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Abstract: In many civil engineering projects, the foundation soils do not provide the required mechanical properties and therefore, there is a need to improve the soil. Compaction, soil reinforcement, soil mixing with natural or chemical additives are common soil stabilization methods to improve the soil characteristics. The incidence of some environmental problems in traditional improvement techniques has encouraged engineers to explore new methods. Recently in this category, a new technique in geotechnical engineering called biogeotechnology is introduced to improve the mechanical properties of the soil. It is an environmentally friendly approach which uses biological methods to solve geotechnical problems. This technique uses minerals producer microorganisms. This study investigates the possibility of improving soil strength properties with microbial calcite precipitation and the effect of fine-grained percentages in this regard. In order to determine the  soil strength properties, direct shear test in the consolidated drained state has been on untreated and treated soil samples. The results showed that this method is applicable to improve all soil samples (from 100% coarse-grained (i.e. sand) to 100% fine-grained (i.e. clay)). However, increasing the strength in the sand is much more enhanced than that for finer soils. It was found that a considerable increase in cohesion of treated soil can be achieved for soil samples with maximum 10% fine content. 
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1. INTRODUCTION
Development of urban infrastructures is necessary to meet the needs of growing community. This issue is directly related to the access to suitable land that can be used for construction. Improving soil physical properties is necessary in some cases where the ground has not the sufficient strength to bear the applied load and/or when soil settlement, erosion and liquefaction are major concerns. Compaction, soil reinforcement, soil nailing, soil mixing with chemicals, lime or cement, grouting are common soil stabilization methods to improve soil characteristics. At the same time the environmental conditions for living in urban areas is declining (DeJong et al., 2010).  Lately, environmental impacts of these traditional methods urged researchers to pay more attention to ecological approaches for treating the soils. 
Currently, biological techniques using natural inherent microorganisms in soil are being investigated in this regard (DeJong et al. 2006; Whiffin et al. 2007; Ivanov & Chu 2008). Microorganisms can catalyze chemical reactions within the soil resulting in precipitation (or dissolution) of inorganic minerals. Researchers all over the world have shown the improvement of soil properties using microbiological processes. 
Many researchers have mentioned that  microbial mineral precipitation method is more effective in sandy soils compared to silts or clay (Kim et al., 2013) and most researchers have used granular soil for experiment and in-situ studies.
Thus, in previous studies the use of this method in fine grained soils has not received considerable attention. In this study microbial induced calcium carbonate precipitation (MICP) by urea hydrolysis is used to reinforce soils with different percentage of fine particles. 

