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1. Introduction 
 

The Antarctic Ice Sheet is accelerating melting 

(Shepherd et al. 2018), and the latest data suggests that they 

may collapse if anthropogenic warming worsens (Dickens 

et al. 2019). The melting of glaciers will raise the global sea 

level (Shepherd et al. 2019), harm the balance of natural 

ecosystems (Bronselaer et al. 2018), and threaten human 

survival (David et al. 2013). Carbon dioxide plays a vital 

role in global warming (Khaheshi et al. 2019). In the past 

decades, carbon dioxide from power plants, refineries, 

cement factories, etc. has increased the amount of carbon 

dioxide in the atmosphere (Martin et al. 2012). The sources 

of carbon dioxide emission in the cement industry are 

calcareous materials and fossil fuel. They are emitted by the 

decomposition of calcareous materials in kilns, direct coal 

combustion, and indirect electricity consumption during the 

cement production process (Feng et al. 2018, WBCSD/IEA 

2009, Xu et al. 2012). Shi et al. (2011) noted that the 

carbon dioxide produced by cement factories accounts for 

6-7% of global carbon dioxide emissions. Many efforts 

have been made to reduce the carbon dioxide emissions 

associated with cement production (Benhelal et al. 2013, 

Huntzinger and Eatmon 2009, Shi et al. 2011, Xu et al. 

2015). Supplementary cementitious materials (SCMs) have 

emerged at the right moment (Al-Amoudi et al. 2019, 

Sharma and Bansal 2019). The SCMs covers a broad range 

 

Corresponding author, Professor 

E-mail: wanggh@cugb.edu.cn 

 

 

of materials, including both pozzolanic and hydraulic 

materials (Thomas 2013), such as silica fume (Imam et al. 

2018), fly ash (Paliwal and Marua 2017, Sunil et al. 2017), 

ground granulated blast-furnace slag (Petra and Mukharjee 

2018), metakaolin (Nas and Kurbetci 2018), rice husk ash 

(Celik and Canakci 2015) and natural pozzolans (Benyahia 

and Ghrici 2018, Juenger and Siddique 2015, Lothenbach et 

al. 2011, Siddique and Khan 2011). The use of such 

materials greatly reduces carbon dioxide emissions (Yang et 

al. 2015) and utilizes industrial by-products (Lothenbach et 

al. 2011). 

At present, natural clay minerals are favored by 

researchers around the world for their unique properties and 

are extensively used in cement-based materials to replace 

cement (Andrejkovičová et al. 2015, Man et al. 2019). 

Bentonite is a highly colloidal ductile clay mineral formed 

by alteration of volcanic ash in shallow sea and lagoons 

areas (Alexander et al. 2018, Pusch 2015). Chemically and 

structurally, bentonite is regarded as a hydrous aluminum 

silicates consisting of one alumina octahedral (O) sheet and 

two silica tetrahedral (T) sheets, known as a 2:1 (TOT) 

structure (Liu et al. 2018). The typical properties of 

bentonite are tightness, ductility, expandability, thixotropy, 

and cation exchange capacity (Huang et al. 2016). Its 

tightness is of great importance for sealing hazardous waste 

from groundwater (Pusch 2015) and makes bentonite be 

used as a buffer or backfill material to handle nuclear waste 

(Ye et al. 2016) or other wastes. Additionally, bentonite has 

tremendous water absorption ability and has been 

successfully applied in hydraulic engineerings such as dams 

(Drochytka and Magdaléna 2017), cut-off walls (Ata et al. 

2015, Koch 2002), and grouting. It is also an  
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Abstract.  This paper focuses on the engineering properties of Bentonite-Cement-Sodium silicate (BCS) grout, which was 

prepared by partially replacing the ordinary Portland cement in Cement-Sodium silicate grout with lithium bentonite (Li-bent) 

and sodium bentonite (Na-bent), respectively. The effect of different Water-to-Solid ratio (W/S) and various replacement 

percentages of bentonite on the apparent viscosity, bleeding, setting time, and early compressive strength of BCS grout were 

investigated. The XRD method was used to detect its hydration products. The results showed that both bentonites played a 

positive role in the stability of BCS grout, increased its apparent viscosity. Na-bent prolonged the setting time of BCS, while 5% 

of Li-bent shortened the setting time of BCS. The XRD analysis indicated that the hydration products between the mixture 

containing Na-bent and Li-bent did not differ much. Using bentonite as supplementary cementitious material (SCM) to replace 

partial cement is a promising way to cut down on carbon dioxide emissions and to produce low-cost, eco-friendly, non-toxic, 

and water-resistant grout. In addition, Li-bent was superior to Na-bent in improving the strength and the thickening of BCS 

grouts. 
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Table 1 The property of water glass 

Parameters Unit Values 

Baume degree °Bé 50 

Density g/cm3 1.53 

modulus - 2.4 

PH - 13 

 

Table 2 Chemical compositions of the raw materials 

Raw 

materials 

Compositions (in mass %) 

SiO2 Al2O3 CaO MgO Fe2O3 K2O Na2O TiO2 Li2O SO3 LOI* 

Li-bent 65.89 13.60 1.94 3.79 1.80 0.58 0.31 0.23 0.74 - 10.79 

Na-bent 63.43 17.88 2.22 3.05 2.06 0.90 0.98 0.13 - - 8.09 

Cement 24.06 6.34 59.89 0.98 3.56 - - - - 2.24 2.07 

*LOI: Loss on ignition. 

 

 

environmentally friendly and relatively cheap material that 

is widely distributed worldwide. Bentonite, as an SCM, has 

been studied by many researchers. Wong et al. (2013) 

showed that the application of a 10% substitute of cement 

using bentonite in stabilizing peat improved the unconfined 

compressive strength and reduced permeability. Zhao et al. 

