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1. Introduction 
 

Deep soil mixing (DSM) is one of the most effective 

methods to enhance the engineering properties of 

problematic soils such as expansive soils, soft clays, 

liquefiable soils and contaminated soils (Al-Tabba et al. 

2000, Le Kouby et al. 2020, Lu et al. 2020, Hasheminezhad 

and Bahadori 2020). DSM is a type of ground improvement 

in which cementitious materials are mixed with the existing 

problematic soils in the study area and the strength and the 

compressibility characteristics of the problematic soils are 

improved (Horpibulsuk et al. 2004, Timoney et al. 2012, 

Haakeel et al. 2019). Many studies in the literature such as: 

Farouk and Shahien )2013(; Fang et al. )2001); Rashid et 

al. )2017) investigated the efficiency of DSM technique on 

soft clays. DSM technique has been successfully applied in 

many construction fields of civil engineering (Le Kouby et 

al. 2020, Yi et al. 2019, Jung et al. 2020, Ma et al. 2020).  

DSM produces cemented soil with high strength and 

low compressibility (Bruce and Bruce 2002, Tang et al. 

2007, Chenari et al. 2018). It reduces seismic amplification 

and mitigates the liquefaction susceptibility in loose sands  

                                           

Corresponding author, Ph.D. Candidate 

E-mail: Mahdi.alnunu@emu.edu.tr 
aProfessor  

E-mail: Zalihe.nalbantoglu@emu.edu.tr 

 

 

(Mann 2017, Tong et al. 2019). Wang et al. (2009); 

Esmaeili et al. (2020) introduced DSM technique as an 

efficient and economical method of soil improvement. 

Various laboratory and numerical models of DSM have 

been performed in order to understand the efficiency of 

DSM on problematic soils. Fatahi and Khabbaz (2012); 

Yilmaz et al. (2018) reported the effectiveness of DSM on 

the shear and compressive strength of soft soils. 

Sukontasukkul and Jamsawang (2012) studied the 

behaviour of flexural strength of soil-cement columns 

whereas Yapage et al. (2014) examined the embankment 

stability due to DSM application. In DSM applications, 

deep soil mixing columns are formed as a result of 

penetration of rotary auger into the soil and mixing a slurry 

or binder material with the in-situ soil (Esmaeili et al. 2014, 

Liu et al. 2017, Wang et al. 2020). DSM is divided into two 

main parts which are dry deep soil mixing, DDSM and wet 

deep soil mixing, WDSM (Timoney et al. 2012, Bredenberg 

2017). The capacity of the obtained mixed depends on the 

soil type, the additive materials used in the mixture and the 

applied mixing methodology (Huang et al. 2015, Zhang et 

al. 2018). It also depends on the materials and the mixture 

properties, as well as the binder content (Chenari et al. 

2018, Sukontasukkul and Jamsawang 2012). Several 

researchers (Bruce and Bruce 2002, Esmaeili et al. 2020) 

stated that the strength of DSM column increases with 

increasing mixing efficiency, increasing curing time and 

temperature, decreasing organic content of the ground and 

decreasing water content of the mix.   
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In conventional design of DSM columns, the binder 

content is usually used as the controlling parameter and 

considered as a major factor affecting the strength 

development in DSM treated soils (Madhyannapu et al. 

2009, Chang et al. 2016). Different replacement materials 

for cement have been used in DSM applications (Gupta and 

Kumar 2017, Yoobanpot et al. 2017, Arulrajah et al. 2018, 

Chhun et al. 2020). Some of the common replacement 

materials used in the previous studies were fly ash, slag, 

glass powder and silica fume which were found in nature as 

waste and much cheaper than the conventional cement 

(Arasan et al. 2015, Seifan et al. 2020). 

Canakci et al. (2018) used glass powder as a 

replacement material for cement in DSM mixtures and 

found it to be an effective material for enhancing sand with 

different clay contents. Saberian et al. (2018) stated that 

using bentonite as a natural pozzolan in soil mixing 

stabilization is more eco-friendly than using cement only. 

Some other researchers such as Cristelo et al. (2011); 

Sukontasukkul and Jamsawang (2012) used different 

additives such as; lime, fiber and blast furnace slag with 

cement and achieved very good improvement in strength, 

stiffness, flexural performance and toughness in DSM 

application.  

In the present study, unlike the materials used in the 

previous studies in the literature, construction waste 

material; brick dust, was utilized in deep soil mixing. Brick 

dust is considered to be an eco-friendly alternative material 

when it is used in DSM application. Brick dust contains 

sand and clay particles which consist of chemical 

compounds such as silica, alumina, carbonates and oxides 

which are needed for pozzolanic reaction (Khan et al. 

2018). Because of its constituents, clay gains pozzolanic 

activity when it reacts with lime in the presence of water 

(Rogers 2011). Brick dust exhibited high strength in 

concrete and mortar due to its pozzolanic activity (Demir et 

al. 2011, Ge et al. 2015). The majority of the presented 

works in the literature are in the field of DSM application in 

soft clay stabilization, while a few studies have dealt with 

loose sandy soils (Esmaeili et al. 2014). Since DSM is an 

effective ground improvement application method, there is 

still a need for further study of the method with different 

materials as additives. In the present study, cement replaced 

by waste brick dust mixed with loose sand was used in 

DSM technique in order to investigate its effect on the 

improvement of loose sand. It was found that the waste 

material; brick dust which was used as a replacement 

material for cement was quite effective in improving the 

geotechnical properties of loose sand. 

 

 

2. Materials and methods 
 

2.1 Soil sampling 
 
The soil sample used in the present study was collected 

from Famagusta beach, North Cyprus at a depth of about 

one meter from the ground surface. Table 1 gives the 

physical properties of the soil sample used in this study. 

Sieve analysis was carried out according to ASTM D6913  

 

 

in order to determine the particle sizes, the effective size 

(D10), the uniformity coefficient (Cu), and the coefficient of 

curvature (Cc). Fig. 1 shows the particle size distribution 

curve of the soil used in this study. Based on Unified Soil 

Classification System (USCS), the soil was classified as 

poorly graded sand, SP and with the in-situ relative density 

of 19.7%. It was defined to be a loose sand. 

 

2.2 Binder materials 
 
The binder materials used in this study were cement and 

waste brick dust. The binder materials: cement and brick 

dust were used together as a ratio of the total weight of 

untreated sand. Lorenzo and Bergado (2006) and Gullu et al. 

(2017) stated that in order to obtain a better binder-soil 

mixture, the amount of binder material in the binder-soil 

mixture should not exceed 20% of the total weight of 

untreated soil. In the present study, considering their 

statements, the binder-soil ratios, B/S were selected to be 10, 

15 and 20%. The binder materials were used in two forms: 

In the first form, only cement was used as a binder material 

whereas in the second form, cement was partially replaced 

by waste brick dust. In the soil-cement mixture, 10, 20 and 

30% of the cement was replaced by waste brick dust. The 

replacement percentages were decided according to the 

previous findings of Ge et al. (2012) and O’Farrell et al. 

(2006). In Section 2.3, the percentages of cement and waste 

brick dust used in this study were described in detail. 

 
2.2.1 Cement 
In previous studies, different types of cement were used 

as the main binding material in deep soil mixing (Egorova 

et al. 2017, Karpisz et al. 2018, Lee et al. 2019). (Portland 

cement CEM 142.5 R) type was used in the present study. 

Table 2 describes the physical and chemical properties of 

the cement used in this study. 

