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Abstract In this paper, iron ore tailings (IOT) were separated from the tailings field and used to prepare cement stabilized
macadam (CSM) with porous basalt aggregate. First, the basic properties of the raw materials were studied. Porous basalt was
replaced by IOT at ratios of 0, 20 %, 40 %, 60 %, 80 %, and 100 % as fine aggregate to prepare CSM, and the effects of different
cement dosage (4 %, 5 %, 6 %) on CSM performance were also investigated. CSM’s durability and mechanical performance
with ages of 7 d, 28 d, and 90 d were studied with the unconfined compression strength test, splitting tensile strength test,
compressive modulus test and freeze-thaw test, respectively. The changes in Ca®" content in CSM of different ages and different
10T ratios were analyzed by the ethylene diamine tetraacetic acid (EDTA) titration method, and the micro-morphology of CSM
with different ages and different IOT replaced ratio were observed by scanning electron microscopy (SEM). It was found that
with the same cement dosage, the strengths of the IOT-replaced CSM were weaker than that of the porous basalt aggregate at
early stage, and the strength was highest at the replaced ratio of 60 %. With a cement dosage of 4 %, the unconfined com-
pressive strength of CSM without IOT was increased by 6.78 % at ages from 28 d to 90 d, while the splitting tensile strength
increased by 7.89 %. However, once the IOT replaced ratio reached 100 %, the values increased by about 76.24 % and 17.78 %,
which was better than 0 % [IOT. The CSM-IOT performed better than the porous basalt CSM at 90 d age. This means [OT can

replace porous basalt fine aggregate as a pavement base.
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1. Introduction

At present, semi-rigid base occupied a large proportion in
road engineering, and cement stabilized macadam (CSM)
was widely used as a semi-rigid material." The aggregate
commonly used in CSM were limestone, granite and so

on,*?

which has higher strength and smaller crushing index.
However, because of the short of natural aggregate, especi-

ally the high quality stones, more renewable materials were
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necessary to decline the environment impact and construc-
tion cost. In the construction of road base, solid waste can be
used to partially replace natural raw materials to offset the
lace of raw material and improve the storage problems for
massive amount of solid waste.*”

Iron ore tailings (IOT) is a waste generated from the ex-
traction of industrial ores.'*'" According to relevant reports,
1 ton of fine iron ore produced 2.5 to 3 tons of tailing. So [OT

has became one of the largest solid wastes in terms of pro-
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duction and storage. More and more IOT are being created,
with an increasing of accumulation volume, but the compre-
hensive utilization efficiency is low, which caused growing
serious environmental pollution problems. In order to achi-
eve sustainable development of waste, a large number of IOT
was utilized in engineering to increase the recycled appli-
cation.'*'? In recent years, many researchers used discarded

IOT to produce concrete and other building materials.'*"'®

17.18) o0 d

IOT was used as cementitious material in concrete,
the effects of IOT and fibers on the performance of concrete
were studied,'” there were also researches about IOT used in
steam concrete research.””?" To investigate the effect of IOT
on building material technology, Fontes et al.”? formulated
three mixtures: conventional mortar, mortar with IOT com-
pletely replaced natural aggregate, and mortar with IOT
replaced lime, with the replacement ratio ranged from 10 %
to 100 %. The bulk density and water demand ratio were
increased in IOT slurry has increased, and mechanical pro-
perties were improved. IOT could also use as fine aggregate
to substitute natural or artificial sand to prepare IOT con-
crete. > Abd Latif et al.”® prepared concrete using tailings
and sand with different proportions, and found that with the
raised ratio of tailings, the density and permeability of the
concrete were increased. In order to reduce the cost of con-
crete construction, Zhao et al.?” used IOT instead of natural
aggregate to prepare ultra-high performance concrete (UH
PC) under two different curing regimes. It was found that the
workability and compressive strength of UHPC was sharply
decreased with 100 % replaced ratio, and the pores in UHPC
became coarse if more IOT was added.