2. PREVIOUS STUDIES
As cited, the traditional ground improvement methods may have undesirable environmental impact. Effects on underground water supplies, producing a lot of carbon dioxide and the toxicity and also problems such as high energy consumption, need expensive equipment are examples of such impacts. Therefore Engineers have been urged to examine new ways of soil improvement including environmentally friendly substances such as sewage sludge ash, bottom ash, bacteria in the soil and so on to solve these problems (Karol, 2003).  
The history of research on new environmentally friendly methods is  briefly mentioned as follows.
Lin et al. (2007) used tested the impact of sewage sludge ash and hydrated lime to stabilize a layey soil. and Chen and Lin (2009) also investigated of examined the  using impact of sewage sludge ash and cement in a fixed ratio of 4 to 1 to stabilize a clayey soilclay. The results showed that a significant increase in unconfined compressive strength of stabilized samples were about 3 to 7 timescompared to the untreated unstabilized samples.
Tempest, and  Pando ( 2013) investigated the effect of  sewage sludge ash to stabilize clayey soils. Having performed unconfined compression strength and plate loading tests, they found that the sewage sludge ash can improve the soils that can not be treated with other kinds of ashes.
Güllü and Girisken (2013) in a study investigated the geotechnical performances of fine grained soils treated with industrial sewage sludge and showed that industrial sewage sludge can be potensially used to improve and stabilize these soils. 
Güllü, (2014a) used bottom ash  to treat fine-grained soil. Güllü, (2014b). studied the effect of using bottom ash on strength and elastic properties of clay.  
Güllü (2015a) in a study used bottom ash, lime and superplasticiser to treat fine-grained soil. He showed the improvement in unconfined compressive strength and freeze–thaw resistance of stabilised soil with respect to untreated soil.by factorial experimental approach proposed the effective amount of sewage sludge ash to improve coarse grained soil properties. Güllü (2015b) investgated the viscouse behaviore of cement mixtures  with clay, sand, lime and bottom ash for jet grouting and found that diferent stabilizer used with cement have promising effect on rheological behavior of the soil and solve  some of the environmental problems. Rajakumar and Meenambal (2015) in a study on utilization of bottom ash to stabilize expansive soil subgrades showed promising effect on strength improvement.  Güllü, (2016a) used jet grout cement mixture with various stabilizers to treat the fine grain soil. He also presented a novel approach for prediction of rheological characteristics of jet grout cement mixtures via genetic expression programming Güllü, (2016b). Güllü, et al. showed the use of ranking measure for performance assessment of correlations for the compression index of treated soil.
Using Response Surface Methodology, Güllü and Fedakar  (2016a) reported the optimum value of 19.95 percent of sludge ash for initial assessment of improvement for sandy soils. Güllü, and Fedakar, (2016b) used factorial experimental approach and effect size on the CBR testing results for the usable dosages of wastewater sludge ash with coarse-grained material.
Güllü, (2017) presented a new prediction method to rheological behavior of grout with bottom ash for jet grouting columns. Güllü, et al. (2017) studied on the use of cement based grout with glass powder for deep mixing. Güllü, and Fedakar (2017) studied on the prediction of unconfined compressive strength of silty soil stabilized with bottom ash, jute and steel fibers via artificial intelligence.
Rajakumar and Meenambal (2015) in a study on utilization of bottom ash to stabilize expansive soil subgrades showed promising effect on strength improvement. Güllü (2015b) investgated the viscouse behaviore of cement mixtures  with clay, sand, lime and bottom ash for jet grouting and found that diferent stabilizer used with cement have promising effect on rheological behavior of the soil and solve  some of the environmental problems.   
In the present research the process  of the microbial calcium carbonate precipitation using soil inherent bacteria to improve soil strength properties as an environmental friendly approach has been studied. There are a number of investigtions showing the satisfactory results in this regard.
The discovery by Nadson (1903) who showed that microbes can precipitate calcium carbonate (CaCO3) lead in the development of Geomicrobiology  or Bioremediation method. This is a new method which is based on the role of microorganisms in the changing the  soil properties and has attracted a lot of attention in geotechnical engineering. Among the recent applications of Bioremediation method  improving foundation bearing capacity, reducing susceptibility to earthquake-induced liquefaction, reducing the swell potential beneath foundations and roadways, enhancing slope stability, facilitating excavations and tunneling, and reducing permeability for groundwater control  might be mentioned (Blauw et al., 2009). These have been known and investigated by many researchers. The improving occurs through the changes in the mechanical properties of soil such as shear strength, compressibility, hydraulic conductivity, etc. The roles of the microorganisms in these applications can be divided into three main categories: mineral precipitation, mineral transformation, and biopolymer and biofilm accumulation (Kavazavanjian and Karatas, 2008). In the first category carbonate precipitation is perhaps the earliest and most widely studied (Cheng, et al., 2014). Carbonate precipitation that results in a change in mechanical properties of soil can be used for temporary and permanent engineering applications. The optimal microbial mineral precipitation mechanism should be identified through a screening process, based on the site characteristics and then applied in-situ (Kim et al., 2013).
The use of mineral precipitation in the shearing behavior improvement of granular soils has been studied by many researchers (DeJong et al., 2006; Whiffin et al., 2007; Chou et al., 2011; Akayuli et al., 2013).
A comprehensive investigation was conducted by Villarraga and coworkers using compacted specimens of inorganic silt (Mitchell and Santamarina, 2005). The silt and pore water enriched with Bacillus Subtilis were thoroughly mixed prior to compaction, at water contents on the dry and the wet side of optimum. Cured compacted specimens were tested. Results showed an increase in undrained strength, undrained stiffness, drained strength and a decrease in permeability. It was also found that the extent of the effects depends on the compaction moisture content relative to the Proctor optimum, and is influenced by gas generation and changes in saturation.
A series of laboratory hydraulic conductivity and strength tests on biologically treated clayey silt (CL-ML) was conducted by Martin et al. ,1996. The triaxial test was used to measure the strength of samples cured for 40 days. It was found that the permeability was reduced by factors up to about 100 compared to the untreated soil and remained constant with time, and the strength increased up to about 50% during the first week (Martin et al., 1996).
3. MATERIALS AND TESTS
3.1. Soil samples 
To evaluate the effects of fine  grain percentage on soil shear strength parameters  treated using  a biological method in this study, two types of soils have been used, a poorly graded sand as coarse grained soil and a clay with low plasticity as fine-grained soil. Figures 1 and 2 show the grain size distribution curves for these soils. Mixed soil samples in the range of from 100 percent coarse grained to 100 percent fine grained (finer than 75 um), were made at intervals of 10%, Table 1. 