(2019) indicated that a high replacement level of bentonite 

could improve the flexural deflection capacity of 

engineered cementitious composites. Man et al. (2019) 

found that 10-15% replacement of bentonite ameliorated the 

microstructural integrity of bentonite-magnesium phosphate 

cement mortars by filling the pores. Shabab et al. (2015) 

noted that using bentonite and fly ash as SCMs in mass 

concrete reduced the hydration heat that caused the thermal 

cracking of concrete. However, there is limited data on 

bentonite as SCM in Cement-Sodium Silicate (CS) double 

grout. The CS grout is most commonly applied in sealing 

engineering (Li et al. 2019) due to its wide raw material 

sources, controllable setting time and low cost. But the poor 

water resistance and high bleeding limit its application. 

Studies have shown that bentonite can reduce bleeding and 

improve water resistance of grouts (Azadi et al. 2017, Sha 

et al. 2018). Thus, replacement of some cement with 

bentonite may both reduce carbon dioxide emissions and 

improve the properties of CS grout. 

The purpose of this experiment is to compare the 

engineering properties of Bentonite-Cement-Sodium 

silicate (BCS) grout, which was prepared by partially 

replacing the ordinary Portland cement in CS grout with 

sodium bentonite (Na-bent) and lithium bentonite (Li-bent), 

respectively. The effect of different Water-to-Solid ratio 

(W/S) and various replacement percentages of bentonite on 

the apparent viscosity, bleeding, setting time, and early 

compressive strength of BCS grout were investigated. The 

hydration products of BCS grout containing Li-bent and 

Na-bent were separately analyzed by the XRD method. The 

significant outcome of this paper is to understand the effect 

of Na-bent and Li-bent on the engineering performance of 

BCS grouts, and the results could be followed in a water-

rich area where temporary grouting is required. 

 

 

2. Materials and method 

 

Fig. 1 The grain size distributions of raw materials 

 

 

2.1 Materials and design 
 

The BCS grouts consisted of cement, bentonite and 

sodium silicate solutions (also known as water glass). The 

cement was ordinary Portland cement P.O 42.5 provided by 

Tangshan Jidong Cement Co., Ltd, Tangshan, Hebei 

Province, China. The water glass was produced by Beijing 

Hongguang Science and Technology Co., Ltd, China. The 

property of water glass is present in Table 1. Li-bent and 

Na-bent were produced by Changzhou Fengshuo Chemical 

Co., Ltd and Shandong Weifang Hongxiang Bentonite 

Factory, respectively. The chemical compositions of the raw 

materials are present in Table 2. The particle size 

distribution of Li-bent, Na-bent, and cement was given in 

Fig. 1. It shows the median particle size (D50) of cement is 

bigger than that of Li-bent, and Na-bent has the smallest 

particle size. Smaller median particle sizes generally 

promote cement hydration (Bentz et al. 1999) and are easier 

to be injected to achieve better grouting effect (He et al. 

2016). The specific surface area (SSA) of raw materials was 

examined by a Betterisize 2000 laser particle size 

distributor. The SSA of Li-bent, Na-bent, and cement was 

613 m2/kg, 1298 m2/kg, and 827 m2/kg, respectively. The 

Water-to-Solid ratio (W/S) was 1.5, 2.0, and 2.5, 

respectively. The mass ratio of bentonite replacing partial 

cement was 0%, 5%, 10%, 15%, 20%, 25% and 30%. The 

water glass volume was 20% of the total volume of 

bentonite-cement slurry. All the experiments were carried 

out using tap water and at room temperature. 

 

2.2 Experimental methods 
 

Slurry A and Slurry B were prepared separately to avoid 

the rapid solidification between cement and water glass. 

Slurry A was the mixture of cement, bentonite, and water; 

Slurry B was the mixture of water glass and water. The 

mixture of bentonite and cement were stirred with water in 

a machine for about 3 minutes to make the slurry A, and 

water glass was diluted with water from 50 °Bé to 35 °Bé to 

make the slurry B according to Eqs. (1)-(2).  

°Bé = 145 − 145/d (1) 

𝑉𝑤 = 𝑉𝑏 ∗ (𝑑𝑏 − 𝑑𝑎)/(𝑑𝑎 − 𝑑𝑤) (2) 

Where, °Bé is the concentration of water glass, d is 

the density of water glass, 𝑉𝑤 is the volume of water that  
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Fig. 2 Samples preparation steps 

 

 

needs to be added, 𝑉𝑏 is the volume of water glass before 

dilution, 𝑑𝑏 and 𝑑𝑎 is the density of water glass before 

and after dilution,  𝑑𝑤  is the density of water. 

Similar to the operation steps of two-component 

grouting methods used by Liu and Chen (2019), the 

preparation steps of samples are shown in Fig. 2. All 

experiments were repeated three times. The specific test 

methods for fresh and hardened grouts were as follows: 

Apparent viscosity test: The apparent viscosity of fresh 

BCS grout was determined by the ZNN-D6 rotary 

viscometer (China, Fig. 3(a)) according to GB/T 5005 

(GB/T, 2010). It is based on the principle of measuring the 

rate of rotation of a solid shape (Viswanath et al. 2007). 

The 1/2 value of the reading at 600 rpm speed of viscometer 

(Zhou et al. 2018) was taken as the apparent viscosity of the 

slurry. 

Bleeding test: The bleeding capacity of grout is an 

indicator of the stability of grouts. The bleeding was tested 

by gravity sedimentation in cylinders (Fig. 3(b)). 250 mL 

BCS grout was poured into a measuring cylinder and 

covered by a polyethylene film to prevent water 

evaporation (Massoussi et al. 2017), after 2 hours, the 

volume of upper clear liquid was recorded. The bleeding 

was the percentage of value recorded/250 mL (Sha et al. 

2018).  

Setting time test: Slurry A and slurry B were poured into 

two plastic cups, respectively. The slurry A was poured into 

slurry B first, and then the mixtures were poured into the 

other cup. The above operation was repeated until the 

mixtures lost fluidity. This method was known as the 

inverted cup method (Sha et al. 2018), see Fig. 3(c). 

Compressive strength test: Slurry A and slurry B were 

mixed together and stirred for 30 s. After mixing evenly, 

the grouts were poured into 70.7×70.7×70.7 mm3 

(2.8×2.8×2.8 in.3) molds and cured in the conditions of 

20±2°C and 95% relative humidity until testing. The 

samples were cured for 1 day (1 d) and 3 days (3 d), and 

then they were tested according to GB/T 17671 (GB/T, 

1999) by using a 200-kN BSRD-2015 homogenization 

testing machine (China, Fig. 3(d)). The load was 

continuously applied at a steady rate of 7.0 kN/s until 

failure occurred. 

