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ABSTRACT
A new, innovative soil strengthening geochemical process, microbially-induced calcite precipitation (MICP) has been studied more in recent years. The advantage to using this technique as opposed to other soil strengthening techniques is that it is more environmentally friendly, which bodes well for the soil attempted to be strengthened and the surrounding areas. This paper presents data from three models, two of which were treated with MICP. Cementation was measured using shear wave velocity and calcite content measurements. Because the method of creating the model and conducting the MICP test on the second tested model was altered, the results were slightly different. However, an increase in shear wave velocity or calcite content measurement still correlated to a higher level of cementation. 

INTRODUCTION
For many years, scientists and engineers have been attempting to master an understanding of how soil works and if the structure of various soils can be improved. There has been extensive research done on this and ground improvement techniques have been invented and implemented but there is a concern over the balance between the improvement of the soil and the long-term health of the soil as a result of the ground improvement techniques. More recently, biomediated geochemical processes, which consist of a geochemical reaction regulated by subsurface microbiology (DeJong, 2013), have been gaining traction in terms of becoming primary ground improvement techniques. Examples of these processes include gas generation, biofilm formation and biopolymer generation. 
One of the more intriguing processes is microbially-induced calcite precipitation (MICP). This process uses a natural biologically mediated method to create cementation in situ and improve the mechanical soil properties (DeJong, 2006). MICP uses urea hydrolysis as the chemical reaction to induce calcite precipitation (Fujita, 2008). The purpose of MICP is to strengthen soil to reduce the effects of liquefaction. In the past, geotechnical centrifuge tests have performed to attempt to understand how MICP works but more tests have to be conducted in order to further understand the behavior of MICP when subjected to repeated shaking events.
MATERIALS AND METHODOLOGY
Model Construction
Three Ottawa sand models were build in a plexiglass container and saturated with deionized water. The first model was made in order to calculate the flow rate of our deionized water and cementation solution for the second model. This section will cover the second and third models made as they were used to collect data.
	The second model consisted of six layers of material: gravel, mesh, Monterey sand, F65 Ottawa sand, mesh, and gravel. The bottom layer of gravel and the Monterey sand were both approximately 1 cm thick, the Ottawa sand was 10 cm thick (placed in the model in 2 cm lifts), and the top layer of gravel was approximately 5 cm thick. Mesh was placed between the bottom layer of gravel and the Monterey sand in order to prevent the sand from seeping into the gravel, which would affect the solutions’ ability to travel throughout the model. 
	There were seven bender element pairs placed in the model, placed at four vertical depths and two horizontal distances at each vertical depth. The spacing between the two bender elements of each pair ranged from 5.8-8.5 cm. One bender was set as the transmitter and one as the receiver; the transmitter sent out a signal to the receiver and that signal is what was monitored in order to collect data. Figure 1 and table 1 show the plan view of the model.
	The third model differed from the second model slightly. There were no mesh layers; based on the second model’s data it was hypothesized that the mesh potentially impeded the solutions from uniformly travelling throughout the model. The bottom layers of gravel and Monterey sand were combined; the total height of the layer was still a combined 2 cm. The Ottawa sand was still placed in the model in 2 cm lifts; however, the total height of the Ottawa sand was 8.7 cm. The top layer of gravel was increased from 5 cm to 7.6 cm. Bender element pairs were only placed in three vertical depths but they were placed at two horizontal distances at each vertical depth, similar to the second model.  Figure 9 and table 3 show the plan view of the model.
	Model Treatment
	The second model was first saturated with deionized water for a little over 24 hours, followed by two pore volumes of S. pasturii in a saline solution. The model then sat for 12 hours in order for the bacteria to settle within the model. Each treatment thereafter consisted of deionized water, CaCl2, and urea. The treatment was pumped into the model after shear wave velocities were collected, which occurred approximately six hours after the conclusion of the previous treatment. Nine treatments were performed with ten total shear wave velocity measurements being taken, including the initial measurement. 
	The third model was saturated with deionized water for approximately 28 hours, followed by four pore volumes of S. pasteurii in a saline solution. The inoculation process consisted of three stages: pumping of the S. pasteurii from the bottom up at 0.17 L/min, gently pouring the S. pasteurii over the top of the model while running the pump in reverse, and a repeat of the first step. The first step lasted for 2 hrs and 35 min, the second lasted for 1 hr and 20 min, and the third for 2 hrs. 
	The treatments consisted of pumping two pore volumes of treatment solution from the bottom up into the model. The solution for this test also has yeast extract and sodium acetate along with the other materials used in the solution for the second model. As opposed to every six hours, treatments were conducted every 12 hours for this model; the solution was pumped bottom-up into the model at a rate of 0.34 L/min. Shear wave velocity measurements were collected before each measurement. 

DATA	
	For both models, shear wave velocity measurements and calcite content measurements were collected. A larger shear wave measurement corresponds to more cementation occurring in that region, as does a larger calcite content. For each region measured, one shear wave velocity measurement was taken at each region for both the second and third model. For the second model, calcite content measurements were taken in 10 g amounts and 3 measurements were taken and averaged at each region; for the third model, the amount measured varied, and two or three measurements were taken and averaged at the discretion of the data collector. Figures 2-8 and table 2 show the data collected for the second model, while table 4 shows the data collected for the third model.

