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Introduction
Silica-manganese slag(SS) is a by-product of smelting manganese silicon alloy and 1.2 

tons of manganese silicon slag will be generated for every 1ton of manganese silicon alloy 
produced. The annual discharge of SS in China is about 10 million tons, almost all of which 
are in a stockpiled state. The massive storage of SS poses a serious threat to the surrounding 
ecological environment [1]. How to realize the resource utilization of SS is an urgent problem 
to be solved for the sustainable development of the silicon manganese alloy industry.

The use of SS as concrete aggregate has a promising application prospect. Water quenched 
SS has fine particles and cannot be used as aggregate in ordinary concrete. Relevant literatures 
[2-3] has reported the study of using air-cooled SS as coarse aggregate for concrete. Wong KS 
et al. [2] found that SS has weak adhesion to cement hydration products and the use of SS 
as aggregate reduces the compressive and tensile strength of concrete by 9.2% and 17.5%, 
respectively. Patil AV et al. [3] studied the use of air-cooled SS as coarse aggregate for road 
concrete. The results showed that the sharp edges and corners of the crushed air-cooled SS 
cannot ensure the smoothness of road concrete after plastering. Due to the high content of 
glass phase, the surface of air-cooled SS after crushing is smooth and can be sharp, so it is not 
suitable for direct use as aggregate for concrete.

In this paper, the feasibility of using thermally modified SS (TMSS) as coarse aggregate for 
concrete was preliminarily studied. SS was modified by slow cooling process and its mineral 
composition and environmental safety were studied. Basic characteristics of TMSS coarse 
aggregate (TMSSCA) were studied and the workability and mechanical properties of TMSSCA 
concrete and natural coarse aggravate (NCA) concrete were compared.
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Abstract
This paper reports the results of using thermally modified silica-manganese slag (TMSS) as coarse 
aggregates in concrete. The results showed that TMSS is composed of   crystalline minerals after thermal 
modification. The leaching concentration of heavy metals in TMSS is lower than the index limit specified 
for drinking water sources, indicating that TMSS is environmentally safe to use in concrete. The TMSS 
coarse aggregate has excellent physical and mechanical properties, and its performance indicators 
meet the requirements of Chinese national standard. The fluidity and compressive strength of concrete 
prepared with TMSSCA are comparable to those with natural gravel aggregate.
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Materials and Experimental Procedures
 Raw materials

The hot melt silicon manganese slag is taken from the slag outlet 
of a smelting furnace of a ferroalloy company. The raw materials 
used in the preparation of concrete include cement, ASTM Class 
F fly ash, fine aggregate, coarse aggregate, poly-carboxylic acid 
superplasticizer and water. Cement is an ordinary Portland cement 
(OPC) with a strength grade of 42.5N. Fine aggregate is natural sand 
with a fineness modulus of 2.6. Coarse aggregate includes NCA and 
TMSSCA with a continuous grading of 5-20mm.

 Experimental procedures

The hot melt SS was directly transferred from the slag outlet of 
the smelting furnace to a cast iron slag ladle preheated to 800 ℃ 
and was kept for 24 hours in the cast iron slag ladle. Subsequently, 
the SS was taken out of the cast iron slag ladle and naturally cooled 
to obtain TMSS. TMSSCA with a grading of 5-20mm was prepared 
by crushing and sieving process. The mineral composition of TMSS 

was characterized by X-ray diffraction (XRD). Leaching solution of 
TMSS was prepared in accordance with the Chinese environmental 
protection industry standard [4] and concentration of heavy metal 
ions in the leaching solution was detected by inductively coupled 
plasma-mass spectrometry. Physical and mechanical properties 
of TMSSCA were characterized according to Chinese national 
standard [5].

 Raw materials were well mixed according to the mixture 
proportions. The fresh concrete was caste into molds(100 mm × 
100 mm × 100 mm) after slump test. All specimens were demolded 
after 24h of casting and then cured in a moisture room at 20 ± 2 C 
and 90 ± 2% relative humidity (RH) until 3 days, 7 days and 28 days. 
Three specimens at each age were used for compressive strength 
by a testing machine at a loading rate of 6 kN/s.

Mixture proportions

Table 1 shows the mixture proportions of concrete investigated 
in this study. Mixture M1 and M1 were prepared with NCA and 
TMSSCA as coarse aggregate respectively.

