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Preparation of coal gangue 
ceramsite high‑strength 
concrete and investigation of its 
physico‑mechanical properties
Hongbo Guan*, Jitao Yu, Albert Salomon Umuhuza Kibugenza* & Qingwei Sun

Using coal gangue (CG) as a building material does not only reduce the disposal of industrial waste 
and promote the resource utilization of solid waste, but also solves the excessive consumption of 
sand and stone in construction. This study experimentally investigated calcining ceramisites from CG 
raw materials and the mechanical properties of CG ceramsite concrete were studied. Additionally, the 
physical, chemical and composition changes of CG before and after calcination were observed using 
scanning electron microscopy and X‑ray diffraction analysis (XRD). The experimental results reveal 
that calcination can reduce the density, increase the strength, increase the porosity of CG, and change 
the microstructure and mineral composition of CG. Finally, there are great differences between coal 
gangue ceramsite concrete and ordinary concrete in the variation of compressive strength with time 
and the relationship between elastic modulus and compressive strength. In this paper, the existing 
formula is modified according to the experimental data.

Coal gangue (CG) is a type of industrial solid waste produced by the process of coal excavation and  separation1–3. 
Generally, one ton of CG is discarded for every 10 tons of produced  coal4,5. Statistics show that 5–6 billion tons 
of CG are now stored, and the accumulation increases at the rate of 150–200 million tons per year in  China6,7. 
Presently, most CG is disposed by simple stacking, and there are approximately 2600 large-scale CG hills in 
China, which amount to approximately 15,000  hectares8–10. This does not only result in resource wastage, but 
also causes environmental pollution and threatens the health and well being of local  communities11. With the 
implementation of China’s green and sustainable development strategy, the rational and comprehensive utiliza-
tion of CG will bring remarkable economic, environmental, and social benefits.

Existing research on the main application methods of CG in building materials includes research on the 
production of cement, burning bricks, concrete hollow blocks, and aerated  concrete12,13. Although there are 
different types of CG with different properties owing to the different origins of CG, most chemical and mineral 
components are similar to natural aggregates (NAs). Therefore, a more direct and effective method of using CG is 
to use it as a coarse or fine aggregate in concrete after  crushing14–16. However, CG aggregates (CGAs) have looser 
structure and exhibit lower physical properties compared with NAs. Therefore, the strength of concrete with 
CG as the aggregate is lower than that of concrete with NA as the aggregate under the same mix  proportion17–19. 
Therefore, to improve the mechanical properties of CGA concrete and enable its adoption in more construction 
fields, it is necessary to improve the physical and mechanical properties of CGA.

Although the chemical composition of CG is complex, CG is mainly composed of silicon and aluminum, 
and contains more than a dozen elements. Generally, CG is mainly composed of oxides, such as  SiO2,  Al2O3, 
 Fe2O3, CaO, MgO, NaO, and  K2O20–22. Calcined CG is an effective method for improving the aggregate prop-
erties. Carbon and various other components in CG can be removed during calcination at the temperature 
range of 500–800 °C, and the kaolinite in CG can also be gradually transformed into  metakaolin23,24. Zhang 
et al.25, Cao et al.13, and Guo et al.26 pointed out that CG has high activity after calcination at the temperature of 
700–800 °C. The secondary hydration reaction of metakaolin and cement hydration products (calcium hydroxide) 
can improve the mechanical properties of CGA concrete. Yang et al.27 found that high temperature calcination 
can cause the internal chemical reaction of CG, eliminate unstable components in CG, generate stable substances, 
and cause corresponding changes to the physical properties of CG. By calcination, CGA can be converted into a 
lightweight and high-strength ceramsite  aggregate5,28. Compared with ordinary concrete, ceramsite lightweight 

OPEN

School of Civil Engineering, Liaoning Technical University, Fuxin 123000, China. *email: guanhongbo@lntu.edu.
cn; Salomon2022@163.com

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-20940-y&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16369  | https://doi.org/10.1038/s41598-022-20940-y

www.nature.com/scientificreports/

aggregate concrete has excellent properties, such as low density, high cylinder compressive strength, high porosity, 
high softening coefficient, good frost resistance, and excellent alkali-aggregate  resistance29–31. Many  studies32–36 
have investigated the preparation and performance of ceramsite concrete with the objective of further improv-
ing its performance. To improve the performance of CG ceramsite lightweight aggregate concrete (CGCLAC), 
it is necessary to improve the physical and mechanical properties of coal gangue ceramsites. However, research 
on the preparation of high-strength ceramsite from CG raw materials is still relatively rare, and studies on the 
constitutive properties of CGCLAC are even fewer.

This study experimentally investigated the production of calcining ceramisite from CG raw materials. The 
raw material formula and experimental process used in this study can be used as the preliminary basis for the 
experimental investigation of CGC. The physical, chemical, and composition changes of CG before and after 
calcination were observed by scanning electron microscopy (SEM) and X-ray diffraction analysis (XRD). Coal 
gangue ceramsite (CGC) made by this method has high strength. Moreover, this study conducted mechanical 
tests on concrete prepared using CGC. The variation law of strength is explored and the relationship between 
elastic modulus and compressive strength is put forward.

Preparation of coal gangue ceramsite
Raw materials. According to Riley’s  results37 obtained by the investigation of calcined ceramsite, the chemi-
cal composition of raw materials that is appropriate for the production of ceramsite is presented in Table 1. The 
 SiO2 and  Al2O3 form glass melt at high temperature, and their interaction in the liquid phase promotes the 
formation and growth of  3Al2O3·2SiO2. If the  SiO2 and  Al2O3 content in the raw material increases, the melting 
temperature increases, the viscosity of the liquid phase increases, the expansion becomes lower, and the strength 
of the raw material becomes greater. With a higher content of  SiO2 and  Al2O3 in ceramsite raw materials, higher 
temperature is required to reach a certain viscosity. The  K2O,  Na2O, CaO, MgO, and so on, are cosolvent, which 
is beneficial for reducing the melting point of raw materials. For example, when  SiO2 and  Al2O3 generate eutectic 
compounds, the melting temperature is 1713 °C; when  K2O is added, the melting temperature is 976 °C; when 
 Na2O is added, the melting temperature is 874 °C. At high temperature,  Fe2O3 and C produce gas substances 
such as  H2O, CO,  CO2, and other gas substances, which are the force driving the pore expansion of ceramsite.