Table 1 Geotechnical properties of soil 

Soil properties Value 

In situ bulk density (g/cm3) a 1.6 

Water content (%) 15 

Unit weight of soil solids, s (g/cm3) b 2.67 

Effective size, D10 0.16 

Effective size, D30 0.18 

Median particle size, D50 0.2 

Effective size, D60 0.22 

Uniformity coefficient, Cu 1.37 

Coefficient of curvature, Cc 0.92 

Classification (USCS)  SP 

Maximum dry unit weight (kN/m3) c 16.4 

Minimum dry unit weight (kN/m3) d  13.4 

Relative density, Dr (%) 19.7 
a ASTM D1556 

b ASTM D854 

c ASTM D7382 

d ASTM D4254 
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2.2.2 Waste brick dust  
In the literature, many researchers used different waste 

materials as a binder material for enhancing the 
performance of problematic soils in deep soil mixing 
(Arasan et al. 2015, Arulrajah et al. 2018, Patterson and 
Wilk 2019). Several studies indicated that brick dust can be 
used effectively in concrete production as a cement 
replacement material. Using brick dust as a partial 
replacement improved the strength characteristics of 
concrete (Heidari and Hasanpour 2013, Wong et al. 2018). 

 
 

 

Fig. 1 Particle size distribution of soil sample 

 

 

Fig. 2 Particle size distribution of waste brick dust 

 

 

Table 2 Chemical and physical properties of cement 

Properties  Value  

SiO2 (%) 19.95  

Al2O3 (%) 5.06   

Fe2O3 (%) 3.04   

CaO (%) 63.09  

MgO (%) 2.34   

SO3 (%) 3.32   

Na2O (%) 0.80   

Loss on ignition (%) a 2.27   

Unit weight of cement, c (g/cm3) b  3.13 

Specific surface (cm²/g) c 3810 
a ASTM D7348 
b ASTM C188 

c ASTM C204 

 

Table 3 Chemical and physical properties of the BD 

Index properties  Value  

SiO2 (%) 38.64  

Al2O3 (%) 12.2  

Fe2O3 (%) 8.53  

MgO (%) 6.18  

CaO (%) 14.49  

Na2O (%) 1.21  

K2O (%) 1.89  

Others (%) 16.86 

Loss on ignition (%)  1.29 

Silt content (%) 87  

Clay content (%) 13  

Unit weight of brick dust (g/cm3)  2.78 

Effective size, D10 .0014 

Effective size, D30 .007 

Median particle size, D50 .015 

Effective size, D60 .02 

Uniformity coefficient, Cu 14.28 

Coefficient of curvature, Cc 1.75 

 

 

In terms of pozzolanic activity, brick dust was found to 

be effective in achieving higher strength in concrete 

(O’Farrell et al. 2006, Ge et al. 2015). The demolition of 

brick masonry structures due to large-scale urbanization in 

North Cyprus has produced a huge amount of construction 

waste, including large quantities of clay brick which is 

normally ended in landfills. For conducting this study, the 

waste brick dust was obtained from the demolition and 

crushing activities at the construction sites in North Cyprus. 

In the present study, brick dust with particle diameters 

smaller than 75 µm was used as a partial replacement 

material of the cement. Table 3 gives the physical and 

chemical properties of the brick dust used in this study and 

Fig. 2 shows the particle size distribution of the waste brick 

dust. 

 

2.3 Mix design program 
 
Based on the existing studies in the literature, different 

mix proportions of soil-cement have been used in soil 

mixing application in order to reinforce different 

problematic soils (Ribeiro et al. 2016, Brasse et al. 2018; 

Saberian et al. 2018, Onal and Sariavci 2019, Al-Bared et al. 

2020). Binder material is considered to be one of the most 

effective materials in the injection slurry of DSM (Wong et 

al. 2020). Lorenzo and Bergado (2006), Canakci et al. 

(2018) stated that, to achieve the best strength and 

economical usage, B/S ratio should not exceed 20% of the 

total weight of the untreated soil. 

In this study, 12 different mix proportions were selected 

and studied. Table 4 illustrates the mix proportions of the 

testing program that have been performed in this study. As 

aforementioned, the cement content in the soil-cement 

mixture was partially replaced with waste brick dust by 

using three different replacement percentages: 10, 20 and  
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30% of the total weight of cement. The mix proportions 

used in the present study and the B/S ratio with the 

replacement percentage of waste brick dust were given in 

Table 4.  

Three different water-binder (W/B) ratios: 1.0, 1.2 and 

1.5 were tested in order to get the best W/B ratio for 

achieving homogeneity in soil-binder mixtures. As a result 

of series of testing, it was found that, by using W/B ratio of 

1.0, there was a difficulty in mixing the materials together. 

While, W/B ratio of 1.5 produced visible voids and 

bleeding during the molding of the soil-binder mixtures. 

The best homogenous mixtures were obtained with a W/B 

ratio of 1.2. With this ratio, the soil-binder materials were 

uniformly mixed without generating any visible voids in the 

soil-binder mixtures. Therefore, throughout this study, a 

W/B ratio of 1.2 was used for all the soil-binder mixtures. 

Fig. 3 shows the soil-binder mixtures prepared with 

different W/B ratios. 

 

 

 
Fig. 3 Specimens prepared with different water-binder 

ratios 

 
2.4 Sample preparation 
 
Detailed procedures of sample preparation in soil 

mixing and sample curing are discussed in this section. In 

the preparation of soil-binder mixture, soil sample was 

dried in the oven at 50°C for 24 hours and the binder 

materials; cement and brick dust were calculated according 

to each mix proportion as described in Table 4. Soil sample 

with binder materials were thoroughly mixed by using a 

mixer of 50 rpm as shown in Fig. 4(a). Then the calculated 

amount of water was added to the mixture and mixed for 10 

minutes to form a homogenous mixture without any soil 

lumps. As suggested by EuroSoilStab (2002); Jacobson et al. 

(2003); Kim et al. (2018) a cylindrical splitting mold of 50 

mm in diameter and 100 mm in height was used to form the 

specimens.  

A thin layer of oil was applied on the inner surface of 

the mold to extract the samples easily as shown in Fig. 4(b). 

Soil-binder mixture was placed in the splitting mold in five 

equal layers as shown in Fig. 4(c).   

Each layer was compacted gently in order to achieve the 

required density as described in Table 4. Then the final 

surface was trimmed and leveled as described in Fig. 4(d). 

After 24 hours, the samples were extracted and kept in the 

air for one day to dry. Fig. 4(e) illustrates the dry samples 

after 24 hours. The specimens were soaked in water 

treatment bath at room temperature of 20 °C for 7 and 28 

days. Fig. 4(f) shows the cured specimens. 