In the road construction, the CSM base has the advantages
of high strength and good integrity.***” Solid waste is also
widely used in pavement base.’’”? Some researchers use
recycled aggregate instead of natural aggregate for pavement
base, Zhang et al.*® prepared CSM with recycled aggregate
for pavement base, and found that when the cement content
was 4 %, it matched the requirements of domestic express-

1 34)

way and primary highway base. Lan et al.”™ study the influ-

Table 1. Physical properties of P.O 42.5 cement.

ence of mechanical properties and shrinkage properties CSM
using 0~2.36 mm reclaimed fine aggregate (RFA) to replace
natural aggregate. The results shown that unconfined com-
pressive strength (UCS) and indirect tensile strength (ITS)
were affected by different dosage of cement. For open grade
cement stabilizing material (OGCSM), Yan et al.* prepared
OGCSM with recycled aggregate, and proved that OGCSM
was preferred to be applied on expressway base layer with
0~100 % recycled aggregate instead of natural aggregate.
Yan et al.>® also used solid waste incineration (SWI) bottom
ash (BA) as a cement-stabilized macadam material. Reuse
of industrial waste or construction by-products, including
dredged river sediment (DRS), 10T slag (ITS) and calcium
carbide slag (CCS), in the production of building materials
decreased construction costs, reduced storage requirements
and protected the environment. Chu et al.’” used waste (DRS,
ITS and CCS) as backfill materials in mined-out areas. Bastos
et al.*® used IOT as road engineering materials and found
that waste could be used in road engineering. On the whole,
the application of IOT in pavement grassroots was relatively
rare, but CSM was still used in grassroots research.

In this paper, IOT used to replace porous basalt fine aggre-
gate with different ratio (0, 20 %, 40 %, 60 %, 80 %, 100 %)
to prepare CSM, and the mechanical and durability proper-
ties were studied. The influence of IOT replacement ratio on
CSM performance was analyzed from a macro perspective.
Cement dosage of 4 %, 5 %, and 6 % were respectively used
to study the influence of different cement dosage on CSM

performance.

2. Experimental Procedure

2.1. Material of experiment

The cement used in this project was P.O 42.5 cement pro-
duced by Anhui Conch Company, and its main properties are
shown in Table 1. The porous basalt used in this research was
produced in Chuzhou, Anhui Province, and was divided into
three types based on the Chinese standard JTG/T.F20-2015

Proi Volume Setting time (min) Compressive strength (MPa) Rupture strength (MPa)
roject -

! stability Initial set Final set 3d 28d 3d 28d
Index Qualified 156 215 26.9 471 5.6 8.2
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suggested particle size range, which was 0~4.75 mm, 4.75~
9.5 mm, and 9.5~19.5 mm, in that order. IOT was iron tailing
ore debris with a particle size of 0~4.75 mm from Anhui
Province. The water absorption and water content are listed
in Table 2. The microtopography of IOT is shown in Fig. 1,
the surface shows a granular structure, which is relatively
rough and has a large number of crystal angles. The chemical
composition of IOT by X-ray fluorescence (XRF) is shown

in Table 3, the main elements in IOT are Si, Al, Fe and Ca.

Table 2. Technical parameters of the aggregate.

Aggregate Apparent Water
paﬁ?clegsize dzl;sity absorption rate Crushing value
(mm) (g/em’) (%) 0
9.5~19 2.532 3.097 28.927
4.75~9.5 2.647 5.061 -
0~4.75 2.716 7.232 -

0~4.75 (10T) 2.821 9.924 -

2.2. Compaction test and mix proportion

In this experiment, the laboratorial impact test for aggre-
gates were using a standard cylinder to instead the field roller
in construction site. According to the standard test method
of “Test Methods of Materials Stabilized with Inorganic
Binders for Highway Engineering” (JTG.E51-2009),* the
type B compaction method was selected for compacted
stabilization of gravel. The mixture specimens were weighed
according to designate proportions, and mixed until uniform.
The mixed material was divided into three groups, and each
group was filled into the test cylinders respectively with
three hammering layers, beated 59 times each layer. After
the sample was formed, the substrate and the liner were
removed, the outer wall of the striking cylinder was wiped to
weight. Finally, the sample in the cylinder was pushed out by
the demold machine.

