pc is based on the peak value of
the Log differential curve and pt is acquired from the slope of
Table 4
Pore structure of the hardened pastes hydrated for 7 days.

Sample Total Pore
Volume
(mg/L)

Average Pore
Diameter (nm)

Porosity
(%)

Bulk
Density
(g/cm3)

Apparent/
Skeletal
Density
(g/cm3)

EMR-RM 0.4854 94.8 38.42 1.11 2.41
EMR-RM-CS 0.3477 41.6 33.73 1.53 2.38
EMR-CS 0.3926 56.3 35.48 1.39 2.07
cumulative porosity curve [37]. As shown in Fig. 8, the EMR-CS,
EMR-RM and EMR-RM-CS show only one peak, the corresponding
pc value is 0.532um, 0.918um and 0.376um, respectively. However,
the pore diameter changed a little. As pc means the most fre-
quently occurring pore size in the whole sample [38], which pro-
vides extended information on pore structure evolution. It is
generally accepted that the smaller the critical pore diameter, the
finer the pore structure [39]. So, under the synergistic effect, the
EMR-RM-CS based road base material own the lower transmissiv-
ity. Also, according to the strength-porosity relationships, higher
cumulative porosity slope at the same pore diameter corresponds
to higher strength [40], as shown in Fig. 8 that EMR-RM-CS shows
the best cumulative porosity, therefore, own higher compressive
strength and durability.
3.4. XRD analysis

The XRD patterns of EMR-CS, EMR-RM and EMR-RM-CS
hydrated for 7 days are presented in Fig. 9. It can be observed from
Fig. 9 that the main hydration products are AFt and C-A-S-H gel,
which can promote the development of strength. The left phases,
like SiO2, Fe2O3, CaCO3 as well as CaSO4�2H2O, can be obtained
from raw materials. It is worth noting that the new peak of C-A-
S-H gel in 8 and 28�only exist in EMR-RM-CS. Also, the amount
of hydration products in EMR-RM-CS are highest, and make the
internal bonding of road base materials more closely, which is cor-
responding to the results of UCS and durability.
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Fig. 9. XRD patterns of the three different road base material curing for 7 days.

Y. Zhang et al. / Construction and Building Materials 220 (2019) 364–374 369
The main reason is that RM can provide Al and OH�, and EMR
has enough CaSO4�2H2O, which will leach Ca2+ and SO4

2�, CS can
provide enough Ca2+ and OH�. When the alkalinity is high, the
activity of alumina in red mud will be stimulated. The Al-O and
Si-O chemical bond is destroyed by OH�, free Al and Si will com-
bine with Ca2+ and SO4

2� to form C-A-S-H gel and AFt. The main
reactions are as follows:

SiO2 þ OH� � þH2O ! H3SiO4½ �� ð2Þ

AlO2� þ OH� � þH2O ! H3AlO4½ �2� þ Al OHð Þ6
� �3� ð3Þ

H3SiO4½ �� � þ H3AlO4½ �2� þ Ca2þ ! C - A - S - H ð4Þ

Al OHð Þ6
� �3� þ Ca2þ þ SO2�

4 þH2O

! Ca6Al2 SO4ð Þ3 OHð Þ12 � xH2O AFtð Þ ð5Þ
Therefore, the strength mechanism of EMR-CS-RM is due to the

effectively activated of alkaline and sulfate, more hydraulic sub-
stance is formed (C-A-S-H gel and AFt) to provide higher strength.
Due to the OH� in EMR-RM and Al in EMR-CS are low content,
cause hydration reaction incompletely. Low content of C-A-S-H
gel and AFt leads to decrease in strength and durability.

3.5. 27Al and 29Si NMR analysis

29Si and 27Al NMR are characterization tool for both the amor-
phous and poorly crystalline phases of Si and Al in hardened pastes
[41]. 29Si NMR provides information on the relative amount of sil-
icon atoms in different Qn (mAl) (n = 0–4) tetrahedra environments
where n is the number of bridge oxygen between [SiO4] tetrahedra,
and m is the number of Al atoms around the [SiO4] tetrahedra [33].
The polymerization degree of the aluminum-silicate chains can be
obtained from the 29Si NMR spectra. Similarly, 27Al NMR spectra
have been used to analyze the coordination of Al [42]. Therefore,
the formula for calculating the relative bridge oxygen (RBO) num-
ber is summarized [43], which can effectively evaluate the degree
of [SiO4] polymerization:

RBO ¼ 1
4

1� Q1P
Qn þ 2� Q2P

Qn þ 3� Q3P
Qn þ 4� Q4P

Qn

 !