 

2.5 Testing methodolgies  
 
In the study, Vicat test was performed according to 

ASTM C191 standard at room temperature in order to 

evaluate the effect of waste brick dust on the setting time of 

cement paste. The bulk density of the specimens was 

determined after 28 days of curing of the specimens in 

water treatment bath. For measuring the surface area of the 

cement used in the present study, ASTM C204 standard was  

Table 4 Mix proportions of testing program 

Mix designation  
B/S*  

ratio (%) 
W/B* ratio 

Replacement percentage (%) 
 

Density  

g/cm3 Cement 

(C) 

Brick dust 

(BD*) 

10/BD0 10 

1.2 

100 0  

 

1.7 
10/BD10 10 90 10 

10/BD20 10 80 20 

10/BD30 10 70 30 

15/BD0 15 

1.2 

100 0  

 

1.85 
15/BD10 15 90 10 

15/BD20 15 80 20 

15/BD30 15 70 30 

20/BD0 20 

1.2 

100 0  

 

2.0 
20/BD10 20 90 10 

20/BD20 20 80 20 

20/BD30 20 70 30 
*B/S: Binder-soil ratio  

*W/B: Water-binder ratio 
*BD: Brick dust 
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adopted. Blaine air-permeability apparatus was used in 

order to determine the quantity of the air through a prepared 

bed of cement of definite porosity. Table 2 gives the surface 

area of the cement in terms of square centimeters per 

gram.  The unconfined compressive strength (UCS) of the 

specimens were determined according to ASTM D1633 

standard. The specimens’ dimensions were 100 mm in 

height and 50 mm in diameter. After 28 days of curing, the 

specimens were left in the air until they became fully dry 

and then they were tested under uniaxial compression 

machine in order to investigate the effect of waste brick 

dust on the deformation behaviour and cracking 

propagation after failure. The resilient modulus, MR is used 

to characterize the stress–strain relationship of soils 

especially under repeated loading (Yang et al. 2008). In the 

present study, MR was predicted according to the equation 

suggested by Thompson (1965). The equation was in terms 

of unconfined compressive strength as described in details 

in Section 3.5. A microscopic study was performed and the 

specimens were examined under a stereoscopic microscope 

at 300X magnification and the obtained microscopic images 

were examined and discussed in the study. 

 

 

3. Results and discussion 
 

The results obtained in this study are discussed in this 

section. First, the laboratory tests were performed to 

evaluate the effect of waste brick dust on the setting time of 

cement paste replaced by different percentages of waste 

brick dust and then the bulk density of the soil-cement-

waste brick dust mixture were determined and the effect of 

these binder materials on unconfined compressive strength, 

UCS and the modulus of elasticity, Es of the treated 

specimens were investigated. 

 
3.1 Setting time 
 
In order to evaluate the effect of waste brick dust on the 

setting time of cement paste, Vicat test was performed 

according to ASTM C191 standard. According to the 

standard, the setting time test was first performed on the 

control sample (cement paste only) and then the cement 

paste was replaced by different percentages of waste brick 

dust (10, 20 and 30%). Fig. 5 shows the effect of different 

percentages of waste brick dust on the final setting time of  

 
Fig. 4 Preparation of specimens: (a) electric mixer, (b) oiling the mold, (c) compaction of specimens, (d) specimens after 

trimming, (e) prepared specimens and (f) specimens in water treatment bath 
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cement paste. According to the results obtained, it was 

observed that a reduction in the final setting time of cement-

waste brick dust mixtures was obtained due to the increase 

in the waste brick dust content. The increasing replacement 

percentages: 10, 20 and 30% of waste brick dust in cement 

paste decreased the final setting time of control sample by 

4.8, 9.3 and 13.9%, respectively. The replacement of 

cement with waste brick dust in cement paste caused the 

cement-waste brick dust mixtures to absorb more water 

compared with the mixture of cement paste only and 

resulted in faster rate of hardening. This could be explained 

due to the faster rate of release of silica and alumina present 

in the waste brick dust which resulted in reduction in the 

final setting time of cement-waste brick dust mixtures. 

Moreover, the high-water absorption of waste brick dust in 

the cement-waste brick dust mixture was attained and this 

led to faster rate of hardening of cement-waste brick dust 

mixture. This finding was in good agreement with the 

findings of Rakhimova and Rakhimov (2015) who stated 

that the increase in the rate of geopolymerization reaction in 

cement paste replaced by brick dust resulted in the 

shortening of the final setting time of this mixture. 

 
3.2 Bulk density 
 
Fig. 6 shows the bulk density of the soil-cement-waste 

brick dust mixture at 28 curing days. The figure indicates 

that the B/S ratio (10, 15 and 20%) has a direct effect on the 

 

 

bulk density. It is directly proportional to the bulk densities. 

As the B/S ratio increases, there is a continuous increase in 

the bulk densities. The bulk density values were in the 

range of 2022 – 2113 kg/m3. Considering the effect of only 

waste brick dust on the bulk density, it has been observed 

that there was no significant effect on the bulk densities. 

Due to the light weight of waste brick dust and lower 

density, waste brick dust does not show any considerable 

effect on the density of the mixtures at the same B/S ratios 

which is considered to be an advantage in terms of 

obtaining a constant density without degradation in the 

structure of mixture.  

 
3.3 Unconfined compressive strength, UCS 
 
The effect of waste brick dust on the unconfined 

compressive strength, UCS is presented in Fig. 7. The 

unconfined compressive strength of the soil-cement-waste 

brick dust mixtures showed variation with changing B/S 

ratio and replacement percentages of waste brick dust. The 

results showed that the optimum replacement percentage of 

waste brick dust was at 20% in all B/S ratios. At 28 curing 

days, the UCS values of the mixtures with 10/BD20, 

15/BD20 and 20/BD20 ratios increased from 2374.35 kPa 

to 2509.73 kPa, 3769.80 kPa, and 5331.87 kPa, respectively. 

By increasing the percentage of waste brick dust to 30, a 

decrease in UCS was obtained. The UCS values of the 

mixture with 10/BD30, 15/BD30 and 20/BD30 ratios were  

 
Fig. 5 Effect of replacement percentages of waste brick dust on the final setting time 

 
Fig. 6 Effect of replacement percentages of waste brick dust on bulk density 
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2343.10 kPa, 3457.38 kPa and 4384.21 kPa. The most 

effective percentage of waste brick dust replacement in 

increasing UCS was 20 above which there was no further 

increase in UCS. This indicates that the presence of silicon 

dioxide, SiO2 in waste brick dust with a replacement 

percentage of 20 is sufficient for the completion of the 

pozzolanic reaction that will take place in the soil-cement-

waste brick dust mixtures. Beyond this percentage, the 

waste brick dust acts as a filler and does not contribute to 

the strength. This finding was in good agreement with the 

findings of (Khan et al. 2018) who stated that the excessive 

amount of brick dust can show inferior behaviour in terms 

of compressive strength. On the other hand, reduction in 

UCS at 10% replacement of waste brick dust could be 

explained due to the insufficient SiO2 content which was 

inadequate to activate the pozzolanic reaction in the soil-

cement-waste brick dust mixtures as reported by (Wong et 

al. 2018). 

 
3.4 Modulus of elasticity  
 
Fig. 8 shows the values of the modulus of elasticity, Es 

of the soil-cement-waste brick dust mixtures. Based on the 

 

 

obtained results, it can be seen that with increasing B/S 

ratios, a continuous increase in modulus of elasticity, Es of 

all soil-cement-waste brick dust mixtures were obtained. 

The modulus of elasticity of the mixtures ranged between 

1057.69 kPa and 2631.57 kPa at 7 curing days, and 1437.5 

kPa and 2929.3 kPa at 28 curing days. The obtained Es 

values are in good harmony with the values obtained by 

(Saberian et al. 2018). In terms of replacement cement with 

waste brick dust, it can be seen that there was a slight 

decrease in the modulus of elasticity of all mixtures with  

10% replacement whereas with 30% replacement, a sharp 

decrease in the modulus of elasticity of all mixtures was 

obtained. In all B/S ratios, the highest modulus of elasticity 

value was obtained with a 20% replacement of waste brick 

dust. As Rosato (2003) stated, the increase in the modulus 

of elasticity of the mixtures is a good indication for the 

strength and stiffness improvement of the mixtures. 