The main components of CG are clay minerals, mainly kaolinite and hydromica, and also quartz, feldspar, 
pyrite, carbonate, and other secondary minerals. Table 2 presents the chemical composition of CG in Fuxin, 
Liaoning, China. By comparing Tables 1 and 2, it can be found that CG is an ideal raw material for the produc-
tion of calcining ceramsite. Even if some chemical components do not satisfy the standard, the content of raw 
materials can be adjusted by adding other substances to reach the ideal range.

Calcination process of CGC . The production process of CGC includes raw material processing, granula-
tion, and thermal processing. The CG was broken by a jaw crusher and milled by a ball mill. The raw material 
was screened using a 100 mesh sieve. Various raw materials were mixed according to a certain ratio to prepare 
pellets with a diameter of 10–20 mm. Then, the formed CGC was put into a drying box and heated to 105 °C 
for 1–2 h. Preheating was carried out at 300 °C for 30 min to further remove the surface moisture so as to elimi-
nate surface cracking and bursting of CG in the calcination process caused by a sharp increase in temperature. 
The preheating and calcination of the sample were carried out in a preheating furnace and calcination furnace, 
respectively. When the CG raw material reached the preheating time at the design preheating temperature, it was 
immediately removed from the preheating furnace and put into the calcination furnace, which had reached the 
design calcination temperature of 1150 °C, and the calcination time was 30 min. The rapid cooling method was 
used to quickly decrease the surface temperature of ceramsite below 400 °C. When the ceramic was calcined, as 
the temperature changed, the internal material composition of the ball resulted in the following reaction process:

(1) Chemical reaction at 400–800 °C:

C+O2 → CO2↑ 2C+O2 → 2CO↑ CO2 + C → 2CO↑

Table 1.  Chemical composition appropriate for the production of ceramsite (%). The data in the table is 
obtained by XRD (Ultima IV, Rigaku, Japan).

Chemical composition SiO2 Al2O3 Fe2O3 CaO + MgO K2O +  Na2O

Suitable scope 48–70 8–25 3–12 1–12 0.5–7

Ideal scope 60–70 15–25 5–10 0–5 3–4

Table 2.  Chemical composition of CG (%). The data in the table is obtained by XRD (Ultima IV, Rigaku, 
Japan).

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O SO2 TiO2 IL

Coal gangue 65.36 22.85 5.69 0.95 0.80 0.18 2.96 0.56 1.39 23.21
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(2) Chemical reactions at 800–1100 °C:

The above reactions indicate that the combustion of elements such as S and C form  CO2 and  SO2 gas overflow, 
and the carbonate compounds  (CaCO3 and  MgCO3) and sulfides are thermally decomposed. In the calcination 
process, various unstable substances are gradually decomposed and discharged, and the remaining substances 
are not easy to decompose, which results in the more stable properties of ceramsite.

Changes of physical and mechanical properties after calcination. The macroscopic and micro-
scopic morphologies of CG before and after calcination are shown in Figs. 1 and 2, respectively. The CG is black 
or black gray; however, according to the difference of the chemical composition and calcination temperature, 
the ceramic particles exhibit different colors, such as white, gray, iron red, and earth yellow, after calcination. 
As can be seen in the SEM images, the surface of the CG ceramsite is in a molten state, its surface distribution 
is approximately 30 μm pores, and many pores are distributed within it. The internal pores can essentially be 
divided into circular macropores with a diameter of 50–200 μm between the particle skeleton, and small pores 
with diameter of less than 30 μm on the skeleton. In the high-temperature calcination process, the iron oxide 

Al2O3 · 2Si2O · 2H2O → Al2O3 · 2Si2O+ 2H2O↑ MgCO3
400∼500 ◦C
−−−−−−→ MgO+ CO2↑

2FeS+3O2 → 2FeO+2SO2↑ 2Fe2O3+C → 4FeO+CO2↑ 2Fe2O3+3C → 4Fe+3CO2↑

Fe2O3 + C → 2FeO+ CO↑ 2Fe2O3 + 2C → 4FeO+ 2CO↑ S+O2 → SO2↑

Al2O3 · 2Si2O → Al2O3 + 2Si2O CaCO3
800∼900 ◦C
−−−−−−→ CaO+ CO2↑ FeS2

900◦
−−→ FS+ S

4FeS2 + 11O2
1000±50 ◦C
−−−−−−→ 2Fe2O3 + 8SO2↑

CaCO3 + SiO2
1000 ◦C
−−−−→ CaSiO3 + CO2↑

2CaSO4
1100 ◦C
−−−−→ 2CaO+ 2SO2↑ +O2↑

etismareceugnaglaoC)b(eugnaglaoC)a(

Calcina�on

Figure 1.  Change of ma croscopic morphologies.

etismareceugnaglaoC)b(eugnaglaoC)a(

Calcina�on

Figure 2.  Change of microscopic morphologies.
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and carbon in the ceramsite undergo a redox reaction and release high amounts of CO and  CO2. These gases are 
bound by the liquid phase formed by the matrix, which results in the formation of voids during the expansion of 
the ceramsite volume. The amount of expansive gas and the uniformity of pores are not only related to CG, but 
are also directly related to the calcination temperature. When the surface produces a higher amount of viscous 
liquid, the amount of bound gas and the pores in the ceramsite increase, and the uniformity improves, which 
decreases the density of ceramsite while increasing its strength.

According to the testing methods for lightweight aggregates specified in Part 2: Test methods for lightweight 
aggregates (GB/T17431.2-2010)38, the physical and mechanical properties of CG should be tested before and 
after calcination. The performance indicators are listed in Table 3. After calcination, the physical and mechanical 
properties of CG changed substantially. The apparent density, loose bulk density, and tap bulk density decreased 
by 28.11%, 40.47%, and 45.58%, respectively, while the void ratio and water absorption increased by 30.12% and 
79.86%, respectively, and the crushing index decreased by 29.49%.

The quality of the CGC was evaluated based on the Technical standard for application of lightweight aggregate 
concrete (JGJ/T12-2019)39 and Pebble and crushed stone for construction (GB/T14685-2011)40. The CG ceramsite 
satisfies the requirements of Class II coarse aggregates, while CG only satisfies the requirements of Class III coarse 
aggregates. The grade of CG used in construction can be improved by calcining.