¼ 1
4

P
n � QnP
Qn ð6Þ
Qn: The relative area of the formant
According to the research of Puertas et al [34], the peaks at

�77 ppm to�82 ppm corresponds to Q1 units; the peaks appearing
near �85 to �89 ppm to Q2 units, the substitution of Si by Al cause
the signals to 3–5 ppm to more positive values. So, the peaks
around �82 to �84 ppm is to Q2(1Al)/Q2(0Al); the chemical shift
from � 92 ppm to �100 ppm is the resonance peak of Q3 units,
therefore, the peak near �88 ppm to �91 ppm is to Q3(2Al)/
Q3(1Al). Previous experiments have shown that in the raw materi-
als, the main peaks are Q0, Q1 and Q2, respectively. The 29Si NMR
spectra of EMR-CS, EMR-RM and EMR-RM-CS hydrated pastes
cured for 7 days are shown in Fig. 10, the cumulative intensity (I
(Qn)) and RBO are shown in Table 5. It reveals that the chemical
shifts of main resonance peaks are �82.79 ppm, �86.01 ppm,
�88.17 ppm, �90.37 ppm and �92.68 ppm, respectively. Which
Fig. 10. Si NMR spectra of the three hydrated pastes cured for 7 days.



Fig. 11. 27Al NMR spectra of the three hydrated pastes curing for 7 days.

Table 5
The I(Qn) and RBO of the three hydrated pastes cured for 7 days.

Sample Chemical
shift(ppm)

Assign Relative
area

I(Qn) RBO

EMR-RM �82.79 Q2(1Al) 22.73 0.15 59.95%
�86.01 Q2 100.00 1.0
�88.17 Q3(2Al) 47.35 0.86
�90.37 Q3(1Al) 31.54 0.29
�92.68 Q3 2.31 0.02

EMR-RM-CS �81.35 Q1 13.93 0.19 62.60%
�83.70 Q2(1Al) 40.72 0.57
�85.15 Q2(0Al) 53.33 0.70
�86.84 Q2 100 1.00
�89.41 Q3(2Al) 45.69 0.73
�91.85 Q3(1Al) 36.50 0.38
�94.03 Q3 5.17 0.07

EMR-CS �82.69 Q2(1Al) 25.50 0.38 59.24%
�85.77 Q2 100 1.00
�89.52 Q3(2Al) 40.45 0.84
�91.54 Q3(1Al) 14.85 0.30
�92.75 Q3 18.32 0.23
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represents Q2(1Al), Q2, Q3(2Al), Q3(1Al) and Q3, respectively. It can
be seen that the tetrahedron Si-O in EMR-RM is mainly Q2 and
Q3(2Al) units, which has a higher relative area and cumulative
intensity. So, the two units are associated with the main hydration
products of the road base material. In EMR-CS, the structure of
tetrahedron Si-O are the same with EMR-RM, only the chemical
shifts of each formant have changed slightly. Obviously, the rela-
tive area and cumulative intensity of Q3 in EMR-CS increased a
lot compared to that of EMR-RM, which can explain that the
strength and durability of EMR-CS are better than that EMR-RM.
In EMR-RM-CS hydrated pastes, the chemical shifts corresponding
to the resonance peaks are �81.35 ppm, �83.70 ppm, �85.15 ppm,
�86.84 ppm, �89.41 ppm, �91.85 ppm and �94.03 ppm respec-
tively. Compared with EMR-CS and EMR-RM, Q1 and Q2(0Al)
appear, resulting in the increase of the confusion degree. Mean-
while, the cumulative intensity of Q2(1Al), Q3(2Al) and Q3(1Al)
increased, which caused the amount of [AlO4] combined with
[SiO4] to increase.

From Table 5, it can be seen that the RBO of EMR-RM, EMR-RM-
CS and EMR-CS are 59.95%, 62.60% and 59.24% respectively. It indi-
cates that the degree of polymerization of the [SiO4] tetrahedra is
best in EMR-RM-CS. Under the synergy of the three materials,
the quantity of bridge oxygen in tetrahedron Si-O increased; the
number of tetrahedrons Al-O replacing tetrahedrons Si-O also
increased, and the degree of polymerization of the system
increased [43], which was reflected in the higher strength and
durability of EMR-RM-CS.