 

3.5 Resilient modulus 
 
Resilient modulus, MR is a good indicator for material 

property especially in characterizing pavements for their 

structural analysis and design. It can illustrate the stress- 

 
Fig. 7 UCS of treated specimens with different replacement percentages of waste brick dust 

 
Fig. 8 The effect of replacement percentages of waste brick dust on the modulus of elasticity 
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dependent elastic modulus of different soil materials 

(Nazzal and Mohammed 2010 and Venkatesh et al. 2018). 

MR was used by different researches to measure the elastic 

response of soils mixed with different additives (Sas et al. 

2012, Park et al. 2014). MR value can be estimated directly 

from laboratory testing or indirectly through correlation 

with other laboratory tests (Rahim 2005). Direct 

determination of MR requires a complex and time-

consuming testing and because of this, MR is estimated 

based on correlations with some material properties such as 

index properties of the soil, California Bearing Ratio, CBR 

and unconfined compressive strength (Thompson 1965, 

George 2004). Thompson (1965) suggested the below 

equation, Eq. (1) for MR in terms of the unconfined 

compressive strength 

    8.68124.0  kPaquMPaMR  (1) 

 

 

 

Depending on the values obtained from the unconfined 

compression stress test, the MR values were calculated by 

using the above equation and the results were presented in 

Table 5. The calculated values of MR showed the similar 

response trend with the modulus of elasticity values as 

described in Fig. 8. The highest value of resilient modulus 

is obtained at 20% replacement of waste brick dust in all 

mixtures while 10% replacement of waste brick dust 

resulted in lower values of the resilient modulus. At the 

peak stress values, the particles in soil-cement-waste brick 

dust mixtures orientated into denser state and resulted in 

higher MR values. 30% waste brick dust replacement 

resulted in MR values lower than the other brick dust 

replacements because of the weaker particle interlocking 

generated in this mixture.  

In order to explain the obtained test results, test 

specimens were examined under a stereoscopic microscope 

and the microscope images of specimens were examined  

Table 5 Resilient modulus (MPa) of treated specimens 

Mix designation 
Curing time 

7 days 28 days 

10/BD0 284.45 363.22 

10/BD10 280.58 359.35 

10/BD20 329.65 380.01 

10/BD30 196.64 208.26 

15/BD0 420.04 520.76 

15/BD10 418.75 497.52 

15/BD20 462.65 536.26 

15/BD30 330.94 422.62 

20/BD0 576.29 710.58 

20/BD10 502.68 612.44 

20/BD20 613.73 729.95 

20/BD30 478.15 607.28 

 
Fig. 9 Microscopic images of the specimens with cement and waste brick dust: (a) 20/BD0, (b) 20/BD10, (c) 20/BD20 and 

(d) 20/BD30 
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and discussed. Fig. 9 presents the microscopic images of the 

four specimens with 20% of B/S ratio treated with 10, 20 

and 30% replacement of waste brick dust at 28 curing days. 

Fig. 9(a) shows the microscopic image of the treated 

specimen with cement only (20/BD0). When this image was  

compared with the other images of the specimens with 

different percentages of waste brick dust replacement, it can 

be seen that the specimens treated with 20% of waste brick 

dust Fig. 9(c) resulted in less pore void space than the other 

specimens. The microscopic images of the specimens with 

10 and 30% waste brick dust showed that these specimens 

contained larger pore spaces than the other specimens. The 

microscope image of the optimum percentage of waste 

brick dust (20/BD20) in Fig. 9(c) indicated that this 

percentage of waste brick dust used in the sand-cement 

mixture filled all the pore spaces of the sand particles in the 

mixture and covered all the surfaces of the sand particles.  

This resulted in an increase in the interlocking of the 

sand particles and consequently resulted in a more dense 

structure. The cementitious compounds generated in the 

optimum percentage of waste brick dust (20/BD20) were 

considered to be a source for strength and stiffness 

development in the specimens. On the other, in the 

specimens with 10 and 30% replacement of waste brick 

dust, due to the visible pore spaces and the weak bonding 

between the sand particle as shown in Figs. 9(b)-9(d), 

insufficient cementitious compounds resulted in less 

stiffness and less MR values compared to the specimens 

treated with 20% waste brick dust.    

 

3.6 Deformation behaviour  
 
The deformation behaviour of the soil-cement-waste 

brick dust mixtures was investigated by using the 

unconfined compression test specimens after failure. The  

 

 

unconfined compression test specimens were tested under 

uniaxial compression and the effect of waste brick dust on 

the deformed shapes of the specimens and the cracking 

propagation of the specimens after failure were investigated. 

Fig. 10 illustrates the deformation behaviour of soil-cement-

waste brick dust mixtures in mix designations: 20/BD0, 

20/BD10, 20/BD20 and 20/BD30. The figure illustrates the 

deformed shapes of the specimens at failure. Fig. 10(a) 

shows the failure deformation of the specimen with 0% of 

waste brick dust in mix designation 20/BD0.  The obtained 

deformation type is a typical shear failure as shown in Fig. 

10(a). Whereases at 10% of waste brick dust in mix 

designation 20/BD10, a fracture surface with small cracks 

were observed as shown in Fig. 10(b). At 20% replacement 

of waste brick dust in mix designation 20/BD20, it was 

found that the crack path was along the vertical direction of 

the axial stress, which was typically axial splitting tensile 

failure as shown in Fig. 10(c). This finding was in good 

agreement with Yang et al. (2009), who stated that this type 

of tensile failure was due to brittle deformation of 

specimens. On the other hand, at 30% replacement of waste 

brick dust in mix designation 20/BD30, the deformation 

resulted in fracture surfaces with lots of cracks as shown in 

Fig. 10(d). The increasing amount of waste brick dust 

altered the deformation and cracking pattern of the treated 

specimens as shown in Figs. 10(b)-10(d). All the treated 

specimens with waste brick dust yielded more fracture 

surfaces than the cement mixed specimen: 20/BD0. In mix 

designations: 20/BD10 and 20/BD30, the tested specimens 

resulted in several short narrow tension cracks together with 

broad vertical cracks compared to the mix designations: 

20/BD20. As Yadav et al. (2019) reported, such cracks are 

responsible for the sudden failure with less energy 

absorption of the specimen before failure. The resulted 

deformation and the crack pattern of the specimens with 10 

 
Fig. 10 Deformation behaviour of the treated specimens with waste brick dust: (a) 20/BD0, (b) 20/BD10, (c) 20/BD20 and 

(d) 20/BD30 
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and 30% waste brick dust replacement resulted in lower 

unconfined compressive strength due to the weak bonding 

and the improper strength and stiffness development of the 

specimens. These findings are in good agreement with the 

findings of Li et al. (2005) who associated the decrease in 

the unconfined compressive strength of the marble samples 

with the cracks generated in the specimens.  

 

 

4. Conclusions 
 

This study utilized waste brick dust as a replacement 

material of cement for enhancing the mechanical and 

strength properties of loose sandy soil to be more favorable 

for deep soil mixing. From the results obtained, the 

following conclusions can be drawn: 

 In terms of recycling materials, based on the 

obtained geotechnical properties of the soil-cement-waste 

brick dust specimens, it was found that waste brick dust has 

good potential to be used as a cement replacement material 

in deep soil mixing technique.  