Changes of chemical constituents and mineral composition after calcination. The mineral com-
position of CG before and after Calcination was determined by XRD (Ultima IV, Rigaku, Japan), according to the 
specification of the X-ray diffractometer (JB/T 9400-2010)41 and the analysis method for clay minerals and ordinary 
non-clay minerals in sedimentary rocks using X-ray diffraction (SY/T 5163-2018)42. A quantitative analysis scan-
ning method, namely, step scanning, was used in this test; the sample interval and scanning speed were set to 
0.01 and 0.25 /min, respectively. The XRD test results are shown in Fig. 3.

Quartz and kaolinite are the two major crystallized minerals in the uncalcined CG. Quartz is hard and wear 
resistant, which contributes to the high strength of CG, while kaolinite is a hydrous layer silicate clay mineral 
and a type of soil or lump with low hardness and poor stability, which is one of the reasons for CG being easy 
to break and having low strength. The CG contains easily-hydrolyzed and weathered chemical components, 
which account for approximately 15%. After calcination, the loss of original materials in CG greatly increases the 
proportion of quartz, which contributes to the improvement of the mechanical properties of CGC. The alumina 
silicate in kaolinite is calcined at high temperature to form mullite, which is a material with high strength that 
further improves the mechanical properties of calcined CGC. Additionally, with high temperature calcination, 
the unstable components in CG are transformed into stable substances in CGC. Therefore the physical and 
mechanical properties of CGC are qualitatively different to those of CG before calcination.

Table 3.  Basic properties.

Type
Apparent density 
(kg  m−3)

Loose density 
(kg  m−3) Tap density (kg  m−3) Void ratio (%)

Water absorption 
(%) Crushed value (%)

CG 2610 1490 1680 40.5 4.17 (1 h) 23.4

CGC 1876.2 887 914.3 52.7 7.5 (1 h) 16.5

(a) etismareceugnaglaoC)b(eugnaglaoC

Figure 3.  XRD spectra of coal gangue before and after calcination.
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Testing of physico‑mechanical properties
Preparation of CGCLAC specimens. In this test, 42.5R ordinary Portland cement was used as the con-
crete cementitious material, and an appropriate amount of fly ash was added. Local river sand was used as the 
fine aggregate of concrete with a fineness modulus of 3.26. The CGC with the particle size ranging from 5 to 
20 mm was used as a coarse aggregate, and the water for mixing was ordinary tap water. A water reducing agent 
was added to the fresh concrete to ensure that the concrete slump satisfies the concrete mixing requirements. 
The water reducing agent dosage was 1.5–2.5% of the cement dosage, and the water reducing rate was 20–30%.

Four different strength mix proportions were designed according to the needs of different engineering 
practices. The mix proportions of CGCLAC are presented in Table 4. The compressive strength test, splitting 
tensile strength test, flexural strength test, and elastic modulus test of each mixture ratio were completed. The 
compressive strength and the splitting tensile strength were tested using a cubic test block with the size of 
100 mm × 100 mm × 100 mm, the flexural strength was determined using prismatic specimens with a size of 
100 mm × 100 mm × 550 mm, and the elastic modulus was determined using prismatic specimens with a size of 
100 mm × 100 mm × 300 mm. The compressive strength was tested at the curing age of 3 days, 7 days, 14 days, 
21 days, and 28 days, respectively. The splitting tensile strength, flexural strength, and elastic modulus were 
tested only at the curing age of 28 days. Each strength value represents the average strength of three test blocks.

The quantity of each raw material in concrete was calculated according to the mix proportion. According to a 
previous study, it is necessary to prewet CGC to avoid the difference in the fluidity of concrete caused by excessive 
water absorption in the mixing process of CGC. The general practice is to add 60% of water absorbed by CGC in 
one hour into the CGC before making the CGCLAC, such that the CGC can be fully  wetted43. A water reducing 
agent was added to the stirring water. Next, all CGCs, sand, and 70% water were mixed in a mixer for 10–20 s, 
and the cement and fly ash were then added over 30 s; the remaining 30% of water was added over 60 s. When 
the concrete was uniformly stirred, it was poured into the prepared mold, and then vibrated on a vibration table 
to be made dense. After 24 h, the mold was removed and the concrete was placed into a standard incubator with 
a temperature of 20 °C ± 2 °C and a relative humidity of 95% to cure for 28 days.

Testing of CGCLAC specimens. The mechanical properties of CGCLAC were tested according to Stand-
ard for test methods of concrete physical and mechanical properties (GB/T 50081-2019)44, Standard for test 
method performance on ordinary fresh concrete(GB/T 50080-2016)45 and Technical standard for application 
of lightweight aggregate concrete (JGJ/T 12- 2019)39. The compressive strength, split tensile strength and elastic 
modulus were measured using a 200-ton electro-hydraulic servo hydraulic testing machine. The test device is 
shown in Fig. 4. The flexural tensile strength was measured using a 60-ton electro-hydraulic servo hydraulic 
testing machine. The loading device used in the test is shown in Fig. 5. The entire loading process was controlled 
by stress. The loading rate of the compressive strength test was 0.5 MPa/s, and the loading rate of the splitting 
tensile strength and flexural tensile strength was 0.05 MPa/s. The test data were automatically recorded by a data-
acquisition instrument, and the data acquisition frequency was 0.2 s.

According to General rules for measurement of length in micron scale by SEM (GB/T16594-2008)46, after the 
mechanical test, a test block with a surface area of up to 1  cm2 and thickness up to 1 cm was drilled from the 
surface of the damaged specimen using a hollow drill. The specimens were pumped into a vacuum for SEM 

Table 4.  Mixed proportions of CGCLAC (kg  m−3).

Type

Materials

Cement CGC Sand Water Fly ash Additional water Water reducing agent W/C

A 300 770 770 165 30 46.20 6.00 0.55

B 360 770 770 162 36 46.20 7.20 0.45

C 432 770 770 151 43 46.20 8.64 0.35

D 475 770 770 143 48 46.20 9.5 0.30

Figure 4.  Test device and loading diagram.
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analysis, and the microstructure of the failed specimen was observed using a scanning electron microscope 
(TESCAN MIRA4, Czech Republic).