  
(a) Apparent viscosity (b) Bleeding 

  
(c) Inverted cup method (d) Compressive strength 

Fig. 3 Experimental methods and devices 

 

 

X-ray diffraction (XRD) testing: XRD analysis has been 

extensively applied to identify the components of cement 

hydration products (Wang et al. 2019). The absolute alcohol 

was used to terminate the hydration of samples. After 24 

hours of soaking, these pieces were dried in a drying oven. 

Finally, the dried pieces were ground to a powder and 

stored in sealed bags to prevent carbonation and hydration 

(Kaminskas et al. 2015). The XRD patterns were recorded 

over a 2Ɵ range from 3° to 70° at a resolution of 0.02°/step 

on a diffractometer (Rigaku D/max, Tokyo, Japan). 

 

 

3. Results and discussion 
 

3.1 Apparent viscosity 
 

Viscosity is a basic feature of all liquids and is the result 

of the internal resistance to flow or shear (Viswanath et al. 

2007). It is a measure of the frictional properties of liquid 

and determines the flowability, pumpability, and 

injectability of grouts (Li et al. 2019, Viswanath et al. 

2007). The apparent viscosity of BCS grout is plotted as 

increasing Li-bent and Na-bent substitutes, see Figs. 4(a)-

(b).  

As the W/S ratio increased, the viscosity decreased 

because more free water resulted in the smaller friction 

among solid particles (Deng et al. 2014). Therefore, on the 

basis that the slurry satisfies other engineering properties, 

the W/S ratio can be appropriately increased to improve 

fluidity and pumpability. Increasing the W/S ratio also helps 

to reduce the number of materials used, saving resources 

and cost.  

As the amount of bentonite increased, the BCS grout 

became thickened regardless of whether Li-bent or Na-bent 

was added. Bentonite has a thickening effect because of its 

unique layer structure and good ion-exchange capacity 

(Günister et al. 2004). After the bentonite was added to the 

cement slurry, the bentonite was dispersed in the water to 

form a network structure in which free water was 

incorporated (Zhang et al. 2018), thereby increasing the 

viscosity.  

The thickening effect of Li-bent was better than that of  
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Na-bent. For example, at a W/S ratio of 1.5, the viscosity of 

BCS grout was increased by 60% and 20%, respectively, 

when 10% of Li-bent and Na-bent were respectively added. 

This may be related to the types of ions carried by 

bentonite. Essington (2003) summarized the relationship 

between enthalpy change (∆𝐻ℎ) and hydration degree, and 

found that the larger the negative value of ∆𝐻ℎ, the greater 

the degree of ion hydration. The ∆𝐻ℎ  of Li+ and Na+ is -

515 kJ mol-1and -405kJ mol-1, respectively, which means 

that the hydration degree of Li+ is greater than that of Na+. 

Thus, the more water molecules were strongly attracted by 

Li+ compared to Na+, which reduced free water and 

increased the friction among solid particles. However, the 

range of viscosity changes was not much different. When 

the W/S ratio was 1.5, 2.0, 2.5, the viscosity of slurry A 

containing Li-bent changed within the range of 5-19 mPa·s, 

4-15 mPa·s, 3-10 mPa·s (Fig. 4(a)) and the viscosity of 

slurry A containing Na-bent changed within the range of 5-

16 mPa·s, 4-13 mPa·s, 3-8 mPa·s (Fig. 4(b)).  

 

3.2 Bleeding 
 

The bleeding is an index to evaluate the stability of the 

cement grains suspended in water (Massoussi et al. 2017). 

The bleeding of BCS grout was given in Figs. 5(a)-(b).  

As the W/S ratio increased, the bleeding increased 

because more free water weakened the connection among 

 

 

 

solid particles, which allowed free water to bleed through 

the weak junction of the solid particles. Massoussi et al. 

(2017) divided the kinetics of bleeding into three regimes: 

1) an induction period exhibiting low water extraction 

velocity; 2) an extraction period exhibiting a more or less 

constant water extraction velocity; and 3) a consolidation 

decelerating regime, in which the cement grains is no 

longer affected by gravity. He believed that the bleeding 

was caused by the formation of preferential water extraction 

channels in the pastes. Herein, the channels refer to the 

weak junction of the solid particles.  

As the amount of bentonite increased, the bleeding of 

BCS grout decreased regardless of the type of bentonite was 

added. This means that the stability of slurry A was 

improved by the addition of bentonite, which is consistent 

with the findings of Sha et al. (2018). The fresh grout is 

stable when its bleeding is less than 5% after 2 h from 

preparation (Li et al. 2017, Pantazopoulos et al. 2012). 

Therefore, the BCS grout was stable when the content of 

Li-bent was more than 20% at the W/S ratio of 1.5 and 2.0 

(Fig. 5(a)). The BCS grout was not stable when the Na-bent 

was added less than 30% at these high W/S ratios (Fig. 

5(b)). Higher content of more than 30% may be required to 

obtain the stable slurry at a high W/S ratio when Na-bent 

was added. But this will increase the viscosity of BCS grout 

and affect the fluidity and the injectability of grouting. It is 

a challenge to meet both the fluidity and stability of the  

 

  

 

 (a) Li-bent (b) Na-bent  

Fig. 4 The apparent viscosity of BCS grout containing different bentonites 

 

  

 

 (a) Li-bent (b) Na-bent  

Fig. 5 The bleeding of BCS grout containing different bentonites 
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Fig. 6 The setting time of BCS grouts 

 

 

grout. In engineering applications, the stable slurry is more 

versatile because it can be injected into deeper target 

fractures without bleeding. 

The stabilizing effect of Li-bent was better than that of 

Na-bent. Similar to the kinetics of the thickening effect, this 

may also be related to the types of ions in bentonite. 