27Al NMR spectra from EMR-CS, EMR-RM and EMR-RM-CS
hydrated pastes are shown in Fig. 11. As it can be seen that all
the three pastes have two strong and sharp peaks around
59.6 ppm and 68 ppm, which are associated to four coordinated
aluminum (AlIV), and the sharp peak at 60 ppm mainly derived
from unreacted four-coordinated aluminum in raw materials
[44,45]. The four coordinated aluminum peaks around 68 ppm
are due to the interaction of the rawmaterials [41]. After activation
reaction, the four-coordination aluminum was activated and over-
lapped with the four-resonance aluminum peak in the C-A-S-H gel.
Another two smaller peaks near 12 ppm and 4 ppm are six-
coordinated aluminum (AlVI) [45,46]. The narrow center band at
12 ppm is from the octahedral aluminum structure in AFt, the
broad peak at 4 ppm is the inactivated AlVI from raw materials.

The relative integral area and relative content of each peak are
calculated by Mestrenova. The results are shown in Table 6. It can
be observed from Table 6 that the content of activated AlVI in EMR-
CS, EMR-RM and EMR-RM-CS are 16.48%, 16.47% and 26.94%,
respectively. So, the activated AlIV is highest in EMR-RM-CS, and
the AlIV in EMR-CS, EMR-RM nearly the same. In EMR-RM-CS, the
content of stimulated AlIV is high, which exist in the chemical shift
at 70.22 ppm, the intensity and area of the peak increase obviously.
It is clear that the center peak at 12 ppm, which characterizes AlVI

did not appear in EMR-RM, because there is not sufficient Ca2+ to
form AFt.

According to 27Al NMR analysis of EMR-CS, EMR-RM and EMR-
RM-CS paste hydrated at 7 days, it reveals that the Al in road base
materials exists in AlIV and AlVI but the AlIV is dominant. The most
part of tetrahedron Al-O binding with tetrahedron Si-O to form C-
A-S-H gel and a small part is converted to octahedron AlVI, which
cause the activated Al in EMR-RM-CS to be high.



Table 6
Results obtained from deconvolution of 27Al NMR spectra of the three hydrated pastes.

Sample AlIV AlVI

AlIV1 AlIV2 AlVI1 AlVI2

EMR-RM Chemical shift (ppm) 68.97 59.87 12.01 4.95
Relative peak area 37.47 100 21.26 68.57
Relative content (%) 16.48 44.00 9.35 30.16

EMR-CS Chemical shift (ppm) 68.12 59.64 – 4.13
Relative peak area 34.78 100 – 76.34
Relative content (%) 16.47 47.37 – 36.16

Chemical shift (ppm) 70.22 59.19 12.95 3.58
EMR-RM-CS Relative peak area 68.68 100 6.44 79.88

Relative content (%) 26.94 39.21 2.52 31.33
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More Si and Al participate in hydration reaction lead to the
amount of hydration products (C-A-S-H gel and AFt) increased,
which own a positive effect on the strength forming [44]. Mean-
while, the degree of polymerization of the system increases with
the increase of activated Al and Si, and a better polymerization
degree will promote a better polymerization structure [41]. Com-
pared with EMR-CS and EMR-RM, EMR-RM-CS has the highest
polymerization degree and the most hydration products (C-A-S-H
gel and AFt), exhibit higher UCS and durability.

3.6. SEM-EPMA analysis

The microstructure of EMR-RM, EMR-CS and EMR-CS-RM pastes
cured for 7 days is displayed in Fig. 12. It can be seen that fibrous C-
A-S-H gel, needle-shaped or rod-shaped AFt and CaSO4�2H2O can
be observed in the hardened pastes of different materials for
7 days. The AFt microcrystals are used to fill the pores and make
the structure more compact [47]. The surface of the unreacted par-
Fig. 12. Micrographs of the three hy
ticles was covered with fibrous C-A-S-H gel, which connects all
parts of the material together. The C-A-S-H gel and AFt crystallites
of EMR-CS-RM is more intensive and the number of products is lar-
gest in EMR-CS-RM, resulting in high strength, which is consistent
with XRD results. It is noted that though EMR-CS-RM paste is
uneven, there is no obvious pore, porosity is low. In contrast, the
pores in EMR-RM and EMR-CS are obviously, resulting in poor pore
structure, which agrees with MIP results.

EPMA is an analytical tool used to analyze the abundance and
distribution of major and trace elements at a microscale in the road
base material [44]. Fig. 13 demonstrates the BSE image and ele-
ment distribution maps of Ca, Si, Al and S in EMR-RM-CS road base
material hydrated for 7 days. It depicts that Ca was widely dis-
tributed in the matrix, Si, Al and S uniform distribution throughout
the matrix. The average level of Ca, Si, Al and S are 233, 56, 27 and
47 respectively. The distribution of four elements is consistent, cor-
responding to the AFt and C-A-S-H gel, which play an active role in
strength development. This agrees with SEM results.
drated pastes cured for 7 days.