Results and discussion
Fresh concrete properties. The slump mean values of series A, B, C, and D were 69 mm, 65 mm, 53 mm, 
and 42 mm, respectively. Additionally, the cohesion and water retention of concrete were satisfactory. The test 
results reveal that the slump satisfies the requirements of concrete construction specified in Ready-mixed con-
crete (GB/T14902-2012)47. The cohesion of cement slurry mainly depends on the dry-thin degree of cement 
slurry, that is, on the consistency of cement slurry, and the frictional resistance between the aggregates, mainly 
depends on the thickness of the cement slurry layer on the surface of the aggregates, that is, on the quantity of 
cement slurry. Considering the performance difference between the CGC and the natural aggregate, the tra-
ditional concrete mix design method considers that the strength increases as the sand ratio decreases, which 
obviously does not satisfy the requirements of the CGCLAC mixture. Therefore, in CGCLAC mix design under 
different conditions and the same circumstances, the selected sand ratio is larger compared with that of ordinary 
concrete.

Water absorption and concrete density. Table  5 presents the experimental results obtained for the 
apparent density and water absorption of different concrete mixtures. As can be seen, the CGC concrete densi-
ties are lower than that of ordinary concrete. This essentially satisfies the requirements of lightweight aggregate 
concrete, which typically has an apparent density < 1950 kg/m3. The main reason for this is the fact that, in this 
study, the apparent density of CG was 1876.2 kg/m3, and the apparent density of NA was mostly above 2600 kg/
m3. Therefore, CGC concrete is much lighter than NA concrete.

The water absorption of CGCLAC is much higher than that of ordinary concrete (the water absorption of 
ordinary concrete is between 2 and 3%). Both the density and absorption are closely linked to the characteristics 
of the used aggregate. The CGC aggregates are less dense and more absorbent compared with natural aggregates. 
The reason for this is the existence of many pores on the surface of the CGC aggregate. This results in more 
mortar being attached to the aggregate surface, which in turn results in the CGC concrete having lower density 
and higher absorption rate.

Compressive strength. The compressive strength of concrete is an important index for determining the 
strength grade of concrete. The test results reveal that, the compressive strength steadily increased as the water–
cement ratio of concrete decreased, similar to ordinary concrete. The compressive strength of concrete with a 
water–cement ratio 0.30 is slightly lower than that of concrete with a water–cement ratio of 0.35. As shown in 
Fig. 6, as the compressive strength increased, the main reason for the damage gradually changed from the dam-
age of the slurry and interface to the damage of the aggregate. Therefore, reducing the water–cement ratio does 
not improve the compressive strength of concrete.

The cube compressive strength of CGCLAC was measured at 3 days, 7 days, 14 days, 21 days, and 28 days, 
and the results are presented in Table 6. The variation curve of the cubic compressive strength of CGCLAC with 
the curing age is plotted in Fig. 7.

Figure 5.  Loading device for four-point flexure test of concrete.

Table 5.  Density and water absorption of hardened concrete.

Type Apparent density (kg/m3) Water absorption (%)

A 1975.4 3.43

B 1977.8 3.36

C 1980.3 3.32

D 1984.7 3.30
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From Table 6 and Fig. 7, it can be seen that the early strength of CGCLAC developed rapidly, reaching more 
than 55% of the 28-day compressive strength in three days, and more than 80% of the 28-day compressive 
strength in seven days, except for series A. This growth rate is significantly higher than that of ordinary concrete. 
The 3-day compressive strength of ordinary concrete is generally close to 50% of the 28-day compressive strength, 
while the 7-day compressive strength is typically close to 70% of the 28-day compressive strength. After more 

)b(snemicepsAseiresfoskcarcyrrulS)a( CGC internal crack of series C specimens 

Figure 6.  Crack development under failure.

Table 6.  Cube compressive strength of coal gangue ceramsite coarse aggregate concrete. (1) Each strength 
is the average value of three test specimens. (2) The coefficient of concrete age is the ratio of the compressive 
strength of concrete at different ages to that at 28 days.

Series W/C

Cube crushing strength (MPa)/Coefficient of concrete age (%)

3d 7d 14d 21d 28d

A 0.55 17.81/55.97 23.05/72.33 27.35/85.85 29.60/93.08 31.82/100

B 0.45 24.92/57.51 35.34/81.52 38.44/88.68 41.92/96.77 43.33/100

C 0.35 29.54/58.42 42.52/84.16 46.73/92.48 49.73/98.42 50.53/100

D 0.30 29.33/60.04 41.43/84.84 45.72/93.65 47.45/97.13 48.82/100

Figure 7.  Relationship between compressive strength and age of cube.
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than 14 days, the compressive strength of CGCLAC develops slowly, mainly owing to the great difference between 
the physical and mechanical properties of the CGC aggregate and natural aggregate.

In concrete engineering, the 28-day compressive strength of concrete under standard curing conditions is gen-
erally considered as an important parameter in the acceptance evaluation of unit engineering quality. The 28-day 
compressive strength can be predicted by the early compressive strength of concrete, which provides the basis for 
further construction. Therefore, it is necessary to investigate the relationship between the age and compressive 
strength of CGCLAC. According to the existing empirical formula for ordinary concrete, the formula describing 
the relationship between the early compressive strength and 28-day strength of CGCLAC is expressed as follows:

where fcn is the early compressive strength of concrete (MPa); fc28 is the 28-day compressive strength of concrete 
(MPa); n is the age ( n ≥ 3 ); a and b are parameters obtained through regression analysis.

The proposed formula describing the relationship between the early strength and the compressive strength 
at the standard age was developed using the least squares method and through the regression analysis of the 
experimental data, as follows:

Figure 8 shows the values of the compressive strength of CGCLAC versus the experimental values, as obtained 
by the proposed formula. The preliminary evaluations were carried out using two indices:  R2 and RMSE. As 
can be seen, the majority of data fall within the 10% error line, and the maximum error between the calculated 
and experimental values is 20.3%. The values of  R2 and RMSE given by this formula are 0.8521 and 2.6359, 
respectively, which means that the performance of the newly developed formula for estimating the compressive 
strength is satisfactory. Therefore, the proposed formula can be used in actual projects to predict the compressive 
strength of CGCLAC at different ages.