In this paper, porous basalt aggregate, IOT and P.042.5
cement were mainly used to prepare CSM. The cement ratio
of 4 %, 5 %, and 6 %, as well as the IOT substituted ratio of 0
%, 20 %, 40 %, 60 %, 80 %, and 100 % were applied to study
the influence of different materials content. The experiment
scheme is shown in Table 4. The grading curve of the control
group is shown in Fig. 2, which meets the dense distribution
range (JTG/T.F20-2015).*” The variation curves of maxi-
mum dry density and optimal moisture content are shown in
Fig. 3. It can be seen from the figure that with the increase of
cement dosage, the maximum dry density of CSM was
increased and the optimal moisture content was decreased.
When the cement dosage was fixed, the maximum dry
density of CSM was gradually decreased and the optimal

moisture content was increased with the increase of 10T

content.
Fig. 1. Micro-morphology of IOT.
Table 3. Chemical composition of IOT (%).
NaZO MgO A1203 SIOQ P205 SO3 Cl KzO CaO F6203
4.853 5.037 16.552 42811 3.071 4.155 0.073 1.368 8.422 12.678
Table 4. Test scheme of mechanical properties of cement stabilized IOT mixture.
Mechanical performance index The content of IOT (%) Cement dosage (%)
Unconfined compressive strength 0, 20, 40, 60, 80, 100 4,56
Splitting strength 0, 20, 40, 60, 80, 100 4,5,6
Compressive rebound modulus 0, 20, 40, 60, 80, 100 4,5,6

Freeze-thaw test

0, 20, 40, 60, 80, 100 4,5,6
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Fig. 2. Particle size gradation of cement stabilizing materials with
I0T.
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Fig. 3. Results of the compaction test of IOT (%) for different
cement dosages (left axis: MDD; right axis: OMC).

2.3. Testing method

The test sample was prepared according to the optimum
water content and maximum dry density of cement stabilized
crushed stone above test. The used aggregate was determined

according to the screening test results of main aggregates.

According to standard of test method of “Test Methods of
Materials Stabilized with Inorganic Binders for Highway
Engineering” (JTG.E51-2009),*” the size of the mold was
100 mm in diameter and height. The mechanical properties
were tested by YAW-2000 microcomputer controlled pres-
sure testing machine produced by Shanghai Sinisheng Ma-
chinery Manufacturing Co., Ltd. The loading speed was set
at 1 mm/min. Finally, the prepared specimens which curried
for 7 d, 28 d, and 90 d were tested. In freezing-thawing test,
150 mm % 150 mm cylinder specimens were used. According
to test procedures for “Test Methods of Materials Stabilized
with Inorganic Binders for Highway Engineering” (JTG.ES1-
2009),” the specimens were freezing-thawing for 5 cycles
and kept in standard condition for 28 d. Finally, BDR (loss
rate of compressive strength of freezing-thawing specimens)
of CSM were calculated.

Ethylene diamine tetraacetic acid (EDTA) titration me-
thod, which was designed on the basis of the specification
of test rules for “Test Methods of Materials Stabilized with
Inorganic Binders for Highway Engineering” (JTG.E51-
2009).>” As shown in Fig. 4, the calcium ion was titrated
with EDTA-2Na, and the color in the mixture was firstly
changed from rose red to purple and finally to dark blue. The
end point of the complexation reaction of Ca** can be
determined by the gradual addition of EDTA-2Na solution,
where a change in color can be observed. EDTA-2Na binds
to Ca®" eventually forming a dark blue complex. The dosage
of consumption of EDTA-2Na was recorded. Finally, scan-
ning electron microscopy (SEM) was used to observe the

microstructure of CSM-IOT at different curing ages.

3. Results and Discussion

3.1. Unconfined compressive strength
As seen in Fig. 5 is CSM-IOT with varied cement dosage

Fig. 4. Diagram of changes in titration process.
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of 4 %, 5 %, and 6 %, respectively. It could be found that
with the increase of cement, the unconfined compressive
strength of the mixture was also increased, and the uncon-
fined compressive strength was increased with the growth of
curing age. At 7 d, the strength of the mixture with a IOT
replaced ratio of 0 % was the highest. The strength value
was 4.2 MPa. When the replaced ratio reached 100 %, the
strength was the lowest with the value of 3 MPa. The results
indicated that the incorporation of IOT leaded to the reduc-
tion of the early strength of the mixture. With the increase of
curing age, at 28 d, with the same dosage of cement, the
strength with the replaced ratio of 60 % was the highest,
which increased about 38.29 %.