Compared with Na+, the strong hydration ability of Li+ 

could combine more free water, so that the connection 

between solid particles and water molecules was tighter, 

thereby reducing the bleeding value. 

 

3.3 Setting time 
 

The setting time is the hardening parameter of grouts 

(Viktor and Galyna 2017), which determines their diffusion 

range and the depth of injection. The setting time of grouts 

containing different bentonites and W/S ratios is present in 

Fig. 6.  

As the W/S ratio increased, the setting time prolonged, 

this is due to the dilution effect caused by free water. Water 

diluted the concentration of BCS grouts, reduced the 

contact of solid particles, and slowed down the reaction 

among particles. 

As the bentonite content increased, the setting time 

became longer (except that 5% of Li-bent was added). This 

means that the setting time of BCS grouts can be prolonged 

by changing the content of bentonite, and this may be due 

to the bentonite delayed or disturbed the normal gelation 

process of effective hydration products (such as CSH gels) 

(Sha et al. 2018). In addition, the hydration of cement is 

from the outer layer to the inner layer (Scrivener and Nonat, 

2011), and the average particle sizes of Na-bent, Li-bent, 

and cement are 1.782 μm, 3.757 μm, and 4.925 μm, 

respectively (Fig. 1). Thus, the smaller particles of 

bentonite may cover the surface of the cement and hindered 

the cement hydration. 

A comparison of the two bentonites shows that the 

setting time of Li-bent was shorter than that of Na-bent 

because Na-bent has the smallest average particles that 

adhered to the surface of the cement particles and hindered 

the hydration of cement. Moreover, Fig. 6 shows that 5% of 

Li-bent shortened the setting time of BCS grouts. This may 

be related to the concentration of Li+ by cation exchange of  

 
(a) 1 d 

 
(b) 3 d 

Fig. 7 The compressive strength of BCS grouts curing for 

(a) 1 d and (b) 3 d 

 

 

Li-bent. Research has shown that the small radius of Li+ has 

a good destructive effect on the protective film formed by 

cement hydration (Wang et al. 2018), which accelerated the 

hydration of cement (Juilland et al. 2010), thereby 

shortening the setting time. 

 

3.4 Compressive strength 
 

Compressive strength affects the reinforcement effect of 

grouts. Figs. 7(a)-(b) show the compressive strength of BCS 

grouts curing for 1 d and 3 d. In all mixtures, the 

compressive strength increased with extended curing time, 

and this is consistent with the results of Zhao et al. (2019). 

For example, the compressive strength of hardened BCS 

grout with 20% of Li-bent and W/S ratio of 1.5 was 4.9 

MPa at 1 d and increased to 6.6 MPa at 3 d. 

As the W/S ratio increased, the strength decreased. 

Similar to the mechanism of prolonging the setting time, the 

dilution effect caused by water played a major role in 

reducing strength.  

As the bentonite content increased, the variation of 

compressive strength of BCS grouts after adding Li-bent 

and Na-bent was greatly different. In Fig. 7(a), when the 

dosage of Na-bent was less than 10%, the 1-d strength of 

BCS grout increased slightly. When the W/S ratio was 1.5, 

2.0, and 2.5, the strength was increased by 4.44%, 7.69%, 

and 11.11%, respectively. This means that Na-bent 

enhanced the strength under a higher W/S ratio. Then as the  
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Fig. 8 The XRD spectra of hardened BCS grouts with (a) 

Na-bent and (b) Li-bent curing for 3 d (C: calcite, E: 

ettringite, M: monosulphoaluminate, B: bentonite, CSH: 

calcium aluminum silicate hydrate) 

 

 

Na-bent content increased, the strength of BCS grouts 

gradually decreased. In Fig. 7(b), as the amount of Na-bent 

increased, the 3-d strength gradually decreased. In short, the 

Na-bent had a positive effect on the early strength (1 d) of 

BCS grouts under the conditions of small dosage (<10%) 

and high W/S ratio (>2.0), but it had an adverse effect on 

the long-term strength (3 d).  

In Figs. 7(a)-(b), when the dose of Li-bent was less than 

20%, the 1-d and 3-d strength of BCS grout gradually 

increased, and the maximum values of strength basically at 

20% of Li-bent was 4.9 MPa, 3.7 MPa, and 2.7 MPa 

respectively curing for 1 d, and 7 MPa (15% of Li-bent), 

6.1 MPa, and 4.2 MPa respectively curing for 3 d. After 

that, the strength decreased rapidly, especially when the W/S 

ratio was 1.5, the strength decreased by 53.06% and 34.85% 

when the dosage changed from 20% to 30%. In addition, 

20% of Li-bent was most beneficial for strength 

improvement, when the W/S ratio was 2.0, the strength was 

increased by 42.31% (1 d) and 38.64% (3 d), respectively 

compared to that of the same ratio of CS grout without 

bentonite. In brief, Li-bent played a great important role in 

increasing the strength, and the enhancing effect was related 

to its amount. From the perspective of the reinforcement 

effect, Li-bent was superior to Na-bent. 

 

3.5 XRD analysis 
 

For the sake of comparison, two samples of Li-bent and 

Na-bent at the same ratio after 3-d curing were chosen and 

ground. The two samples were the ratio of 20% of 

bentonite, 20% of the water glass, and at the W/S ratio of 

2.0, which were named Sample Na-bent and Sample Li-

bent. X-ray diffractometers and software MDI Jade 6.0 were 

used to detect and analyze the different effect bentonites on 

the hydration products of BCS grouts. The results are 

displayed in Figs. 8(a)-(b).  

The BCS grouts consisted of bentonite, cement, and 

water glass. There are four reactive phases in cement, 

namely, calcium silicate phases (C3S and C2S), aluminate 

phase (C3A), and ferrite phase (C2(A, F)), are hydrated 

(Scrivener and Nonat 2011) and the main hydration 

products are hydrated calcium silicates (C-S-H), portlandite 

(CH), ettringite (AFt) and monosulphoaluminate (AFm). 

There are three stages for the hydration of bentonite, i.e., 

surface energy hydration, cation hydration and osmotic 

hydration (Huang et al. 2016). There is a pozzolanic 

reaction between cement and water glass to form C-S-H 

(Acevedo-Martinez et al. 2012, Kazemian et al. 2011), see 

Eq. (3), and between cement and bentonite (Wong et al. 