Splitting tensile strength and flexural tensile strength. As a basic mechanical index of concrete, the 
concrete tensile strength is of great significance to concrete crack resistance. The splitting tensile strength test is 
a common method for evaluating the tensile strength of concrete. The splitting failure surface of the CGCLAC 
specimen is shown in Fig. 9. Most of the CGC aggregate was directly split, which is very different to ordinary 
concrete’s failure surface of cement mortar and interface failure. In fact, the tensile strength of CGCLAC is 
mainly affected by the strength of mortar, the quality of coarse aggregate, and the bonding performance between 
the aggregate and the mortar. Table 7 presents the splitting tensile strength test results for the entire mix pro-
portion. The test results reveal that the 28-day splitting tensile strength of CGCLAC is between 2 and 4 MPa, 
accounting for approximately 7% of the cube compressive strength.

Some national codes specify the calculation formula for predicting the tensile strength of concrete accord-
ing to the compressive strength of concrete. Figure 10 shows the comparison between the experimental and 
calculated values in GB50010-202048, ACI318-1149, CEB-FIB50, JIS A 1113-200651, and  AS52. By carrying out 
error analysis, the maximum errors between the calculated results and the experimental values in the above-
mentioned specifications were determined as 13.5%, 32.7%, 17.4%, 27.8%, and 32.2%, and the RMSE values are 
0.2156, 0.4424, 0.2573, 0.7815, and 0.8978, respectively. From the comparison results, it can be concluded that 

(1)
fcn

fc28
= a

lg(n)

lg(28)
+ b

(2)
fcn

fc28
= 0.6144

lg(n)

lg(28)
+ 0.4069

Figure 8.  Comparison between theoretical and experimental results for compressive strength of CGCLAC.
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the formulae in the GB50010-2010 and CEB-FIB specifications can satisfactorily predict the splitting tensile 
strength of CGCLAC.

The experimental data in Table 7 reveal that the 28-day flexural strength of CGCLAC is between 3.3 and 
5.5 MPa, while the flexural strength is approximately one tenth of its cube compressive strength. As can be seen, 
the CGC has good performance in terms of bonding with the cement mortar. Moreover, it can be clearly seen 
that the CGC is directly damaged at the fracture surface, unlike ordinary concrete.

Modulus of elasticity. The elastic modulus of concrete is an important performance index in the design 
and calculation of concrete structures, and directly affects the calculation of the internal force and the deforma-
tion of the structure. The elastic modulus of concrete mainly depends on the elastic modulus of the cement mor-
tar and aggregate and their relative content in concrete. Owing to the particularity of the CGCLAC composition, 
and the difference between the elastic modulus and the deformation performance of the CGC and mortar in the 
CGCLAC composition, the factors affecting the elastic modulus are more complex compared with those of ordi-

Figure 9.  Splitting failure surface.

Table 7.  Test results for main mechanical properties of CGCLAC at 28 days.

Series W/C
Cube compressive strength 
(MPa)

Splitting tensile strength 
(MPa)

Flexural tensile strength 
(MPa)

Modulus of elasticity 
(GPa)

A 0.55 31.82 2.24 3.37 18.17

B 0.45 43.33 2.98 4.02 22.50

C 0.35 50.53 3.75 5.33 25.56

D 0.30 48.82 3.65 5.15 24.98

Figure 10.  Comparison of predicted splitting tensile strength to experimental value.
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nary concrete. The results obtained for the modulus of elasticity of different concretes are presented in Table 7. 
According to Code for design of concrete structures (GB50010-2020)48, when the compressive strength of concrete 
is 30–50 MPa, the corresponding elastic modulus is 30 GPa to 34.5 GPa. From the results in Table 7, the elastic 
modulus of CGCLAC is 25%–35% lower than that of ordinary concrete with the same strength.

Based on a large number of theoretical studies and practical cases, the relationship between the compressive 
strength and elastic modulus of ordinary aggregate concrete and lightweight aggregate concrete was established. 
The formula for calculating the elastic modulus of the concrete’s compressive strength is provided in the build-
ing codes of some countries. The existing research results reveal that the elastic modulus of concrete is a func-
tion of the compressive strength and apparent density of concrete. Figure 11 shows the comparison between 
the experimental values and calculated values obtained by the prediction formulae in the literature. Prediction 
formulae are mainly based on calculation formulae proposed by various studies and are provided in the build-
ing codes of some countries. In Fig. 11, the maximum relative deviations between the experimental values and 
calculation values of  Jian53,  Smadi54,  Yang55, JGJ/T12-201939, and  ACI49 are 23.84%, 5.45%, 16.14%, 11.77%, 
and 14.74%, and the average deviations are 3.5, 0.95, 3.03, 1.31, and 1.32, respectively; the root mean square 
error (RMSE) is 3.24, 1.52, 1.54, 3.55, and 1.06, respectively. The comparison results reveal that the calculation 
formula proposed by ACI is more in line with the actual elastic modulus, and can be used to calculate the elastic 
modulus of ceramsite concrete.

Conclusions
Coal gangue can be processed into ceramsite concrete by the above method, which solves the problem of solid 
waste treatment and alleviates the shortage of concrete raw materials. Based on the analysis of test results, the 
following conclusions were drawn by this study:

1. The physical properties, microstructure, and composition of CG changed after calcination, while the strength 
and water absorption increased. The apparent density of CGC concrete with different concrete mixes was 
lower than that of ordinary concrete, which essentially satisfies the requirements of lightweight aggregate 
concrete.

2. Owing to the great difference between the physical and mechanical properties of CGC aggregate and natural 
aggregate, the early strength of CGCLAC developed rapidly, mainly because the water absorption of CGC 
is large and CG ceramsite absorbs a substantial amount of water. Therefore, the hydration reaction between 
the cement and aggregate is sufficient.

3. Based on the experimental investigation of the cube compressive strength of CGCLAC at different ages, the 
empirical formula (the following equation) for predicting the early strength of CGCLAC was fitted.

  The  R2 and RMSE given by this formula are 0.8521 and 2.6359, respectively. These values indicate that 
the performance of the novel formula for estimating the compressive strength is satisfactory. Therefore, the 
proposed formula can be used in practical projects to predict the compressive strength of CGCLAC.