Fig. 13. BSE elemental distribution mapping of Ca, Si, Al and S (b, c, d and e).
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3.7. Leaching text

Since EMR, RM and CS all contain heavy metal ions, the environ-
mental safety of the road base materials must be considered. The
leaching text results of raw materials and the road base materials
specimens cured for 7d are listed in Table 7. The acetic acid buffer
of pH = 2.64 was used as required by Chinese standards HJ/T 300-
2007. The results were compared to groundwater standards
GB14848-2017 (I–IV). It can be seen from Table 7 that the main
pollutants in EMR are Mn2+ and ammonia nitrogen, while the
Na+ mainly exist in RM. The contents of Mn2+ and Na+ in raw mate-
rials exceed the minimum standard for groundwater GB14848-
2017. But the contents of heavy metal ions and ammonia nitrogen
in the road base materials synergistically prepared by EMR-CS-RM
all meet the standards. Therefore, EMR-CS-RM road base material
has good environmental safety performance, can replace tradi-
tional road base materials for road engineering.

Combination with hydration products and previous research
theories [44,48], the reason for solidification is that the heavy met-
als are adsorbed on AFt and C-A-S-H gel matrix. Moreover, Mn can
replace Ca to react with Si and Al, and then one part enters the
silica-aluminum skeleton and the others are encapsulated or
adsorbed by hydration products. Thus, the solidification of heavy
metals can be well realized.

3.8. Synergistic strength forming mechanism

According to the above Micro-characterization, it can be seen
that under the synergistic action of EMR, RM and CS, the increase
of strength and durability is mainly due to the amount of hydration



Table 7
Leaching text results.

Content (mg/L) pH Mn2+ NH3�N2 Na+ Total Cr Se Cd2+ Pb2+

GB/T 14848-2017 Class I
6.5–8.5

Class I
0.05

Class IV
1.5

Class I
100

Class III
0.05

Class I
0.01

Class I
0.0001

Class I
0.005

EMR 6.86 1267 27.44 N. D 0.147 0.769 0.056 0.363
RM 10.91 N. D N. D 1183.4 0.3041 N. D 0.0044 0.0222
CS 11.10 N. D N. D N. D 0.033 N. D 0.02 N. D
Road base material 8.44 0.0013 1.06 56.38 0.014 N. D 0.0001 0.0016
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products increased and the change of silicon-aluminum structure
in the system: (1) The activity of alumina in red mud will be stim-
ulated and the chemical bond of Al-O and Si-O were broken by
OH�, the free Al and Si combined with SO4

2� which leached from
EMR and Ca2+ supplemented by CS to form a large number of
C-A-S-H gel and AFt, which play a positive role in the development
of strength. Meanwhile, with the growth of hydration products, the
larger pores will be filled, and promote the improvement of pore
structure. (2) The bonding ability between Si and Al is enhanced,
more Q2(1Al), Q3(2Al) and Q3(1Al) generation, which makes the
degree of polymerization of the system higher and has better poly-
merization structure. Al in road base materials exists in AlIV and
AlVI but the AlIV is dominant. The most part of tetrahedron Al-O
binding with tetrahedron Si-O to make the silicon-aluminum
bonds more tightly connected. The last small part is converted to
octahedron AlVI, which cause the activated Al in EMR-RM-CS to
be high. These are the main reason for the high compressive
strength and durability under synergistic action.

3.9. Application test

The EMR-RM-CS road base material has been applied in
Guizhou, China. The picture of field-test as shown in Fig. 14. The
field-test shows that core sampling and texting after curing for
Fig. 14. Pictures
7 days, the performance of the road base is slightly better than
the laboratory results, which further illustrates the feasibility of
synergistic effect of multi-solid waste to prepare road base
material.

4. Conclusions

This paper investigated use EMR, CS and RM as the main raw
materials to prepare the road base material. After curing for
7 days, the UCS of the mixture reaches 5.6 MPa and it exceeds
the strength requirement (3–5 MPa) for highway road base in Chi-
nese standards. The stronger durability, leaching environmental
performance and field application better illustrate the feasibility
of EMR-RM-CS road base material. Under the synergistic action,
the road base material has the best pore structure and polymer-
ized structure, promote the development of strength. More Si
and Al participate in the reaction, and the hydration reaction is
more sufficient leads to more hydration products (C-A-S-H gel
and AFt) produced, which is beneficial for the UCS as well as the
solidification of heavy metals. The EMR-RM-CS road base material
not only consumes a large quantity of solid waste, protects the
ecological environment but also reduce the cost for road base
construction as free solid wastes replace expensive natural
materials.
of field-test.
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