 In terms of setting time, increasing percentage of the 

waste brick dust replacement decreased the final setting 

time of the mixtures due to the high water absorption of 

waste brick dust.  

 Increasing B/S ratio resulted in an increase in the 

bulk density of all mixtures and caused the specimens to 

become denser. On the other hand, increasing the 

replacement percentage of the waste brick dust alone did 

not result in considerable effect on the bulk density. 

 The effective silicon dioxide content required to be 

available for the pozzolanic reaction was found to be at the 

soil-cement-waste brick dust mixtures with a brick dust 

replacement of 20%. The highest unconfined compressive 

strength was obtained at this optimum percentage of waste 

brick dust replacement (20%).  

 The best improvement in modulus of elasticity of the 

soil-cement-waste brick dust mixtures was obtained with 

waste brick dust replacement of 20%. The response trend of 

modulus of elasticity was in good agreement with the 

unconfined compressive strength values.  

 The resilient modulus was varied in the same way as 

modulus of elasticity. 20% of waste brick dust replacement 

resulted in denser and stiffer specimens which resulted in 

higher resilient modulus.  

 When the deformation behaviour of the soil-cement-

waste brick dust mixtures was investigated, it was found 

that at 10% and 30% of waste brick dust replacement, the 

specimens resulted in fracture surfaces and cracks due to 

the inadequate strength whereas at 20% of waste brick dust 

replacement, the specimen was deformed in axial splitting 

tensile failure due to its high capability of crack resistance. 

 
 

References 
 
Al-Bared, M.A., Harahap, I.S., Marto, A., Mohamad, H., Abad, S. 

V.A.N.K. and Mustaffa, Z. (2020), “Cyclic behavior of RT-

cement treated marine clay subjected to low and high loading 

frequencies”, Geomech. Eng., 21(5), 433-445. 

https://doi.org/10.12989/gae.2020.21.5.433.  

Al-Tabba, A., Ayotamuno, M.J. and Martin, R.J. (2000), “Soil 

mixing of stratified contaminated sands”, J. Hazard. Mater., 

72(1), 53-75. https://doi.org/10.1016/S0304-3894(99)00158-2. 

Arasan, S., Isik, F., Akbulut, R.K., Zaimoglu, A.S. and Nasirpur, 

O. (2015), “Rapid stabilization of sands with deep mixing 

method using polyester”, Periodica Polytechnica Civil Eng., 

59(3), 405-411. https://doi.org/10.3311/PPci.7956. 

Arulrajah, A., Yaghoubi, M., Disfani, M.M., Horpibulsuk, S., Bo, 

M.W. and Leong, M. (2018), “Evaluation of fly ash-and slag-

based geopolymers for the improvement of a soft marine clay 

by deep soil mixing”, Soils Found., 58(6), 1358-1370. 

https://doi.org/10.1016/j.sandf.2018.07.005. 

ASTM C188-09. (2014), Standard Test Method for Density of 

Hydraulic Cement, ASTM International, West Conshohocken, 

USA. www.astm.org.  

ASTM C191-19. (2019), Standard Test Methods for Time of 

Setting of Hydraulic Cement by Vicat Needle, ASTM 

International, West Conshohocken, USA. www.astm.org. 

ASTM C204-07. (2011), Standard Test Methods for Fineness of 

Hydraulic Cement by Air-Permeability Apparatus, ASTM 

International, West Conshohocken, USA. www.astm.org.  

ASTM D1556-07. (2015), Standard Test Method for Density and 

Unit Weight of Soil in Place by the Sand-Cone Method, ASTM 

International, West Conshohocken, USA. www.astm.org.  

ASTM D1633-17. (2017), Standard Test Methods for 

Compressive Strength of Molded Soil-Cement Cylinders 1, 

ASTM International, West Conshohocken, USA. www.astm.org.  

ASTM D4254-00. (2017), Standard Test Methods for Minimum 

Index Density and Unit Weight of Soils and Calculation of 

Relative Density, ASTM International, West Conshohocken, 

USA. www.astm.org. 

ASTM D6913 / D6913M-17. (2017), Standard Test Methods for 

Particle-Size Distribution (Gradation) of Soils Using Sieve 

Analysis, ASTM International, West Conshohocken, 

USA. www.astm.org.  

ASTM D7348-21. (2021), Standard Test Methods for Loss on 

Ignition (LOI) of Solid Combustion Residues, ASTM 

International, West Conshohocken, USA. www.astm.org.  

ASTM D7382-20. (2020), Standard Test Methods for 

Determination of Maximum Dry Unit Weight of Granular Soils 

Using a Vibrating Hammer, ASTM International, West 

Conshohocken, USA. www.astm.org.  

ASTM D854-14. (2016), Standard Test Methods for Specific 

Gravity of Soil Solids by Water Pycnometer, ASTM 

International, West Conshohocken, USA. www.astm.org.  

Brasse, K., Tracz, T., Zdeb, T. and Rychlewski, P. (2018), 

“Influence of soil-cement composition on its selected 

properties”, Proceeding of the 8th Scientific-Technical 

Conference on Material Problems in Civil Engineering. 

https:/doi.org/10.1051/matecconf/201816306006. 

Bredenberg, H. (2017), Dry Mix Methods for Deep Soil 

Stabilization, Routledge, London, UK. 

http://dx.doi.org/10.1201/9781315141466. 

Bruce, D.A. and Bruce, M.E.C. (2002), “The practitioner's guide 

to deep mixing”, Geotech. Special Publication, 1, 474-488. 

https://doi.org/10.1061/40663(2003)22. 

Canakci, H., Gullu, H. and Dwle, M.I.K. (2018), “Effect of glass 

powder added grout for deep mixing of marginal sand with 

clay”, Arabian J. Sci. Eng., 43(4), 1583-1595. 

https://doi.org/10.1007/s13369-017-2655-3. 

Chang, M., Mao, T.W. and Huang, R.C. (2016), “A study on the 

improvements of geotechnical properties of in-situ soils by 

grouting”, Geomech. Eng., 10(4), 527-546. 

https://doi.org/10.12989/gae.2016.10.4.527. 

Chenari, R.J., Fatahi, B., Ghorbani, A. and Alamoti, M.N. (2018), 

“Evaluation of strength properties of cement stabilized sand 

568

https://doi.org/10.12989/gae.2020.21.5.433
https://doi.org/10.1016/S0304-3894(99)00158-2
https://doi.org/10.3311/PPci.7956
https://doi.org/10.1016/j.sandf.2018.07.005
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
https://www.astm.org/
http://dx.doi.org/10.1051/matecconf/201816306006
http://dx.doi.org/10.1201/9781315141466
https://doi.org/10.1061/40663(2003)22
https://doi.org/10.1007/s13369-017-2655-3
https://doi.org/10.12989/gae.2016.10.4.527


 

Laboratory analysis of loose sand mixed with construction waste material in deep soil mixing 

mixed with EPS beads and fly ash”, Geomech. Eng., 14(6), 533-

544. https://doi.org/10.12989/gae.2018.14.6.533. 

Chhun, K.T., Choo, H., Kaothon, P. and Yune, C.Y. (2020), 

“Experimental study on the strength behavior of cement-

stabilized sand with recovered carbon black”, Geomech. Eng., 

23(1), 31-38. https://doi.org/10.12989/gae.2020.23.1.031. 