4. A formula describing the relationship between the splitting tensile strength and compressive strength speci-
fied in different national codes was established. The formulas in the GB50010-2010 and CEB-FIB specifica-
tions can satisfactorily predict the splitting tensile strength of CGCLAC.

fcn

fc28
= 0.6144

lg(n)

lg(28)
+ 0.4069

Figure 11.  Comparison between calculated and experimental values of elastic modulus.
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5. The 28-day flexural strength of CGCLAC is between 3.3 and 5.5 MPa, and the flexural strength is approxi-
mately one tenth of the cube compressive strength. In the flexural strength test, the CGC was directly dam-
aged at the fracture surface, unlike ordinary concrete.

6. The elastic modulus of CGCLAC is 25–35% lower than that of ordinary concrete with the same strength. 
The calculation formula proposed by ACI318-11 is more in line with the actual elastic modulus, and can be 
used to calculate the elastic modulus of ceramsite concrete.

Data availability
The datasets used and/or analysed during the current study available from the corresponding author on reason-
able request.

Received: 26 July 2022; Accepted: 21 September 2022

References
 1. Xiao, M., Ju, F. & He, Z.-Q. Research on shotcrete in mine using non-activated waste coal gangue aggregate. J. Clean. Prod. https:// 

doi. org/ 10. 1016/j. jclep ro. 2020. 120810 (2020).
 2. Wang, C.-L. et al. Preparation and properties of autoclaved aerated concrete using coal gangue and iron ore tailings. Constr. Build. 

Mater. 104, 109–115. https:// doi. org/ 10. 1016/j. conbu ildmat. 2015. 12. 041 (2016).
 3. Salguero, F. et al. Recycling of manganese gangue materials from waste-dumps in the Iberian Pyrite Belt- Application as filler for 

concrete production. Constr. Build. Mater. 54, 363–368. https:// doi. org/ 10. 1016/j. conbu ildmat. 2013. 12. 082 (2014).
 4. Koshy, N., Dondrob, K., Hu, L., Wen, Q. & Meegoda, J. N. Synthesis and characterization of geopolymers derived from coal gangue, 

fly ash and red mud. Constr. Build. Mater. 206, 287–296. https:// doi. org/ 10. 1016/j. conbu ildmat. 2019. 02. 076 (2019).
 5. Wang, Q. et al. Influence of coarse coal gangue aggregates on elastic modulus and drying shrinkage behaviour of concrete. J. Build. 

Eng. https:// doi. org/ 10. 1016/j. jobe. 2020. 101748 (2020).
 6. Zhou, M., Dou, Y., Zhang, Y., Zhang, Y. & Zhang, B. Effects of the variety and content of coal gangue coarse aggregate on the 

mechanical properties of concrete. Constr. Build. Mater. 220, 386–395. https:// doi. org/ 10. 1016/j. conbu ildmat. 2019. 05. 176 (2019).
 7. Wang, Y., Qiu, J. & Zeng, C. Shrinkage and strength properties of coal gangue ceramsite lightweight aggregate concrete. Adv. Mater. 

Sci. Eng. 2020, 1–10. https:// doi. org/ 10. 1155/ 2020/ 35757 09 (2020).
 8. Li, H. Prediction of the present situation and development trend of the sandaggregate industry in China, The Memoirs of the 

Second China Sand AggregateIndustry Investment Development (Hangzhou) Summit, China (2017).
 9. Peng, B. et al. Bibliometric and visualized analysis of China’s coal research 2000–2015. J. Clean. Prod. 197, 1177–1189. https:// doi. 

org/ 10. 1016/j. jclep ro. 2018. 06. 283 (2018).
 10. Wang, A. G. et al. Research progress on coal gangue aggregate for concrete. Bull. Chin. Ceram. Soc. 38(7), 2076–2086 (2019) (in 

Chinese).
 11. Stracher, G. B. & Taylor, T. P. Coal fires burning out of control around the world: Thermodynamic recipe for environmental catas-

trophe. Int. J. Coal Geol. 59(1–2), 7–17. https:// doi. org/ 10. 1016/j. coal. 2003. 03. 002 (2004).
 12. Frías, M., Sanchez de Rojas, M. I., García, R., Juan Valdés, A. & Medina, C. Effect of activated coal mining wastes on the properties 

of blended cement. Cement Concr. Compos. 34(5), 678–683. https:// doi. org/ 10. 1016/j. cemco ncomp. 2012. 02. 006 (2012).
 13. Cao, Z., Cao, Y., Dong, H., Zhang, J. & Sun, C. Effect of calcination condition on the microstructure and pozzolanic activity of 

calcined coal gangue. Int. J. Miner. Process. 146, 23–28. https:// doi. org/ 10. 1016/j. minpro. 2015. 11. 008 (2016).
 14. Zhang, D., Sun, F., Liu, T. & Chindaprasirt, P. Study on preparation of coal gangue-based geopolymer concrete and mechanical 

properties. Adv. Civ. Eng. 2021, 1–13. https:// doi. org/ 10. 1155/ 2021/ 51175 84 (2021).
 15. Long, G. C. et al. Enhanced mechanical properties and durability of coal gangue reinforced cement-soil mixture for foundation 

treatments. J. Clean. Prod. 231, 468–482. https:// doi. org/ 10. 1016/j. jclep ro. 2019. 05. 210 (2019).
 16. Wang, Y. Z. et al. Mechanical properties and chloridepermeability of green concrete mixed with fly ash and coal gangue. Constr. 

Build. Mater. 233, 117166. https:// doi. org/ 10. 1016/j. conbu ildmat. 2019. 117166 (2020).
 17. Wang, A. et al. Research progress of coal gangue aggregate for concrete. Bull. Chin. Ceram. Soc. 38(7), 2076–2086 (2019).
 18. Qiu, J., Zhu, M., Zhou, Y. & Guan, X. Effect and mechanism of coal gangue concrete modification by fly ash. Constr. Build. Mater. 

https:// doi. org/ 10. 1016/j. conbu ildmat. 2021. 123563 (2021).
 19. Salesa, Á. et al. Physico: Mechanical properties of multi -recycled concrete from precast concrete industry. J. Clean. Prod. 141, 

248–255. https:// doi. org/ 10. 1016/j. jclep ro. 2016. 09. 058 (2017).
 20. Xiao, M., Ju, F., Ning, P. & Li, K. Mechanical and acoustic emission behavior of gangue concrete under uniaxial compression. 