The particle size of IOT was finer than that of porous
basalt sand, it was better filled the inter voids of the mixture.
However, when the amount of IOT was too much, it affected
the overall strength of the mixture. IOT itself has more
defects and its own strength is low, so that the strength of 60
% was the best. Because the cement was mostly completed
hydration reaction at this time. SiO,, AlLOs; and other
volcanic materials in IOT was reacted with Ca(OH), from

cement hydration, and the reaction rate was relatively fast.
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Therefore, the strength of some mixtures replaced by IOT
was exceed the replacement rate of 0. When the curing age
was 90 d, the maximum growth rate of 100 % IOT content
was 31.84 %. When the 10T replaced ratio was 0, the growth
rate was only 11.05 %, which means that the volcanic ash
reaction inside the IOT-CSM 1 was more intense, so the
overall strength of the mixture increased with the increase of
the IOT replaced ratio. When the cement dose was 6 %, the
90 d compressive strength with a 100 % IOT replacement
ratio was 7.12 MPa.

3.2. Splitting strength

As shown in Fig. 6 is splitting strength of CSM-IOT with 4
%, 5 %, and 6 % cement dosage, respectively. The splitting
strength was increased with the increase of cement dosage.
As shown in Fig. 6(a), when the curing age was 7 d, the
maximum splitting strength of CSM with IOT replaced ratio
of 0 % was 0.32 MPa, while the minimum splitting strength
of CSM with IOT content of 100 % was 0.26 MPa. At the
early age, the strength of CSM with IOT replaced ratio of 0
% grew faster, while the strength of IOT cement stabilized

macadam grew slower. With the increase of curing age, the

(b)

Unconfined compressive strength (MPa)

0% 20% 0% 60% 80% 100%
The content of 10T

(c)

Unconfined compressive strength (MPa)

0% 20%

60% B30% 100%

The content of 10T

Fig. 5. Unconfined compressive strength of cement stabilized macadam for IOT.
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strength of CSM with 10T replaced ratio of 100 % grew
73.08 % at the end of 28 d, and 17.78 % at 90 d. As compa-
rison, the growth rate of CSM with 0 % IOT replacement
ratio was only 7.89 %. with the cement dosage of 6 %, the
splitting strength of CSM with 0 % IOT replacement ratio
was 0.8 MPa at 90 d, while the split strength of CSM with a
100 % IOT replacement ratio was 0.89 MPa. This was
because the active SiO, and ALO; in IOT reacted with the
products of cement hydration to produce a gel material,
which filled part of the pores and improved the deformation

resistance of the specimen.*" Finally, with the increase of

0% 20% 40% 60% 80% 100%
The content of 10T

11

10T content, the splitting strength of CSM gradually incre-
ased. The combined use of porous basalt coarse aggregates
and IOT sand improved the splitting tensile strength of CSM
due to their relatively rough surface increased the friction of
interface.

Fig. 7 shows the longitudinal section of the fracturing
strength experiment of CSM. The curing period is 90 d. The
left picture shows the porous basalt CSM, and it can be seen
that its section aggregate is broken seriously, the section
surface is uneven, and the overall bonding strength of the

CSM is low. The right picture shows the section diagram of
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Fig. 6. Splitting strength of cement stabilized macadam for IOT.

Fig. 7. Longitudinal section of the splitting test of cement stabilized macadam for IOT with 5 % cement content (left: 0 % IOT; right: 100 %

10T).
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the specimen where 100 % iron tailings replace porous basalt
fine aggregate with flat surface. The coarse aggregate with-
out edge basically has no phenomenon of breaking and pee-
ling, and the overall bond strength of CSM is higher.