Cristelo, N., Glendinning, S. and Teixeira Pinto, A. (2011), “Deep 

soft soil improvement by alkaline activation”, Proceedings of 

the Institution of Civil Engineers-Ground Improvement, 164(2), 

73-82. https://doi.org/10.1680/grim.900032. 

Demir, I., Yaprak, H.A.S.B.I. and Simsek, O. (2011), 

“Performance of cement mortars replaced by ground waste 

brick in different aggressive conditions”, Ceramics-Silikáty, 

55(3), 268-275. 

Egorova, A.A., Rybak, J., Stefaniuk, D. and Zajączkowski, P. 

(2017), “Basic aspects of deep soil mixing technology control”, 

Proceedings of the IOP Conference Series: Materials Science 

and Engineering, Moscow, Russia. 

https://doi.org/10.1088/1757-899X/245/2/022019. 

Esmaeili, M., Astaraki, F. and Khajehei, H. (2020), “Laboratory 

investigation on the effect of microsilica additive on mechanical 

properties of deep soil mixing columns in loose sandy soils”, 

Eur. J. Environ. Civil Eng., 24(3), 321-335. 

https://doi.org/10.1080/19648189.2017.1382394. 

Esmaeili, M., Gharouni-Nik, M. and Khajehei, H. (2014), 

“Evaluation of deep soil mixing efficiency in stabilizing loose 

sandy soils using laboratory tests”, Geotech. Test. J., 37(5), 

817-827. https://doi.org/10.1520/GTJ20130099. 

EuroSoilStab. (2002), “Development of design and construction 

methods to stabilize soft organic soils: Design guide soft soil 

stabilization”, CT97-0351, Project No. BE 96-3177. 

Fang, Y.S., Chung, Y.T., Yu, F.J. and Chen, T.J. (2001), 

“Properties of soil-cement stabilised with deep mixing method”, 

Proceedings of the Institution of Civil Engineers-Ground 

Improvement, 5(2), 69-74. 

https://doi.org/10.1680/grim.2001.5.2.69. 

Farouk, A. and Shahien, M.M. (2013), “Ground improvement 

using soil–cement columns: Experimental investigation”, 

Alexandria Eng. J., 52(4), 733-740. 

https://doi.org/10.1016/j.aej.2013.08.009. 

Fatahi, B. and Khabbaz, H. (2012), “Mechanical characteristics of 

soft clay treated with fibre and cement”, Geosynthetics Int., 

19(3), 252-262. https://doi.org/10.1680/gein.12.00012. 

Ge, Z., Gao, Z., Sun, R. and Zheng, L. (2012), “Mix design of 

concrete with recycled clay-brick-powder using the orthogonal 

design method”, Constr. Build. Mater., 31, 289-293. 

https://doi.org/10.1016/j.conbuildmat.2012.01.002. 

Ge, Z., Wang, Y., Sun, R., Wu, X. and Guan, Y. (2015), 

“Influence of ground waste clay brick on properties of fresh and 

hardened concrete”, Constr. Build. Mater., 98, 128-136. 

https://doi.org/10.1016/j.conbuildmat.2015.08.100. 

George, K.P. (2004), “Prediction of resilient modulus from soil 

index properties”, Research Report No. FHWA/MS-DOT-RD-

04-172; The Mississippi Department of Transportation and US 

Department of Transportation-federal Highway Adminstration, 

Australia.  

Gullu, H., Canakci, H. and Al Zangana, I.F. (2017), “Use of 

cement based grout with glass powder for deep mixing”, Constr. 

Build. Mater., 137, 12-20. 

https://doi.org/10.1016/j.conbuildmat.2017.01.070. 

Gupta, D. and Kumar, A. (2017), “Stabilized soil incorporating 

combinations of rice husk ash, pond ash and cement”, Geomech. 

Eng., 12(1), 85-109. https://doi.org/10.12989/gae.2017.12.1.085. 

Haakeel, M.S.S., Ramzi, M.Z.M. and Nasvi, M.C.M. (2019), 

“Compressibility behaviour of peat reinforced with single and 

Multiple Deep Soil Mixing (DSM) columns”, Engineer: J. Inst. 

Engineers, 52(3). https://doi.org/10.4038/engineer.v52i3.7360.  

Hasheminezhad, A. and Bahadori, H. (2020), “On the deep soil 

mixing method in the mitigation of liquefaction-induced bearing 

capacity degradation of shallow foundations”, Geomech. 

Geoeng., 1-13. 

http://dx.doi.org/10.1080/17486025.2020.1755460. 

Heidari, A. and Hasanpour, B. (2013), “Effects of waste bricks 

powder of gachsaran company as a pozzolanic material in 

concrete”, Asian J. Civil Eng.(Building and Housing), 14, 755-

763. 

Horpibulsuk, S., Miura, N., Koga, H. and Nagaraj, T.S. (2004), 

“Analysis of strength development in deep mixing: a field 

study”, Proceedings of the Institution of Civil Engineers-

Ground Improvement, 8(2), 59-68. 

https://doi.org/10.1680/grim.2004.8.2.59. 

Huang, J., Kelly, R. and Sloan, S.W. (2015), “Stochastic 

assessment for the behaviour of systems of dry soil mix 

columns”, Comput. Geotech., 66, 75-84. 

https://doi.org/10.1016/j.compgeo.2015.01.016. 

Jacobson, J.R., Filz, G.M. and Mitchell, J.K. (2003), Factors 

affecting strength gain in lime-cement columns and 

development of a laboratory testing procedure, Research Report 

No. 57565; Virginia Center for Transportation Innovation and 

Research, Virginia, USA. 

Jung, C., Ceglarek, R., Clauvelin, T., Ayeldeen, M. and Kim, D. 

(2020), “Deep Soil Mixing in Sabkha Soils for Foundation 

Support in United Arab Emirates”, Int. J. Geosynthetics Ground 

Eng., 6(1), 1-15. https://doi.org/10.1007/s40891-020-0188-4. 

Karpisz, I., Pyda, J., Cichy, L. and Sobala, D. (2018), “Study of 

the effect of cement amount on the soil-cement sample 

strength”, Proceedings of the IOP Conference Series: Materials 

Science and Engineering, Wroclaw, Poland. 

https:/doi.org/10.1088/1757-899X/365/4/042061. 

Khan, M.N.A., Liaqat, N., Ahmed, I., Basit, A., Umar, M. and 

Khan, M.A. (2018), “Effect of Brick Dust on Strength and 

Workability of Concrete”, Proceedings of the IOP Conference 

Series: Materials Science and Engineering, Pakistan. http:// 

doi:10.1088/1757-899X/414/1/012005. 

Kim, Y.S., Seo, S.G., Ko, H.W. and Kim, J. (2018), 

“Implementation of porous material through eco-tech for deep 

cement–soil mixing”, Mar. Georesour. Geotech., 36(8), 931-

939. https://doi.org/10.1080/1064119X.2017.1399944. 

Le Kouby, A., Guimond-Barrett, A., Reiffsteck, P., Pantet, A., 

Mosser, J.F. and Calon, N. (2020), “Improvement of existing 

railway subgrade by deep mixing”, Eur. J. Environ. Civil Eng., 

24(8), 1229-1244. 

http://dx.doi.org/10.1080/19648189.2018.1456977. 

Lee, C., Nam, H., Lee, W., Choo, H. and Ku, T. (2019), 

“Estimating UCS of cement-grouted sand using characteristics 

of sand and UCS of pure grout”, Geomech. Eng., 19(4), 343-

352. https://doi.org/10.12989/gae.2019.19.4.343. 