Materials https:// doi. org/ 10. 3390/ ma122 03318 (2019).
 21. Shan, G., Zhao, G., Guo, L., Zhou, L. & Yuan, K. Utilization of coal gangue as coarse aggregates in structural concrete. Constr. 

Build. Mater. https:// doi. org/ 10. 1016/j. conbu ildmat. 2020. 121212 (2021).
 22. Li, S. et al. Experimental study on the preparation of recycled admixtures by using construction and demolition waste. Materials 

(Basel). 12(10), 1678. https:// doi. org/ 10. 3390/ ma121 01678 (2019).
 23. Zhang, Y. & Ling, T.-C. Reactivity activation of waste coal gangue and its impact on the properties of cement-based materials: A 

review. Constr. Build. Mater. https:// doi. org/ 10. 1016/j. conbu ildmat. 2019. 117424 (2020).
 24. Xu, B., Liu, Q., Ai, B., Ding, S. & Frost, R. L. Thermal decomposition of selected coal gangue. J. Therm. Anal. Calorim. 131(2), 

1413–1422. https:// doi. org/ 10. 1007/ s10973- 017- 6687-4 (2017).
 25. Zhang, C. S. Pozzolanic activity of burned coal gangue and its effects on structure of cement mortar. J. Wuhan Univ. Technol. Mater. 

Sci. Ed. 21(4), 150–153. https:// doi. org/ 10. 1007/ BF028 41227 (2006).
 26. Guo, W., Li, D. X., Chen, J. H. & Yang, N. R. Structure and pozzolanic activity of calcined coal gangue during the process of 

mechanical activation. J. Wuhan Univ. Technol. Mater. Sci. Ed. 24(2), 326–329. https:// doi. org/ 10. 1007/ s11595- 009- 2326-7 (2009).
 27. Yang, Q., Lü, M. & Luo, Y. Effects of surface-activated coal gangue aggregates on properties of cement-based materials. J. Wuhan 

Univ. Technol.-Mater. Sci. Ed. 28(6), 1118–1121. https:// doi. org/ 10. 1007/ s11595- 013- 0830-2 (2013).
 28. Demirboğa, R., Örüng, İ & Gül, R. Effects of expanded perlite aggregate and mineral admixtures on the compressive strength of 

low-density concretes. Cem. Concrete Res. 31(11), 1627–1632. https:// doi. org/ 10. 1016/ s0008- 8846(01) 00615-9 (2001).
 29. Aslam, M., Shafigh, P., Jumaat, M. Z. & Lachemi, M. Benefits of using blended waste coarse lightweight aggregates in structural 

lightweight aggregate concrete. J. Clean. Prod. 119, 108–117. https:// doi. org/ 10. 1016/j. jclep ro. 2016. 01. 071 (2016).
 30. Hanif, A., Lu, Z. & Li, Z. Utilization of fly ash cenosphere as lightweight filler in cement-based composites: A review. Constr. Build. 

Mater. 144, 373–384. https:// doi. org/ 10. 1016/j. cemco ncomp. 2021. 104057 (2017).
 31. González-Corrochano, B., Alonso-Azcárate, J. & Rodas, M. Production of lightweight aggregates from mining and industrial 

wastes. J. Environ. Manage. 90(8), 2801–2812. https:// doi. org/ 10. 1016/j. jenvm an. 2009. 03. 009 (2009).

https://doi.org/10.1016/j.jclepro.2020.120810
https://doi.org/10.1016/j.jclepro.2020.120810
https://doi.org/10.1016/j.conbuildmat.2015.12.041
https://doi.org/10.1016/j.conbuildmat.2013.12.082
https://doi.org/10.1016/j.conbuildmat.2019.02.076
https://doi.org/10.1016/j.jobe.2020.101748
https://doi.org/10.1016/j.conbuildmat.2019.05.176
https://doi.org/10.1155/2020/3575709
https://doi.org/10.1016/j.jclepro.2018.06.283
https://doi.org/10.1016/j.jclepro.2018.06.283
https://doi.org/10.1016/j.coal.2003.03.002
https://doi.org/10.1016/j.cemconcomp.2012.02.006
https://doi.org/10.1016/j.minpro.2015.11.008
https://doi.org/10.1155/2021/5117584
https://doi.org/10.1016/j.jclepro.2019.05.210
https://doi.org/10.1016/j.conbuildmat.2019.117166
https://doi.org/10.1016/j.conbuildmat.2021.123563
https://doi.org/10.1016/j.jclepro.2016.09.058
https://doi.org/10.3390/ma12203318
https://doi.org/10.1016/j.conbuildmat.2020.121212
https://doi.org/10.3390/ma12101678
https://doi.org/10.1016/j.conbuildmat.2019.117424
https://doi.org/10.1007/s10973-017-6687-4
https://doi.org/10.1007/BF02841227
https://doi.org/10.1007/s11595-009-2326-7
https://doi.org/10.1007/s11595-013-0830-2
https://doi.org/10.1016/s0008-8846(01)00615-9
https://doi.org/10.1016/j.jclepro.2016.01.071
https://doi.org/10.1016/j.cemconcomp.2021.104057
https://doi.org/10.1016/j.jenvman.2009.03.009


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:16369  | https://doi.org/10.1038/s41598-022-20940-y

www.nature.com/scientificreports/

 32. Khan, M. I., Usman, M., Rizwan, S. A. & Hanif, A. Self-consolidating lightweight concrete incorporating limestone powder and 
fly ash as supplementary cementing material. Materials https:// doi. org/ 10. 3390/ ma121 83050 (2019).

 33. Hanif, A., Lu, Z., Cheng, Y., Diao, S. & Li, Z. Effects of different lightweight functional fillers for use in cementitious composites. 
Int. J. Concrete Struct. Mater. 11(1), 99–113. https:// doi. org/ 10. 1007/ s40069- 016- 0184-1 (2017).