Table 1: Soil samples used
	Fine grained
(%)
	Coarse grained
(%)
	Sample ID

	0
	100
	A

	10
	90
	A1

	20
	80
	A2

	30
	70
	A3

	40
	60
	A4

	50
	50
	AB

	60
	40
	B4

	70
	30
	B3

	80
	20
	B2

	90
	10
	B1

	100
	0
	B



Coarse-grained and fine grained soil properties used in this study were evaluated using ASTM standards and illustrated in Tables 2 and 3, respectively. It is noteworthy that on other samples that have been prepared with different percentages of fine-grained soil standard Proctor tests were also performed and the results are shown in Table 4.

Table 2. Coarse-grained soil properties used
	Value
	Parameter

	2.41<6
	Uniformity Coefficient (Cu)

	1≤1.04≤3
	Concavity Coefficient (Cc)

	0.76   mm
	D10

	1.2 mm
	D30

	1.83 mm
	D60

	
	Fine percent

	SP
	Soil Classification based on Unified System

	2.63
	Specific gravity (ASTM D854)

	15.5
	Optimum moisture content (ASTM D698), (%)

	1.8
	Maximum dry density (ASTM D698), gr/cm3

	0
	Consolidated drained Cohesion (ASTM D3080), kPa

	44.22
	Consolidated drained friction angle (ASTM D3080), degree





Fig. 1. grain size distribution for coarse grained soil (sand)

Tables 3. Fine grained soil properties
	Value
	Parameter

	2.69
	Specific gravity (ASTM D854)

	34.9
	Liquid Limit (ASTM D4318), LL

	22.6
	Plastic Limit (ASTM D4318), PL

	12.3
	Plasticity Index (ASTM D4318), PI

	25.6
	Finer than 2 um (%)

	100
	Finer than 75 um (%)

	CL
	Soil Classification based on Unified System

	15
	Optimum moisture content (ASTM D698), (%)

	1.82
	Maximum dry density (ASTM D698), gr/cm3

	40.2
	Consolidated drained Cohesion (ASTM D3080), kPa

	16.37
	Consolidated drained friction angle (ASTM D3080), degree




Fig. 2. grain size distribution for fine grained soil (clay)

Table 4. Optimum moisture content and max. dry unit weight of soilsamples
	Soil sample
	Optimum moisture content (%)
	Max. dry density, gr/cm3

	A1
	14.89
	1.87

	A2
	12.61
	2.0

	A3
	8.90
	2.15

	A4
	9.10
	2.1

	AB
	9.50
	1.96

	B4
	10.00
	1.93

	B3
	11.99
	1.9

	B2
	13.00
	1.86

	B1
	15.05
	1.84



The results shown in Table 4 has obtained by conductin Proctor tests on soil samples according to ASTM D698.
Considering that the samples were prepared manually in order to ease up the specimen preparation for all samples an average dry density, approximately equal to 70 percent of the maximum dry density of the samples (i.e. 1.37 g/ cm3) and the moisture content equal to 15%  as the moisture have been chosen.

3.2. The bacteria used
Bacillus Sphaericus bacteria was used for biological soil stabilization.  The Bacillus Sphaericus have been selected for this study due to its high activity in producing calcium carbonate. The optical density of bacterial solution was measured. Components of liquid culture media are presented in Table 5.  CaCl2 solution was used to be mixed with bacteria solution and added to soil as a precipitating agent.