2013). 

𝑁𝑎2O ∙ nSi𝑂2 + CH + mH2O → C − S − H + 2NaOH (3) 

As shown in Fig. 8(a)-(b), the hydration products are 

calcite, ettringite, bentonite, calcium aluminum silicate 

hydrate, and monosulphoaluminate, most of which were the 

same as those in pure cement. But there was no portlandite, 

a common product from cement hydration, because of the 

pozzolanic reaction between cement and water glass, and 

between cement and bentonite. The peak intensity of 

calcium was dominant because ground limestone was added 

as a minor ingredient in the cement or to an unavoidable 

carbonation process (Boháč et al. 2014). The hydration 

products of two samples were the same, while the peak 

intensity of CSH gel in Sample Na-bent (Fig. 8(a)) was 

relatively larger compared to that in Sample Li-bent (Fig. 

8(b)). The CSH gel was the main contributor to the strength 

development of cement (Baquerizo et al. 2015). However, 

the strength of Sample Na-bent was 1.9 MPa lower than 

Sample Li-bent. It might be that CSH gel formed by Li-bent 

was amorphous and cannot be detected by XRD. From the 

inert filling effect view, the particles of Na-bent were finer 

than Li-bent, which was beneficial to improving the 

strength of BCS grouts. But this is contrary to the 

experimental results. Thus, further research is needed on the 

reasons why Li-bent increases the strength of BCS grouts. 

 

 

4. Conclusions 
 

The engineering properties of sodium bentonite (Na-

bent) and lithium bentonite (Li-bent) as a partial substitute 

of cement in Cement-Sodium silicate (CS) grout were 

investigated in this paper. And a new grout bentonite-

cement-sodium silicate (BCS) grout was obtained.  

The following conclusions can be obtained: 

• The best composition of BCS grout for commercial 

use was 2.0 of W/S ratio, 20% mass of Li-bent, 80% m

ass of cement, and 20% volume of water glass. And its 

viscosity was 9 mPa·s, bleeding was 5%, setting time 

was 42 s, as well as 1-d and 3-d compressive strength 

was 3.7 MPa and 6.1 MPa, respectively. 

• Both Na-bent and Li-bent can be used as a partial 

substitute for cement in CS grout, which reduced carbon 

dioxide emissions by reducing the consumption of 

cement and improved the performance of CS grout. 

They are potential supplementary cementitious materials 

for CS grout. 

• Unsurprisingly, the high W/S ratio increased the 

amount of free water, which resulted in a decrease in 

apparent viscosity and strength, and an increase in 

bleeding and setting time. The W/S ratio can be 
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appropriately increased to improve fluidity and the 

pumpability of grouts. 

• Bentonite was beneficial for the stability of BCS grout, 

while a high substitution level (>20%) of bentonite had 

an adverse effect on the strength of hardened BCS 

grouts. The setting time of grouts was controllable by 

adjusting the level of substitution of bentonite. In 

addition, bentonite had a thickening effect on BCS 

grout. 

• The effect of bentonite on the strength of BCS grouts 

was related to the type and substitution level of 

bentonite. When the replacement percentage of Na-bent 

was less than 10%, the early strength (1 d) of BCS 

grouts increased, but it had an adverse effect on the 

long-term strength (3 d) of BCS grouts. When the 

replacement percentage of Li-bent was 20% and 2.0 of 

the W/S ratio, the strength value of BCS grout was 

increased by 42.31% (1 d) and 38.64% (3 d) compared 

to CS grout. 

• X-ray diffractometer analysis showed that the 

hydration products of BCS containing Na-bent and Li-

bent were not much different. The hydration products 

are calcite, ettringite, bentonite, calcium aluminum 

silicate hydrate, and monosulphoaluminate, most of 

which were the same as those in pure cement. 

 

 

Acknowledgments 
 

The research described in this paper was financially 

supported by Groundwater Safety Control Technology for 

Urban Rail Transit Project Construction (grant number 3-4-

2018-008). 

 

 
References 
 
Acevedo-Martinez, E., Gomez-Zamorano, L.Y. and Escalante-

Garcia, J.I. (2012), “Portland cement-blast furnace slag mortars 

activated using waterglass: Part 1: Effect of slag replacement 

and alkali concentration”, Constr. Build. Mater., 37, 462-469. 

https://doi.org/10.1016/j.conbuildmat.2012.07.041. 

Al-Amoudi, O.S.B., Ahmed, S., Khan, S.M.S. and Maslehuddin, 

M. (2019), “Durability performance of concrete containing 

Saudi natural pozzolans as supplementary cementitious 

material”, Adv. Concrete Constr., 8(2), 119-126. 

https://doi.org/10.12989/acc.2019.8.2.119. 

Alexander, J.A., Ahmad Zaini, M.A., Surajudeen, A., Aliyu, 

E.N.U. and Omeiza, A.U. (2018), “Surface modification of low-

cost bentonite adsorbents-A review”, Particul. Sci. Technol., 

37(5), 534-545. https://doi.org/10.1080/02726351.2018.1438548. 

Andrejkovičová, S., Alves, C., Velosa, A. and Rocha, F. (2015), 

“Bentonite as a natural additive for lime and lime-metakaolin 

mortars used for restoration of adobe buildings”, Cement 

Concrete Compos., 60, 99-110. 

https://doi.org/10.1016/j.cemconcomp.2015.04.005. 

Ata, A.A., Salem, T.N. and Elkhawas, N.M. (2015), “Properties of 

soil-bentonite-cement bypass mixture for cutoff walls”, Constr. 

Build. Mater., 93, 950-956. 

https://doi.org/10.1016/j.conbuildmat.2015.05.064. 

Azadi, M.R., Taghichian, A. and Taheri, A. (2017), “Optimization 

of cement-based grouts using chemical additives”, J. Rock 

Mech. Geotech. Eng., 9(4), 623-637. 

https://doi.org/10.1016/j.jrmge.2016.11.013. 