Li, Y.P., Chen, L.Z. and Wang, Y.H. (2005), “Experimental 

research on pre-cracked marble under compression”, Int. J. 

Solid. Struct., 42(9-10), 2505-2516. 

https://doi.org/10.1016/j.ijsolstr.2004.09.033. 

Liu, Y., Jiang, Y.J., Xiao, H. and Lee, F.H. (2017), 

“Determination of representative strength of deep cement-mixed 

clay from core strength data”, Geotechnique, 67(4), 350-364. 

https://doi.org/10.1680/jgeot.16.P.105. 

Lorenzo, G.A. and Bergado, D.T. (2006), “Fundamental 

characteristics of cement-admixed clay in deep mixing”, J. 

Mater. Civil Eng., 18(2), 161-174. 

https://doi.org/10.1061/(ASCE)0899-1561(2006)18:2(161). 

Lu, Y., Liu, S., Zhang, Y., Li, Z. and Xu, L. (2020), “Freeze-thaw 

performance of a cement-treated expansive soil”, Cold Regions 

Sci. Technol., 170, 102926. 

https://doi.org/10.1016/j.coldregions.2019.102926. 

Ma, S.J., Li, M.Y., Guo, Y.C. and Safaei, B. (2020), “Field test 

569

https://doi.org/10.12989/gae.2018.14.6.533
https://doi.org/10.12989/gae.2020.23.1.031
https://doi.org/10.1680/grim.900032
https://doi.org/10.1088/1757-899X/245/2/022019
https://doi.org/10.1080/19648189.2017.1382394
https://doi.org/10.1520/GTJ20130099
https://doi.org/10.1680/grim.2001.5.2.69
https://doi.org/10.1016/j.aej.2013.08.009
https://doi.org/10.1680/gein.12.00012
https://doi.org/10.1016/j.conbuildmat.2012.01.002
https://doi.org/10.1016/j.conbuildmat.2015.08.100
https://doi.org/10.1016/j.conbuildmat.2017.01.070
https://doi.org/10.12989/gae.2017.12.1.085
https://doi.org/10.4038/engineer.v52i3.7360
http://dx.doi.org/10.1080/17486025.2020.1755460
https://www.sid.ir/en/journal/JournalList.aspx?ID=4024
https://doi.org/10.1680/grim.2004.8.2.59
https://doi.org/10.1016/j.compgeo.2015.01.016
https://doi.org/10.1007/s40891-020-0188-4
http://dx.doi.org/10.1088/1757-899X/365/4/042061
https://doi.org/10.1080/1064119X.2017.1399944
http://dx.doi.org/10.1080/19648189.2018.1456977
https://doi.org/10.12989/gae.2019.19.4.343
https://doi.org/10.1016/j.ijsolstr.2004.09.033
https://doi.org/10.1680/jgeot.16.P.105
https://doi.org/10.1061/(ASCE)0899-1561(2006)18:2(161)
https://doi.org/10.1016/j.coldregions.2019.102926


 

Mahdi Z. Alnunu and Zalihe Nalbantoglu 

and research on shield cutting pile penetrating cement soil 

single pile composite foundation”, Geomech. Eng., 23(6), 513. 

https://doi.org/10.12989/gae.2020.23.6.513. 

Madhyannapu, R.S., Puppala, A.J., Nazarian, S. and Yuan, D. 

(2009), “Quality assessment and quality control of deep soil 

mixing construction for stabilizing expansive subsoils”, J. 

Ggeotech. Geoenviron. Eng., 136(1), 119-128. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0000188. 

Mann, M.F. (2017), “Effect of Deep-Soil Mixed Soil Reinforced 

Panels on Reducing Seismic Amplification on Soft Clay-

Comparison Between the Rigid Wall and Laminar Containers”, 

California State University, Fullerton, USA. 

Nazzal, M.D. and Mohammad, L.N. (2010), “Estimation of 

resilient modulus of subgrade soils for design of pavement 

structures”, J. Mater. Civil Eng., 22(7), 726-734. 

https://doi.org/10.1061/(ASCE)MT.1943-5533.0000073. 

O’Farrell, M., Sabir, B.B. and Wild, S. (2006), “Strength and 

chemical resistance of mortars containing brick manufacturing 

clays subjected to different treatments”, Cement Concrete 

Compos., 28(9), 790-799. 

https://doi.org/10.1016/j.cemconcomp.2006.05.014. 

Onal, O. and Sariavci, C. (2019), “Stabilization of Meles Delta 

soils using cement and lime mixtures”, Geomech. Eng., 19(6), 

543-554. https://doi.org/10.12989/gae.2019.19.6.533. 

Park, D.W., Vo, H.V. and Lim, Y. (2014), “Recycling of dredged 

soil waste using air-foam stabilization method as highway 

construction material”. In Innovative and Sustainable Use of 

Geomaterials and Geosystems, 41-48. 

https://doi.org/10.1061/9780784478455.006. 

Patterson, J. and Wilk, C.M. (2019), “Estimating Sustainability 

Benefits from Use of Blended Cements and Slag Cement at 

Geotechnical Projects”, In IAEG/AEG Annual Meeting 

Proceedings, San Francisco, California, 4 (111-115). Springer, 

Cham. http://dx.doi.org/10.1007/978-3-319-93133-3_15. 

Rahim, A.M. (2005), “Subgrade soil index properties to estimate 

resilient modulus for pavement design”, Int. J. Pavement Eng., 

6(3), 163-169. https://doi.org/10.1080/10298430500140891. 

Rakhimova, N.R. and Rakhimov, R.Z. (2015), “Alkali-activated 

cements and mortars based on blast furnace slag and red clay 

brick waste”, Mater. Design, 85, 324-331. 

https://doi.org/10.1016/j.matdes.2015.06.182. 

Rashid, A.S.A., Kueh, A.B.H. and Mohamad, H. (2017), 

“Behaviour of soft soil improved by floating soil–cement 

columns”, Int. J. Phys. Model. Geotech., 18(2), 95-116. 

https://doi.org/10.1680/jphmg.15.00041. 

Ribeiro, D., Neri, R. and Cardoso, R. (2016), “Influence of water 

content in the UCS of soil-cement mixtures for different cement 

dosages”, Procedia Eng., 143, 59-66. 

https://doi.org/10.1016/j.proeng.2016.06.008. 

Rogers, S.B. (2011), “Evaluation and testing of brick dust as a 

pozzolanic additive to lime mortars for architectural 

conservation”, Master’s Thesis; University of Pennsylvania, 

Philadelphia, PA. 

Rosato, D.V. (2003), Plastics engineered product design. Elsevier. 

Saberian, M., Moradi, M., Vali, R. and Li, J. (2018), “Stabilized 

marine and desert sands with deep mixing of cement and 

sodium bentonite”, Geomech. Eng., 14(6), 553-562. 

https://doi.org/10.12989/gae.2018.14.6.553. 

Sas, W., Gluchowski, A. and Szymanski, A. (2012), 

“Determination of the Resilient modulus MR for the lime 

stabilized clay obtained from the repeated loading CBR tests”, 

Annals of Warsaw University of Life Sciences-SGGW. Land 

Reclamation, 44(2). https://doi.org/10.2478/v10060-011-0070-0. 

Seifan, M., Mendoza, S. and Berenjian, A. (2020), “Mechanical 

properties and durability performance of fly ash based mortar 

containing nano-and micro-silica additives”, Constr. Build. 