Table 1: Mixture proportions of concrete (kg/m3).

Mix ID Type of Coarse 
Aggregate Cement Fly Ash Coarse 

Aggregate Fine Aggregate Water Superplasticizer

M1 NCA 336 84 1019 729 168 16

M2 TMSSCA 336 84 1019 729 168 16

Results and Discussion
Characteristics of TMSS

XRD pattern of TMSS is given in Figure 1. As shown in Figure 
1, The TMSS is mainly composed of crystalline mineral phases, 
including CaAl2O4, Ca2Al2SiO7, CaSiO3, Ca2MgSiO7, MgSiO3, MnS, etc. 

The detection results of heavy metal concentration in the leaching 
solution of TMSS are shown in Table 2. From Table 2, it can be seen 
that the concentration of heavy metals in the leaching solution of 
TMSS is lower than the limit for drink water source specified in 
the national standard [4]. The results show that the TMSS will not 
cause heavy metal leaching hazards and is environmentally safe.

Figure 1: XRD pattern of TMSS.
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Table 2: Detection results of heavy metal concentration in the leaching solution of TMSS (10-3mg/L).

Sb Cr Cd Cu As Pb Hg Zn Mn

Leaching solution of TMSS 0.23 2.68 0.04 0.87 0.49 <0.01 <0.01 5.58 42

Concentration limits for drinking water 
source(<)[6] 5 50 5 1000 10 10 1 100 100

Characteristics of TMSSCA

Test results of properties including SO3 content, soundness, 
crushing index, water absorption, apparent density, compressive 
strength of  TMSSCA  and performance index requirements for 
Class I coarse aggregate specified in Chinese national standard [5] 

were shown in Table 3.  As shown in Table 3, properties of TMSSCA 
examined in this study are superior to requirements specified 
in Chinese national standard [5]. The compressive strength of 
TMSSCA reaches 269MPa, which is far higher than the standard 
requirement of 80MPa. Thus, the results showed that TMSSCA is 
suitable for using as coarse aggregates in concrete.

Table 3: Test results of properties of TMSSCA.

Properties Units Test Results
Performance Index Requirements for Class 
I Coarse Aggregate Specified in the National 

Standard [5]

SO3 content % 0.17 ≤0.5

Soundness % 2 ≤5

Crushing Index % 7 ≤10

Water Absorption % 0.45 ≤1.0

Apparent Density kg/m3 2800 ≥2600

Compressive Strength MPa 269 ≥80

Concrete with TMSSCA

Test results of workability and compressive strength of 
concrete respectively using TMSSCA and NCA as coarse aggregates 
are shown in Table 4. As can be seen from Table 4, under the same 
mix ratio, the slump and expansion of TMSSCA concrete slurry 
are greater than those of NCA concrete slurry. This is mainly due 

to the fact that the surface water absorption of TMSSCA aggregate 
is lower than that of natural crushed stone aggregate, thereby 
improving the fluidity of fresh concrete. The compressive strength 
of TMSSCA concrete at various ages is slightly higher than that of 
NCA concrete. Therefore, the use of TMSSCA to prepare concrete 
with workability and compressive strength comparable to those of 
concrete prepared with NCA is demonstrated.

Table 4: Workability and compressive strength of concrete.

Mix ID
Compressive strength (MPa)

Slump (mm) Expansion (mm)
1d 7d 28d

M1 28.9 38.1 50.2 210 520

M2 29.6 39.7 52.9 220 540

Conclusion
The feasibility of using TMSS to prepare coarse aggregate has 

been preliminarily confirmed in this paper. The hot-melt SS can be 
modified by slow cooling to adjust its phase to crystalline mineral 
phase. The leaching concentration of heavy metals from TMSS is 
lower than the limit value specified for drinking water sources, 
indicating its environmental safety. TMSSCA shows excellent 
properties including SO3 content, soundness, crushing index, 
water absorption, apparent density and compressive strength. 
The fluidity and compressive strength of concrete prepared with 
TMSSCA can be comparable to that of NCA concrete. This study 
shows the potential use of SS, while further study are still needed to 
investigate the influence of incorporating TMSSCA on the durability 
of concrete. 
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