Baquerizo, L.G., Matschei, T., Scrivener, K.L., Saeidpour, M. and 

Wadso, L. (2015), “Hydration states of AFm cement phases”, 

Cement Concrete Res. 73, 143-157. 

https://doi.org/10.1016/j.cemconres.2015.02.011. 

Benhelal, E., Zahedi, G., Shamsaei, E. and Bahadori, A. (2013), 

“Global strategies and potentials to curb CO2 emissions in 

cement industry”, J. Clean. Prod., 51, 142-161. 

https://doi.org/10.1016/j.jclepro.2012.10.049. 

Bentz, D.P., Garboczi, E.J., Haecker, C.J. and Jensen, O.M. 

(1999), “Effects of cement particle size distribution on 

performance properties of cement-based materials”, Cement 

Concrete Res., 29(10), 1663-1671. 

https://doi.org/10.1016/S0008-8846(99)00163-5. 

Benyahia, A. and Ghrici, M. (2018), “Behaviour of self 

compacting repair mortars based on natural pozzolana in hot 

climate”, Adv. Concrete Constr., 6(3), 285-296. 

https://doi.org/10.12989/acc.2018.6.3.285. 

Boháč, M., Palou, M., Novotný, R., Másilko, J., Všianský, D. and 

Staněk, T. (2014), “Investigation on early hydration of ternary 

Portland cement-blast-furnace slag-metakaolin blends”, Constr. 

Build. Mater., 64, 333-341. 

https://doi.org/10.1016/j.conbuildmat.2014.04.018. 

Bronselaer, B., Winton, M., Griffies, S.M., Hurlin, W.J., Rodgers, 

K.B., Sergienko, O.V., Stouffer, R.J. and Russell, J.L. (2018), 

“Change in future climate due to Antarctic meltwater”, Nature, 

564(7734), 53-58. https://doi.org/10.1038/s41586-018-0712-z. 

Celik, F. and Canakci, H. (2015), “An investigation of rheological 

properties of cement-based grout mixed with rice husk ash 

(RHA)”, Constr. Build. Mater., 91, 187-194. 

https://doi.org/10.1016/j.conbuildmat.2015.05.025. 

David, G., Mark, S.S., Owen, G., Johan, R.M., Ohman, M.C., 

Priya, S., Will, S., Gisbert, G., Norichika, K. and Ian, N. (2013), 

“Policy: Sustainable development goals for people and planet”, 

Nature, 495, 305307. https://doi.org/10.1038/495305a. 

Deng, Y.H., Zhang, C.Q., Shao, H.Q., Wu, H. and Xie, N.Q. 

(2014), “Effects of different lithium admixtures on ordinary 

portland cement paste properties”, Adv. Mater. Res., 919-921, 

1780-1789. https://doi.org/10.4028/www.scientific.net/AMR.919-

921.1780. 

Dickens, W.A., Kuhn, G., Leng, M.J., Graham, A.G.C., 

Dowdeswell, J.A., Meredith, M.P., Hillenbrand, C.D., Hodgson, 

D.A., Roberts, S.J., Sloane, H. and Smith, J.A. (2019), 

“Enhanced glacial discharge from the eastern Antarctic 

Peninsula since the 1700s associated with a positive Southern 

Annular Mode”,  Sci. Rep., 9(1), 14606. 

https://doi.org/10.1038/s41598-019-50897-4. 

Drochytka, R. and Magdaléna, K. (2017), “Options for the 

remediation of embankment dams using suitable types of 

alternative raw materials”, Constr. Build. Mater., 143, 649-658. 

https://doi.org/10.1016/j.conbuildmat.2017.02.089. 

Essington, M.E. (2003), Soil and Water Chemistry: An Intergrative 

Approach, CRC Press, Boca Raton, London, New York 

Washington, D.C, USA. 

Feng, X.Z., Lugovoy, O. and Qin, H. (2018), “Co-controlling CO 

2 and NO x emission in China’s cement industry: An optimal 

development pathway study”, Adv. Climate Change Res., 9(1), 

34-42. https://doi.org/10.1016/j.accre.2018.02.004. 

GB/T 17671 (1999), Method of Testing Cements-Determination of 

Strength China Institute of Standardization, B.J., China. 

GB/T 5005 (2010), Specifications of Drilling Fluid Materials: 

Petroleum and Natural Gas Industries-Drilling Fluid Materials-

Specifications and Tests, 75.020, China Institute of 

Standardization, B.J., China. 

Günister, E., Alemdar, S.A. and Güngör, N. (2004), “Effect of 

sodium dodecyl sulfate on flow and electrokinetic properties of 

Na-activated bentonite dispersions”, Bull. Mater. Sci., 27(3), 

285



 

Yao Zhou, Gui H. Wang and Yong H. Chang 

 

317-322. https://doi.org/10.1007/bf02708522. 

He, Z., Li, Q., Wang, J., Ning, Y., Shuai, J. and Kang, M. (2016), 

“Effect of silane treatment on the mechanical properties of 

polyurethane/water glass grouting materials”, Constr. Build. 

Mater., 116, 110-120. 

https://doi.org/10.1016/j.conbuildmat.2016.04.112. 

Huang, W., Leong, Y.K., Chen, T., Au, P.I., Liu, X. and Qiu, Z. 

(2016), “Surface chemistry and rheological properties of API 

bentonite drilling fluid: pH effect, yield stress, zeta potential 

and ageing behaviour”, J. Petrol. Sci. Eng., 146, 561-569. 

https://doi.org/10.1016/j.petrol.2016.07.016. 

Huntzinger, D.N. and Eatmon, T.D. (2009), “A life-cycle 

assessment of Portland cement manufacturing: comparing the 

traditional process with alternative technologies”, J. Cleaner 

Prod., 17(7), 668-675. https://doi.org/10.1016/j.jclepro.2008.04.007. 

Imam, A., Kumar, V. and Srivastava, V. (2018), “Review study 

towards effect of Silica Fume on the fresh and hardened 

properties of concrete”, Adv. Concrete Constr., 6(2), 145-157. 

https://doi.org/10.12989/acc.2018.6.2.145. 