Mater., 252, 119121. 

https://doi.org/10.1016/j.conbuildmat.2020.119121. 

Sukontasukkul, P. and Jamsawang, P. (2012), “Use of steel and 

polypropylene fibers to improve flexural performance of deep 

soil–cement column”, Constr. Build. Mater., 29, 201-205. 

https://doi.org/10.1016/j.conbuildmat.2011.10.040. 

Tang, C., Shi, B., Gao, W., Chen, F. and Cai, Y. (2007), “Strength 

and mechanical behavior of short polypropylene fiber 

reinforced and cement stabilized clayey soil”, Geotext.  

Geomembranes, 25(3), 194-202. 

https://doi.org/10.1016/j.geotexmem.2006.11.002. 

Thompson, M.R. (1965), Shear strength and elastic properties of 

lime-soil mixtures, Transportation research board, USA. 

Timoney, M.J., McCabe, B.A. and Bell, A.L. (2012), 

“Experiences of dry soil mixing in highly organic soils”, 

Proceedings of the Institution of Civil Engineers-Ground 

Improvement, 165(1), 3-14. 

https://doi.org/10.1680/grim.2012.165.1.3.  

Tong, B., Schaefer, V., Liu, Y. and Han, B. (2019), “Optimization 

of deep mixing design for seismic liquefaction mitigation of 

Caisson walls”, Geomatics, Natural Hazards and Risk, 10(1), 

287-313. https://doi.org/10.1080/19475705.2018.1521879. 

Venkatesh, N., Heeralal, M. and Pillai, R. J. (2018), “Resilient and 

permanent deformation behaviour of clayey subgrade soil 

subjected to repeated load triaxial tests”, Eur. J. Environ. Civil 

Eng., 1-16. https://doi.org/10.1080/19648189.2018.1472041. 

Wang, J.H., Xu, Z.H. and Wang, W.D. (2009), “Wall and ground 

movements due to deep excavations in Shanghai soft soils”, J. 

Geotech. Geoenviron. Eng., 136(7), 985-994. 
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000299. 

Wang, Y., Li, L., Li, J. and Sun, D.A. (2020), “Jet-grouting in 

ground improvement and rotary grouting pile installation: 

Theoretical analysis”, Geomech. Eng., 21(3), 279-288. 

https://doi.org/10.12989/gae.2020.21.3.279. 

Wong, C.L., Mo, K.H., Yap, S.P., Alengaram, U.J. and Ling, T.C. 

(2018), “Potential use of brick waste as alternate concrete-

making materials: A review”, J. Cleaner Oroduction, 195, 226-

239. https://doi.org/10.1016/j.jclepro.2018.05.193. 

Wong, J.K.H., Kok, S.T. and Wong, S.Y. (2020), “Cementitious, 

pozzolanic and filler materials for DSM binders”, Civil Eng. J., 

6(2), 402-417. https://doi.org/10.28991/cej-2020-03091479. 

Yadav, J.S., Hussain, S., Tiwari, S.K. and Garg, A. (2019), 

“Assessment of the load–deformation behaviour of rubber 

fibre–reinforced cemented clayey soil”, T. Infrastruct. Geotech., 

6(2), 105-136. 

Yang, S.Q., Dai, Y.H., Han, L.J. and Jin, Z.Q. (2009), 

“Experimental study on mechanical behavior of brittle marble 

samples containing different flaws under uniaxial compression”, 

Eng. Fract. Mech., 76(12), 1833-1845. 

https://doi.org/10.1016/j.engfracmech.2009.04.005. 

Yang, S.R., Lin, H.D., Kung, J.H. and Huang, W.H. (2008), 

“Suction-controlled laboratory test on resilient modulus of 

unsaturated compacted subgrade soils”, J. Geotech. Geoenviron. 

Eng., 134(9), 1375-1384. https://doi.org/10.1061/(asce)1090-

0241(2008)134:9(1375).  

Yapage, N.N.S., Liyanapathirana, D.S., Kelly, R.B., Poulos, H.G. 

and Leo, C. J. (2014), “Numerical modeling of an embankment 

over soft ground improved with deep cement mixed columns: 

case history”, J. Geotech. Geoenviron. Eng., 140(11), 04014062. 

https://doi.org/10.1061/(ASCE)GT.1943-5606.0001165. 

Yi, Y., Liu, S., Puppala, A.J. and Jing, F. (2019), “Variable-

diameter deep mixing column for multi-layered soft ground 

improvement: Laboratory modeling and field application”, Soils 

Found., 59(3), 633-643. 

https://doi.org/10.1016/j.sandf.2019.01.009. 

Yilmaz, Y., Eun, J. and Goren, A. (2018), “Individual and 

combined effect of Portland cement and chemical agents on 

unconfined compressive strength for high plasticity clayey 

570

https://doi.org/10.12989/gae.2020.23.6.513
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000188
https://doi.org/10.1061/(ASCE)MT.1943-5533.0000073
https://doi.org/10.1016/j.cemconcomp.2006.05.014
https://doi.org/10.12989/gae.2019.19.6.533
https://doi.org/10.1061/9780784478455.006
http://dx.doi.org/10.1007/978-3-319-93133-3_15
https://doi.org/10.1080/10298430500140891
https://doi.org/10.1016/j.matdes.2015.06.182
https://doi.org/10.1680/jphmg.15.00041
https://doi.org/10.1016/j.proeng.2016.06.008
https://doi.org/10.12989/gae.2018.14.6.553
https://doi.org/10.2478/v10060-011-0070-0
https://doi.org/10.1016/j.conbuildmat.2020.119121
https://doi.org/10.1016/j.conbuildmat.2011.10.040
https://doi.org/10.1016/j.geotexmem.2006.11.002
https://doi.org/10.1680/grim.2012.165.1.3
https://doi.org/10.1080/19475705.2018.1521879
https://doi.org/10.1080/19648189.2018.1472041
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000299
https://doi.org/10.12989/gae.2020.21.3.279
https://doi.org/10.1016/j.jclepro.2018.05.193
https://doi.org/10.28991/cej-2020-03091479
https://doi.org/10.1016/j.engfracmech.2009.04.005
https://doi.org/10.1061/(asce)1090-0241(2008)134:9(1375)
https://doi.org/10.1061/(asce)1090-0241(2008)134:9(1375)
https://doi.org/10.1061/(ASCE)GT.1943-5606.0001165
https://doi.org/10.1016/j.sandf.2019.01.009


 

Laboratory analysis of loose sand mixed with construction waste material in deep soil mixing 

soils”, Geomech. Eng., 16(4), 375-384. 

https://doi.org/10.12989/gae.2018.16.4.375. 

Yoobanpot, N., Jamsawang, P. and Horpibulsuk, S. (2017), 

“Strength behavior and microstructural characteristics of soft 

clay stabilized with cement kiln dust and fly ash residue”, Appl. 

Clay Sci., 141, 146-156. 

https://doi.org/10.1016/j.clay.2017.02.028. 

Zhang, F., Zhang, L., Yang, L., Feng, T., Chen, L. and Zhong, X. 

(2018), “The cement content measurement of cement mixing 

piles with EDTA titration method”, KSCE J. Civil Eng., 1-10. 

https://doi.org/10.1007/s12205-018-1215-z. 

 

 
CC 

 

 

 

 

571

https://doi.org/10.12989/gae.2018.16.4.375
https://doi.org/10.1016/j.clay.2017.02.028
https://doi.org/10.1007/s12205-018-1215-z


 