3.3. Compressive rebound modulus

It can be seen from Fig. 8 is compressive rebound modulus
of CSM-IOT with cement dosage of 4 %, 5 %, and 6 %, res-
pectively. With the increase of cement dosage, the rebound
modulus of CSM also increased gradually, and the rebound
modulus reached the maximum when the cement was 6 %.
As shown in Fig. 8(a), once the cement dosage was unchan-
ged, the rebound modulus with IOT replacement ratio of 0 %
was the largest at 7 d, while the rebound modulus with IOT
replaced ratio of 100 % was the smallest. With the curing age
of the specimens increased to 28 d, the growth rate of
rebound modulus of the specimen with IOT replaced ratio of
0 % was 34.1 %, and that of specimen with IOT replaced
ratio of 60 % was closed. However, with the increase of IOT
replaced ratio, the compressive rebound modulus of CSM
also increased with the increase use of IOT. The maximum
compressive rebound modulus of 100 % IOT replaced ratio
was 1,286 MPa, compared with the growth rate of 35.8 % for

(a)

Compressive rebound modulus (MPa)

0% 20% 40% 60% 80% 100%
The content of [OT

28 d. When the cement dose was 6 % and the curing time
reaches 90 d, the modulus of compressive rebound with 0 %
10T replaced ratio was 1,780 MPa, with a growth rate of
16.34 %, while the growth rate of samples with 100 % IOT
replacement ratio was 27.15 %. This indicated that adding a
certain amount of IOT could improve the modulus of com-

pressive rebound of CSM in the later stage.

3.4. Freeze-thaw cycle

From Fig. 9 is variation value of freeze-thaw strength
CSM-IOT with a cement dose of 4 %, 5 %, and 6 %, res-
pectively. With the increase of cement dosage, the freeze-
thaw resistance of cement-stabilized crushed stone material
became stronger. When the cement dosage was 4 %, the 28 d
unconfined compressive strength of cement-stabilized cru-
shed stone material first increased and then decreased with
the increase of IOT content. At 60 %, the peak value was
5.67 MPa, and the 28 d freeze-thaw cycle loss was also the
same change. When the IOT replacement ratio was 0 %, the
freeze-thaw splitting strength loss ratio of CSM was 87.8 %,
and when the 10T replacement ratio was 100 %, the freeze-
thaw splitting strength loss ratio was 82.1 %, indicated that
adding too much IOT leaded to the deterioration of the

]

Compressive rebor

0% 20% 0% 6% 0% 100%
The content of 10T

(c) Sl

Compressive rebound modulus (M

0% 0% 40% o0 BO% 100%
The content of IOT

Fig. 8. Compressive rebound modulus of cement stabilized macadam for IOT.
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Fig. 9. Variation value of freeze-thaw strength of cement stabilized macadam for IOT.

freeze-thaw resistance of CSM. When the cement dosage
was 6 %, the BDR of the control group was 92.7 %, the BDR
of freeze-thaw split strength with 60 % IOT replacement
ratio was 93.4 %, and the BDR of 100 % IOT replacement
ratio was 87.3 %. The overall effect was good, indicating that
a certain amount of IOT can improve the freeze-thaw resis-
tance of CSM.*?

3.5. EDTA titration method

Fig. 10 shows the CSM with 6 % cement dosage. The
change value of Ca®* content under different ages and diffe-
rent [OT dosage was measured. As shown in Fig. 10, at 7 d,
the consumption of EDTA-2Na standard solution also incre-
ased with the increase of IOT content, indicating that the
content of Ca®” increased with the increase of IOT content.
The dosage of cement was fixed, so the Ca*" provided by
cement were the same for CSM with different IOT contents.
In the early stage of curing, the volcanic ash reaction rate of
IOT and the components in cement was slow. There were
slightly dissolved calcium salts in IOT, so the Ca®" provided
by the slightly dissolved calcium salts in IOT dominated the
early mixture. Therefore, in the early stage, Ca®" in the solu-

tion increased with the increase of IOT content.