Juenger, M.C.G. and Siddique, R. (2015), “Recent advances in 

understanding the role of supplementary cementitious materials 

in concrete”, Cement Concrete Res., 78, 71-80. 

https://doi.org/10.1016/j.cemconres.2015.03.018. 

Juilland, P., Gallucci, E., Flatt, R. and Scrivener, K. (2010), 

“Dissolution theory applied to the induction period in alite 

hydration”, Cement Concrete Res., 40(6), 831-844. 

https://doi.org/10.1016/j.cemconres.2010.01.012. 

Kaminskas, R., Cesnauskas, V. and Kubiliute, R. (2015), 

“Influence of different artificial additives on Portland cement 

hydration and hardening”, Constr. Build. Mater., 95, 537-544. 

https://doi.org/10.1016/j.conbuildmat.2015.07.113. 

Kazemian, S., Prasad, A., Huat, B.B.K., Bazaz, J.B., Aziz, F.N. 

A.A. and Ali, T.A.M. (2011), “Influence of cement - sodium 

silicate grout admixed with calcium chloride and kaolinite on 

sapric peat”, J. Civil Eng. Manage., 17(3), 309-318. 

https://doi.org/10.3846/13923730.2011.589209. 

Khaheshi, S., Riahi, S., Mohammadi-Khanaposhtani, M. and 

shokrollahzadeh, H. (2019), “Prediction of amines capacity for 

carbon dioxide absorption based on structural characteristics”, 

Indus. Eng. Chem. Res., 58, 8763-8771. 

https://doi.org/10.1021/acs.iecr.9b00567. 

Koch, D. (2002), “Bentonites as a basic material for technical base 

liners and site encapsulation cut-off walls”, Appl. Clay Sci., 

21(1-2), 1-11. https://doi.org/10.1016/S0169-1317(01)00087-4. 

Li, S., Sha, F., Liu, R., Zhang, Q. and Li, Z. (2017), “Investigation 

on fundamental properties of microfine cement and cement-slag 

grouts”, Constr. Build. Mater., 153, 965-974. 

https://doi.org/10.1016/j.conbuildmat.2017.05.188. 

Li, S., Zhang, J., Li, Z., Gao, Y., Qi, Y., Li, H. and Zhang, Q. 

(2019), “Investigation and practical application of a new 

cementitious anti-washout grouting material”, Constr. Build. 

Mater., 224, 66-77. https://doi.org/10.1016/j.conbuildmat.2019.07.057. 

Liu, D., Edraki, M. and Berry, L. (2018), “Investigating the 

settling behaviour of saline tailing suspensions using kaolinite, 

bentonite, and illite clay minerals”, Powder Technol., 326, 228-

236. https://doi.org/10.1016/j.powtec.2017.11.070. 

Liu, Y. and Chen, B. (2019), “Research on the preparation and 

properties of a novel grouting material based on magnesium 

phosphate cement”, Constr. Build. Mater., 214, 516-526.  

Lothenbach, B., Scrivener, K. and Hooton, R.D. (2011), 

“Supplementary cementitious materials”, Cement Concrete Res., 

41(12), 1244-1256. https://doi.org/10.1016/j.cemconres.2010.12.001. 

Man, X., Aminul Haque, M. and Chen, B. (2019), “Engineering 

properties and microstructure analysis of magnesium phosphate 

cement mortar containing bentonite clay”, Constr. Build. Mater., 

227, 116656. https://doi.org/10.1016/j.conbuildmat.2019.08.037. 

Martin, S., Lepaumier, H., Picq, D., Kittel, J., de Bruin, T., Faraj, 

A. and Carrette, P.L. (2012), “New amines for CO2 capture. IV. 

degradation, corrosion, and quantitative structure property 

relationship model”, Indus. Eng. Chem. Res., 51(18), 6283-

6289. https://doi.org/10.1021/ie2029877. 

Massoussi, N., Keita, E. and Roussel, N. (2017), “The 

heterogeneous nature of bleeding in cement pastes”, Cement 

Concrete Res., 95, 108-116. 

https://doi.org/10.1016/j.cemconres.2017.02.012. 

Nas, M. and Kurbetci, S. (2018), “Durability properties of 

concrete containing metakaolin”, Adv. Concrete Constr., 6(2), 

159-175. https://doi.org/10.12989/acc.2018.6.2.159. 

Paliwal, G. and Marua, S. (2017), “Effect of fly ash and plastic 

waste on mechanical and durability properties of concrete”, Adv. 

Concrete Constr., 5(6), 575-586. 

https://doi.org/10.12989/acc.2017.5.6.575. 

Pantazopoulos, I.A., Markou, I.N., Christodoulou, D.N., 

Droudakis, A.I., Atmatzidis, D.K., Antiohos, S.K. and 

Chaniotakis, E. (2012), “Development of microfine cement 

grouts by pulverizing ordinary cements”, Cement Concrete 

Compos., 34(5), 593-603. 

https://doi.org/10.1016/j.cemconcomp.2012.01.009. 

Petra, R.K. and Mukharjee, B.B. (2018), “Influence of granulated 

blast furnace slag as fine aggregate on properties of cement 

mortar”, Adv. Concrete Constr., 6(6), 611-629. 

https://doi.org/10.12989/acc.2018.6.6.611. 

Pusch, R. (2015), Bentonite Clay: Environmental Properties and 

Applications, CRC Press, Taylor & Francis Group, Boca Raton 

London, New York.  

Scrivener, K.L. and Nonat, A. (2011), “Hydration of cementitious 

materials, present and future”, Cement Concrete Res., 41(7), 

651-665. https://doi.org/10.1016/j.cemconres.2011.03.026. 

Sha, F., Li, S.C., Liu, R.T., Li, Z.F. and Zhang, Q.S. (2018), 

“Experimental study on performance of cement-based grouts 

admixed with fly ash, bentonite, superplasticizer and water 

glass”, Constr. Build. Mater., 161, 282-291. 

https://doi.org/10.1016/j.conbuildmat.2017.11.034. 