 34. Colangelo, F., Cioffi, R., Liguori, B. & Iucolano, F. Recycled polyolefins waste as aggregates for lightweight concrete. Compos. B 
Eng. 106, 234–241. https:// doi. org/ 10. 1016/j. compo sitesb. 2016. 09. 041 (2016).

 35. Colangelo, F., Messina, F. & Cioffi, R. Recycling of MSWI fly ash by means of cementitious double step cold bonding pelletization: 
Technological assessment for the production of lightweight artificial aggregates. J. Hazard. Mater. 299, 181–191. https:// doi. org/ 
10. 1016/j. jhazm at. 2015. 06. 018 (2015).

 36. Wang, J., Qin, Q., Hu, S. & Wu, K. A concrete material with waste coal gangue and fly ash used for farmland drainage in high 
groundwater level areas. J. Clean. Prod. 112, 631–638. https:// doi. org/ 10. 1016/j. jclep ro. 2015. 07. 138 (2016).

 37. Charles, M. Relation of chemical properties to the bloating of clays. J. Am. Ceram. Soc. 37, 121–128 (1951).
 38. People’s Republic of China National Standard, Lightweight aggregates and its test methods-Part 2:Test methods for lightweight 

aggregates(GB/T17431.2-2010), Standardization Committee of the People ’ s Republic of China, Beijing (2010).
 39. Ministry of Housing and Urban-Rural Development of the People’s Republic of China. Technical standard for application of 

lightweight aggregate concrete (JGJ/T12-2019). Beijing:China Architecture and Building Press (2019).
 40. People’s Republic of China National Standard, Pebble and crushed stone for construction (GB/T14685-2011), Standardization 

Committee of the People ’ s Republic of China, Beijing (2011).
 41. People’s Republic of China National Standard, Specification of X-ray diffractometer (JB/T 9400–2010),Ministry of Industry and 

Information Technology of the People ’ s Republic of China, Beijing (2011).
 42. Petroleum and natural gas industry standards of the People ’s Republic of China,Analysis method for clay minerals and ordinary 

non-clay minerals in sedimentary rocks by X-ray diffraction(SY/T 5163–2018), National Energy Board of the People ’ s Republic 
of China, Beijing (2018).

 43. Zhou, M., Pu, B. C., Xu, M., Tian, B. Y. & Zhong, Q. Effect of additional water and prewet time on the performance of spontaneous 
combustion gangue sand lightweight concrete. B. Chin. Ceram. Soc. 32(12), 2421–2426 (2013).

 44. People’s Republic of China National Standard. Standard for test methods of concrete physical and mechanical properties (GB/T 
50081–2019), Ministry of Housing and Urban and Rural Construction of the People ’ s Republic of China, Beijing (2019).

 45. People’s Republic of China National Standard, Standard for test method performance on ordinary fresh concrete(GB/T 50080–
2016), Ministry of Housing and Urban and Rural Construction of the People ’ s Republic of China, Beijing (2016).

 46. People’s Republic of China National Standard, General rules for measurement of length in micron scale by SEM(GB/T16594-2008), 
Standardization Committee of the People ’ s Republic of China, Beijing (2008).

 47. People’s Republic of China National Standard,Ready-mixed concrete(GB/T14902-2012), Standardization Committee of the People 
’ s Republic of China, Beijing (2012).

 48. People’s Republic of China National Standard, Code for design of concrete structures (GB50010-2020),Ministry of Housing and 
Urban and Rural Construction of the People ’ s Republic of China, Beijing (2020).

 49. ACI Committee 318: Building code requirement for structural concrete(ACI318–11) and commentary (ACI318R-11). ACI struc-
tural Journal (2011).

 50. Committee Euro -International Beton and Federation International De La Precontitute.CEB -FIP model code for concrete struc-
tures 1990 [M]. Switzerland: Thomas Telford, 77 (1990).

 51. Method of test for splitting tensile strength of concrete: JISA 1113–2006.Tokyo Japan Concrete Institute (2006).
 52. AS 3600,Concrete structure, Australian Standard (2001).
 53. Jian, C. L. & Ozbakkaloglu, T. Stress-strain model for normal-and light-weight concretes under uniaxial and triaxial compression. 

Constr. Build. Mater. 71, 492–509 (2014).
 54. Smadi, M. & Migdady, E. Properties of high strength tuff lightweight aggregate concrete. Cement Concr. Compos. 13(2), 129–135 

(1991).
 55. Yang, C. C. & Huang, R. Approximate strength of lightweight aggregate using micromechanics method. Adv. Cem. Based Mater. 

7(3), 133–138 (1998).

Acknowledgements
We thank discipline innovation team of Liaoning Technical University (Grant Number LNTU20TD-12). For 
providing the funding and facilities to carry out the experimental work presented in this study.

Author contributions
H.G.: conceptualization, supervision, methodology, writing—review & editing; J.Y.: writing-original draft prepa-
ration; A.S.U.K.: formal analysis, data curation; Q.S.: formal analysis, data curation.

Funding
This study was supported by Scientific Research Fund of Liaoning Provincial Education Department (CN) (Grant 
Numbers LJ2020JCL030) and (CN) (Grant Numbers LJ2019JL002).

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to H.G. or A.S.U.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.3390/ma12183050
https://doi.org/10.1007/s40069-016-0184-1
https://doi.org/10.1016/j.compositesb.2016.09.041
https://doi.org/10.1016/j.jhazmat.2015.06.018
https://doi.org/10.1016/j.jhazmat.2015.06.018
https://doi.org/10.1016/j.jclepro.2015.07.138
www.nature.com/reprints


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:16369  | https://doi.org/10.1038/s41598-022-20940-y

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

http://creativecommons.org/licenses/by/4.0/

	Preparation of coal gangue ceramsite high-strength concrete and investigation of its physico-mechanical properties
	Preparation of coal gangue ceramsite
	Raw materials. 
	Calcination process of CGC. 
	Changes of physical and mechanical properties after calcination. 
	Changes of chemical constituents and mineral composition after calcination. 

	Testing of physico-mechanical properties
	Preparation of CGCLAC specimens. 
	Testing of CGCLAC specimens. 

	Results and discussion
	Fresh concrete properties. 
	Water absorption and concrete density. 
	Compressive strength. 
	Splitting tensile strength and flexural tensile strength. 
	Modulus of elasticity. 

	Conclusions
	References
	Acknowledgements