At 28 d, the content of Ca®" in the mixed solution with [OT
content of 0 % was the highest. With increasing IOT content
(20 %, 40 %, 60 %), SiO, and Al,Os in IOT react with Ca**
from cement hydration by pozzolanic effect and consume
calcium hydroxide, so the graph reacts as a gradual decrease
in Ca®* content. At 60 %, the Ca*" content in the mix is the

lowest, which shows that the Ca®" from cement hydration

10

—a— 7d
o 28d

=

20 40 60 80 100
The content of IOT (%)

Consumption of EDTA-2Na standard solution (mL)

Fig. 10. Standard solution consumption of EDTA-2Na with diffe-
rent replacement percentage of IOT.
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reacts with SiO, and Al,Os in the 10T to reach the optimum
value. However, there is a small amount of dissolved cal-
cium salts in the IOT, so when the IOT content is (80 %, 100
%), a large amount of IOT will continue to dissolve Ca*’,
causing a gradual increase in the Ca®* content of the solution.

Therefore, in the later stage, silica in IOT reacted with

calcium hydroxide generated by cement hydration, which

had a certain impact on the performance of CSM.*

3.6. Microstructure analysis of CSM
As can be seen from Fig. 11, reaction products with

different morphologies can be found, and the morphologies

Fig. 11. Microstructure analysis diagram for cement stabilization of IOT.
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of the products, such as C-S-H gel, Aft and Ca(OH),, were
determined by comparative analysis.***® al is the CSM 7 d
micromorphology with IOT replacement ratio of 0 %, and a2
is the CSM 7 d micromorphology with IOT replacement rate
of 100 %. When the curing age of CSM was 7 d, it can be
seen from al that the surface of CSM was relatively smooth
and dense, with more C-S-H gel generated. Less AFt and
Ca(OH), were generated, while a2 found that CSM with a
100 % IOT replacement ratio had partial pores on its surface,
which was not as dense as CSM with a 0 % IOT replacement
ratio. It also had partial C-S-H gel and Ca(OH),. This
indicated that CSM with 0 % IOT replacement ratio in the
early days was more dense than CSM with 100 percent IOT
replacement ratio. When CSM was maintained for 28 d, b1 is
the CSM 28 d microtopography with 0 % IOT replacement
ratio, and b2 was the 28 d microtopography with 100 % IOT
replacement rate. It can be found that there was more AFt in
b2, indicated that in CSM with 100 % IOT replacement rate,
the cement and SiO; and Al,Os in IOT had pozzolanic effect
to generate more hydration products, which made the slurry
surface denser. When CSM was cured for 90 d, cl is the
CSM 90 d microstructure map with 0 % IOT replacement
rate, and c2 is the 90 d microstructure map with 100 % IOT
replacement rate. It can be seen that both CSM with 0 % IOT
replaced ratio and CSM with 100 % IOT replaced ratio have
a large number of hydration products generated. With the
increase of curing age, the CSM will become more and more
dense and the internal hydration products will be more and

more.

4. Conclusion

This paper mainly studies the application of IOT replacing
porous basalt in pavement base, and studies the mechanical
properties and durability of IOT cement-stabilized gravel
materials prepared with different IOT replacement rates. The
conclusions are as follows:

(1) From the micro-morphology of IOT, it can be seen that
it was angular, rough. With the curing age of 7 d and
cement dosage of 4 %, the CSM of 10T with a replaced
ratio of 0 % and 60 % met the basic requirements of
highway grade heavy traffic highways and first-class
highways. With IOT replacement rates of 20 %, 40 %,
80 %, and 100 %, CSM can meet the requirements of

highways with medium to light traffic and first-class
highways.

(2) With increasing cement dosage, the unconfined com-
pressive strength, splitting strength and compressive
resilient modulus of IOT cement stabilized macadam
gradually increased. When the cement dosage is fixed, at
ages of 7 d and 28 d, the incorporation of IOT leads to a
decrease in the properties of CSM such as unconfined
compressive strength, splitting strength, and compres-
sion resilience modulus. When the age is increased to 90
d, the various mechanical properties of CSM increase
with the increase of IOT replacement rate.

(3) When the cement dose was 6 %, and the curing age was
7 d. With the increase of [OT content, the content of Ca*
increased with the increase of IOT content. When the
curing age was 28 d, the content of Ca®* decreased first
and then increased with the increase of IOT content. At
the age of 28 d, more C-S-H gel and AFt can be seen
generated by IOT cement-stabilized gravel material,
indicating that the active substances in IOT will have

volcanic ash effect with the components in the cement.
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