Shabab, M.E., Shahzada, K., Gencturk, B., Ashraf, M. and Fahad, 

M. (2015), “Synergistic effect of fly ash and bentonite as partial 

replacement of cement in mass concrete”, KSCE J. Civil Eng., 

20(5), 1987-1995. https://doi.org/10.1007/s12205-015-0166-x. 

Sharma, R. and Bansal, P.P. (2019), “Efficacy of supplementary 

cementitious material and hybrid fiber to develop the ultra high 

performance hybrid fiber reinforced concrete”, Adv. Concrete 

Constr., 8(1), 21-31. https://doi.org/10.12989/acc.2019.8.1.021. 

Shepherd, A., Ivins, E., Rignot, E., Smith, B., Van Den Broeke, 

M., Velicogna, I., ... & Nowicki, S. (2018), “Mass balance of the 

antarctic ice sheet from 1992 to 2017”, Nature, 558(7709), 219-

222. https://doi.org/10.1038/s41586-018-0179-y. 

Shepherd, A., Gilbert, L., Muir, A.S., Konrad, H., McMillan, M., 

Slater, T., Briggs, K.H., Sundal, A.V., Hogg, A.E. and Engdahl, 

M.E. (2019), “Trends in antarctic ice sheet elevation and mass”, 

Geophys. Res. Lett., 46(14), 8174-8183. 

https://doi.org/10.1029/2019gl082182. 

Shi, C., Jiménez, A.F. and Palomo, A. (2011), “New cements for 

the 21st century: The pursuit of an alternative to Portland 

cement”, Cement Concrete Res., 41(7), 750-763. 

https://doi.org/10.1016/j.cemconres.2011.03.016. 

Siddique, R. and Khan, M.I. (2011), Supplementary Cementing 

Materials, Springer Science & Business Media, Springer, 

Heidelberg, Dordrecht, London, New York, UK. 

Sunil, B.M., Manjunatha, L.S. and Yaragal, S.C. (2017), 

“Durability studies on concrete with partial replacement of 

cement and fine aggregates by fly ash and tailing material”, Adv. 

Concrete Constr., 5(6), 671-683. 

https://doi.org/10.12989/acc.2017.5.6.671. 

Thomas, M. (2013), Supplementary Cementing Materials In 

Concrete, CRC Press, Boca Raton, London, New York, UK. 

286

https://doi.org/10.12989/acc.2018.6.2.145


 

Comparison of the effect of lithium bentonite and sodium bentonite on the engineering properties… 

 

Viktor, S. and Galyna, K. (2017), “Effect of water glass on early 

hardening of portland cement”, Procedia Eng., 172, 977-981. 

https://doi.org/10.1016/j.proeng.2017.02.119. 

Viswanath, D.S., Ghosh, T.K., Prasad, D.H.L., Dutt, N.V.K. and 

Rani, K.Y. (2007), Viscosity Of Liquids, Springer, Netherlands. 

Wang, J., Qian, C., Qu, J. and Guo, J. (2018), “Effect of lithium 

salt and nano nucleating agent on early hydration of cement 

based materials”, Constr. Build. Mater. 174, 24-29. 

https://doi.org/10.1016/j.conbuildmat.2018.04.073. 

Wang, S., Wang, J.F., Yuan, C.P., Chen, L.Y., Xu, S.T. and Guo, 

K.B. (2019), “Development of the nano-composite cement: 

Application in regulating grouting in complex ground 

conditions”, J. Mountain Sci., 15(7), 1572-1584. 

https://doi.org/10.1007/s11629-017-4729-9. 

WBCSD/IEA (2009), Cement Technology Roadmap 2009 : 

Carbon Emissions Reductions up to 2050, World Business 

Council for Sustainable Development/International Energy 

Agency (WBCSD/IEA), Paris, France. 

Wong, L.S., Hashim, R. and Ali, F. (2013), “Utilization of sodium 

bentonite to maximize the filler and pozzolanic effects of 

stabilized peat”, Eng. Geol., 152(1), 56-66. 

https://doi.org/10.1016/j.enggeo.2012.10.019. 

Xu, D., Cui, Y.S., Li, H., Yang, K., Xu, W. and Chen, Y.X. (2015), 

“On the future of Chinese cement industry”, Cement Concrete 

Res. 78, 2-13. https://doi.org/10.1016/j.cemconres.2015.06.012. 

Xu, J.H., Fleiter, T., Eichhammer, W. and Fan, Y. (2012), “Energy 

consumption and CO2 emissions in China’s cement industry: A 

perspective from LMDI decomposition analysis”, Energy 

Policy, 50, 821-832. https://doi.org/10.1016/j.enpol.2012.08.038. 

Yang, K.H., Jung, Y.B., Cho, M.S. and Tae, S.H. (2015), “Effect of 

supplementary cementitious materials on reduction of CO2 

emissions from concrete”, J. Clean. Prod., 103, 774-783. 

https://doi.org/10.1016/j.jclepro.2014.03.018. 

Ye, W.M., He, Y., Chen, Y.G., Chen, B. and Cui, Y.J. (2016), 

“Thermochemical effects on the smectite alteration of GMZ 

bentonite for deep geological repository”, Environ. Earth Sci., 

75(10), https://doi.org/10.1007/s12665-016-5716-0. 

Zhang, J., Liu, L., Zhang, F. and Cao, J. (2018), “Development 

and application of new composite grouting material for sealing 

groundwater inflow and reinforcing wall rock in deep mine”, 

Sci. Rep., 8(1), 5642. https://doi.org/10.1038/s41598-018-

23995-y. 

Zhao, N., Wang, S., Quan, X. and Wang, C. (2019), “Study on the 

coupled effects of bentonite and high-volume fly ash on 

mechanical properties and microstructure of engineered 

cementitious composites (ECC)”, KSCE J. Civil Eng., 23(6), 

2628-2635. https://doi.org/10.1007/s12205-019-2102-y. 

Zhou, Z., Zang, H., Wang, S., Du, X., Ma, D. and Zhang, J. 

(2018), “Filtration behaviour of cement-based grout in porous 

media”, Tran. Porous Media, 125(3), 435-463. 

https://doi.org/10.1007/s11242-018-1127-x. 

 

 

CC 

287