Table 5: Ingredients of culture media
	Components of liquid culture media
	g/L

	Sodium Bicarbonate
	2.12

	Nutrient Broth 
	3

	Ammonium Chloride
	10

	Yeast extract
	20

	Urea
	10



3.3.  Transmission of bacteria and calcium chloride solution to soil samples

After the full growth  and measurement of the concentration of bacteria, the solution containing the bacteria was added to the soil as soon as possible using a syringe. 
The process was that the necessary amount of solution containing 10% of bacteria and calcium chloride solution transmitted to into the syringe and the syringe was shaken for 30 seconds before adding the solution to the soil. 
After mixing with solution, soil samples gently kneaded with plastic gloves. The soil sample were then kept in a sealed container (with fix humidity) for 24 hours is maintained.

3.4. Soil sample compaction and storage
After 24 hours, the soil was transferred to a 10 x 10 x 2 cm direct shear box and was compacte to prespecified density. Compaction of dry soil samples after mixing with water was also conducted manually. Samples were stored  for 4 days at ambient temperature and fixed moisture content before preparation to perform direct shear tests.
3.5. Direct shear test
Direct shear tests were performed according to the standard ASTM D 3080  to determine the shear strength parameters of the soil. 
It is noteworthy to mention that for improved samples with bacteria, bacteria and calcium chloride solution (with 1 to 1 ratio) has provided part of desired water content. But in untreated specimens, the moisture content of the samples was supplied with water only. Having kept the moisture content the samples were compacted in shear box 24 hours  after mixing. All samples were then kept in shear box  for 24 hours to ensure saturation.  
3.6. Controlling measures
As mentioned by previous researchers, one of the most important parameters in biological enrichment testing, especially in the case of calcite deposition is pH. Therefore, during the various stages of sample preparation in this study pH level was measured and controlled. 
Scanning Electron Microscopy (SEM) and  X-ray diffraction analysis (XRD) were also performed.
4. RESULTS AND DISCUSSIONS
The changes of untreated and treated soil characteristics with respect to changes in fine grain content are illustrated in this section.

4.1. Untreated soil characteristics 
4.1.1. Specific gravity, voids ratio and minimum voids ratio
In this study, the changes of determined according to ASTM D854with respect to the fine grained percentage for untreated soil were determined and illustrated in Fig. 3a. According to this figure, the specific gravity decreases with the value of the fine grain  percentage increase showing a minimum at 30% and then increases. Almost the same trends have been observed for the void ratio change with fine grain percentage, Figs. 3b and 3c.


a


b


c
Fig. 3. Changes of a) specific gravity, b)voids ratio, c) minimum voids ratio of untreated soil with respect to fine content
4.1.2. Maximum dry density 
The changes in maximum dry density determined from Proctor tests against the changes in fin grain content are illustrated in Fig. 4.

Fig. 4. Changes of maximum dry density of untreated soil with respect to fine content 

As it can be seen from this figure, increasing the amount of clay increases the amount of maximum dry density up to an optimal value of  fine content (between 30 to 40 percent) and reduces afterwards. The cause of this can be related to the fact that up to this optimum range, role of clay particles is filling the pores and then preventing the displacement and soil compaction by surrounding the sand particles, afterwards.
4.1.3. Shear strength parameters
To determine the shear strength parameters of untreated soil 11 direct shear tests on untreated soil samples were conducted and the results are shown in Figs.5a and b. Fig. 5a shows the variation of soil cohesions and Fig. 5b illustrates the changes in friction angle with changes in soil fine grain content.
Fig. 5a shows that compared to untreated samples the cohesion of treated specimens is higher at any percentage of fine clay content. This is beacause that the clay fills the voids in mixture of sand and clay and surrounding sand particles and therefore increasing the the adhesion.
As you can see from Fig. 5b angle of internal friction in untreated soil decreases with increasing the percentage of fine clay. This reduction, however, is not significant for up to clay content around 30% showing the changes of the mix toward cohesive soil characteristic.


a

b
Fig. 5. Changes of a) cohesion, b)friction angle of  treated and untreated soil with respect to fine content


4.2. Biologically treated soil characteristics 

4.2.1. Cohesion
Soil samples treated using Bacillus Sphaericus bacteria as cited earlier are tested using direct shear apparatus to determine the changes in shear strength parameters with respect to changes in fine grain content. The changes in cohesion in percent with respect to those for untreated soil are shown in Fig. 6.
According to the figure, the maximum percentage increase is related to the sample with 10% fine content (i.e. 450%). Then a dramatic decrease in cohesion can be observed with increase in the percentage of the fine content up to about 30%. There is small decrease, however, can be seen in cohesion afterwards. 
Soils with 100% coarse-grain (i.e. sand) compared to other samples had the most improvement, which is in agreement with results reported by previous researchers (Mitchell and Santamarina, 2005;  DeJong et al. 2006; Ivanov and Chu, 2008; Van Paassen et al., 2009 and Akayuli et al., 2013) who used gravel and sand biologically treated  and qualitatively have shown that the effect of this method, is most effective for granular soils. Kim et al. )2013( also reported that the amount of calcium carbonate within treated samples of sand was approximately two times of that for silt sample.
In coarse grained soils due to the existence of relatively large pores in the soil and larger interconnections between these spaces, bacteria do not trap. They move more freely from one pore to the other and as a result show greater activity and develop more uniform distribution of Calcite carbonate in the soil. This leads to less inhibitory effect on the bacteria than in other samples. Therefore,  MICP method is more effective in increasing shear strength for sandy soils with low fine content (i.e. less than 30% fine).


Fig. 6. Changes of cohesion of  biologically treated soil with respect to fine content

4.2.2. Friction angle
Internal friction angle of improved soil by MICP method against changes in percentage of fine content is shown in Fig. 7.  Again the internal friction angle decreases as the fine grain (or clay) content of the samples increases. On the other hand, comparing the values of friction angle for treated and untreated soil reveals that this parameter has not been affected by MICP, especially after employing shear forces during direct shear testing. 


Fig. 7. Changes of the internal friction angle of  biologically treated soil with respect to fine content

4.2.3. pH level
The variations of pH level for treated soil samples against time are illustrated in Fig.8. As it can be seen with the activity of microorganisms, the pH increases first and decrease with time.

[image: ]

Fig. 8.  pH level variation with time for treated soil samples


4.2.4. Calcite crystals
Figures 9 to11 show the The scanning Electron Microscopy (SEM) images  of 100% coarse grained untreated and  treated soil samples are shown in the following figures. The left pictures show the SEM images of untrated soil samples, while the right images are of treated soil specimens. The white spots in the latter images show the microbial induced calcium carbonate precipitation (MICP) between soil particles due to the activity of microoranisms. 
By comparing the images of 100% coarse grained soil samples before and after the improvement using biological methods (MICP), formation of calcite crystals and their density in the treated samples is obvious, Fig. 9. This indicates the effectiveness of the MICP method for coarse grained soil.
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Fig. 9. Scanning Electron Microscopy (SEM) images of 100% coarse grained untreated (left), treated (right) soil samples:   a)500 times magnification, b)1000 times magnification, c) 2000 times magnification

The same images are shown for fine grain soil in Figs. 10. Comparing the images of the soil samples with 100% fine grain content before and after the improvement using biological methods with calcite precipitation, show low levels  and thin coverage of calcite crystals over the soil particles. 
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Fig. 10. Scanning Electron Microscopy (SEM) of fine grained untreated (left), treated (right) soil samples:   a)1000 magnification, b)2500 times magnification, c) 5000 times magnification

Fig. 11. shows SEM image of fine grained treated and coarse grained treated soil samples. Having compared the soil samples with 100 % coarse grain and 100% fine grain treated by MICP show that the calcite crystals in coarse grained soil samples are thicker and greater. This represents the effectiveness of this method for coarse-grained soil rather than in fine grained soil.
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Fig. 11. SEM of fine grained treated (left), coarse grained treated (right) soil samples:   1000 times magnification

4.2.5. X-Ray Diffraction analysis
XRD analysis was carried out under angles between 20 to 35, two-theta, on three soil samples (i.e. 100 percent  coarse grained, 80 percent corse grained and 100 percent fine grained). The results were analyzed and shown in figures 12a, b and c. In this analysis, calcite have been considered as the main material in the soil under study.
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Fig.12. Compliance of standard peaks of calcite on peaks of XRD graph for: a)100% coarse grained untreated and treated soil samples (100%), b) 80% coarse grained, c) 100% fine grained,  indicating the presence of calcite in the sample respectively. (Dark colored charts, graphs for improved sample XRD, XRD graph chart with brightly colored for untreated samples and vertical lines are standard calcite peaks). The right image is zoomed at an angle of 29.5 degrees.

As it can be seen from these figures, comparing the peak for calcite in all soil samples, shows increase of the amount of calcite in the treated samples. These results confirme that the shear strength increase in treated samples can be attributed to the increase of microbial deposits of calcite for all treated samples upto 30% fine graine content.

4.3. CONCLUSIONS
From the results of this study the followings can be concluded:
· The calcite crystal formation using MICP method in coarse grained soil samples is thicker and greater. This represents the effectiveness of this method for coarse-grained soil rather than in fine grained soil.
· The shear strength of all samples treated using MICP method increases. With increasing the percentage of fine grain content, the shear strength decreases up to 30% of fines and then almost remains constant.
· The considerable increase in cohesion of treated soil can be achieved for soil samples with maximum 10% fine content. Then a dramatic decrease in cohesion can be observed with increase in the percentage of the fine content up to about 30%. There is small decrease, however, can be seen in cohesion afterwards. 
· The internal friction angle decreases as the fine grain content of the treated samples increases, which is the same for untreated soil specimens. Showing that this parameter has not been affected much by MICP method. 
· Due to the improvement in shear strength of samples treated by MICP, the acceptable range of fine  grain or clay content is from 0 to 20%. In other words, up to 20% fine grain in sand has not undesired effect of calcite precipitation.
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Void Ratio (e)
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Minimum Void Ratio (emin)


0	10	20	30	40	50	60	70	80	90	100	1.8	1.87	2	2.15	2.1	1.96	1.93	1.9	1.86	1.84	1.82	% Fines

Maximum Dry Density (g/cm3)

treated	10	20	30	40	50	60	70	80	90	100	488.53	131.46	51.63	46.77	49.77	61.55	61.5	47.63	47.26	50.83	untreated	0	10	20	30	40	50	60	70	80	90	100	0	11.87	13.19	15.61	25.57	32.130000000000003	37.5	36.57	38.11	38.94	40.200000000000003	% Fine 

Cohesion(kPa)

treated	0	10	20	30	40	50	60	70	80	90	100	47.44	41.85	45.54	43.17	36.159999999999997	31.78	26.11	22.68	22.22	20.91	17.329999999999998	untreated	0	10	20	30	40	50	60	70	80	90	100	44.22	42.08	42.13	42.33	36.119999999999997	31.91	27.56	24.08	21.65	19.64	16.37	%Fines

Internal Friction Angle (Degree)

10	20	30	40	50	60	70	80	90	100	448.52569502948609	131.4632297194845	51.633568225496496	46.773562768869766	49.76657329598504	61.54666666666666	61.50123051681706	47.625295198110727	47.252182845403198	50.820895522388057	Fine content (%)

Change in cohesion (%)

0	10	20	30	40	50	60	70	80	90	100	47.44	41.85	45.54	43.17	36.159999999999997	31.78	26.11	22.68	22.22	20.91	17.329999999999998	%Fines

Internal Friction Angle (Degree)

Grain Size Analysis
4.75	2	0.85000000000000009	0.4250000000000001	0.25	0.17700000000000002	0.1	7.5000000000000011E-2	5.000000000000001E-2	4.0000000000000008E-2	3.0000000000000006E-2	2.0000000000000004E-2	1.9000000000000003E-2	1.8000000000000002E-2	1.0000000000000002E-2	7.8000000000000014E-3	5.6000000000000008E-3	2.9000000000000002E-3	1.2000000000000001E-3	100	66.3	12.8	0.2	2.0000000000000004E-2	0	0	0	0	0	0	0	0	0	0	0	0	0	0	Grain Size (mm)

Percent Finer

Grain Size Analysis
منحنی دانه بندی خاک ریز دانه	4.75	1	0.1	7.5000000000000011E-2	0.05	4.0000000000000008E-2	3.0000000000000002E-2	2.0000000000000004E-2	1.9000000000000003E-2	1.7999999999999999E-2	1.0000000000000002E-2	7.8000000000000014E-3	5.6000000000000008E-3	2.8999999999999998E-3	1.1999999999999999E-3	100	100	100	100	85.95	79.599999999999994	76.400000000000006	73.22	73.22	72	59.2	52.8	46.4	30.4	20.8	Grain size(mm)

Percent Finer
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