RESULTS
	For the second model, there was a very distinct difference in the cementation that occurred on the transmitter side of the model as opposed to the receiver model. This lack of uniformity could have been the result of multiple factors but it was concluded that the mesh used magnified the lack of uniformity, hence the absence of it in the third model. 
	The shear wave velocity measurements for the third model were considerably higher than expected, which made the calcite content measurements that much more intriguing to get, since calcite content and shear wave velocity measurements should coincide with each other. The bottom lift of the Ottawa sand was the most cemented, as expected, but pouring the S. pasteurii over the model led to the surface of the Ottawa sand being the second most cemented layer. 

CONCLUSION
	Microbially-induced calcite content is an environmentally friendly soil strengthening geochemical process that uses bacteria to create cementation. In order to test the effectiveness of MICP, models have to be created and pumped with microbes and treatment solutions. During the duration of this portion of the research, two models were created and tested. The results of each of the tests varied but the third model created was closer to giving a result of uniformity after testing, which is a very important component in trying to implement this technique in a real world scenario. More models will be made and tested until results come back satisfactory enough to conduct a centrifuge test using the adjusted model.
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FIGURES AND TABLES
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Figure 1. Plan view of model.  Bender elements are depicted by rectangles, injection ports are depicted by circles.

	Transmitter
	Receiver
	Spacing (cm)
	Depth
	Location
	Corresponding Figure

	B2
	B9
	6.5
	Lift 1
	A1
	Figure 8

	B3
	B5
	8.5
	Lift 2
	A1
	Figure 7

	[bookmark: _GoBack]B6
	B11
	7.3
	Lift 2
	A2
	Figure 4

	B10
	B12
	5.8
	Lift 3
	A1
	Figure 6

	B13
	B14
	7
	Lift 3
	A2
	Figure 3

	B17
	B18
	7.5
	Lift 4
	A1
	Figure 5

	B21
	B22
	7.5
	Lift 4
	A2
	Figure 2


Table 1. Bender locations and spacing.  *Note: Lift 4 is shallow, Lift 1 is deep

	Location
	A-1
	Center
	A-2

	
	Calcite content (%)

	Lift 4
	0.11
	0.32
	0.85

	Lift 3
	0.12
	0.80
	1.20

	Lift 2
	0.31
	1.18
	1.39

	Lift 1
	0.75
	0.98
	--

	
	Final Vs (m/s)

	Lift 4
	84.5
	--
	366

	Lift 3
	77
	--
	464

	Lift 2
	248
	--
	557

	Lift 1
	481
	--
	--



Table 2. Calcite contents and shear wave velocity measurements after 9 treatments *Note: Lift 4 is shallow, Lift 1 is deep





Figure 2. Shear wave velocity for B21B22 (shallowest bender in array 2)


Figure 3. Shear wave velocity for B13B14 (mid-depth bender in array 2)


Figure 4. Shear wave velocity for B6B11 (deepest bender in array 2)



Figure 5. Shear wave velocity for B17B18 (shallowest bender in array 1) Unreliable


Figure 6. Shear wave velocity for B10B12 (upper mid-depth bender in array 1) Unreliable


Figure 7. Shear wave velocity for B3B5 (lower mid-depth bender in array 1)


Figure 8. Shear wave velocity for B2B9 (deepest bender in array 1)
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Figure 9. Plan (top) and side (bottom) view of the model.  Each lift is approximately 2 cm thick. 

	Transmitter
	Receiver
	Spacing -PS (cm)
	Spacing -ES (cm)
	Lift No. 
	Depth 
(cm)
	Array No. 

	B6
	B11
	7.4
	7.9
	2
	13.7
	A1

	B3
	B5
	6.9
	6.6
	3
	11.0
	A1

	B15
	B16
	6.25
	6.4
	4
	9.1
	A1

	B2
	B9
	7.4
	7.4
	2
	13.7
	A2

	B13
	B14
	7.5
	7.4
	3
	11.0
	A2

	B21
	B22
	7.4
	7.6
	4
	9.1
	A2


Table 3. Bender locations and spacing.  *Note: Lift 4 is shallow, Lift 2 is deep

	Pea Gravel

	 
	A1
	Center
	A2

	L5
	4.3%
	2.5%
	4.4%

	L4
	1.2% (1357 m/s)
	0.9%
	1.7% (1535 m/s)

	L3
	2.1% (729 m/s)
	0.2%
	3% (1053 m/s)

	L2
	8.3% (2083 m/s)
	1.3%
	5.5% (1758 m/s)

	L1
	 

	Pea Gravel/Monterey Matrix



Table 4. Average calcite contents and shear wave velocity measurements after 6 treatments and a DI flush in side view (top). Average calcite content for lift 3 in plan view (bottom).

Lift 2 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	70.5407836298124	169.3359799340296	162.4119020318275	0.0	0.0	220.7971891713124	235.9324131527868	311.2633394268169	249.5473887983781	248.4445415446924	Lift 3A1	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	80.5877885484941	75.26446177062297	73.15916214070192	74.58156970010972	75.9098694242663	78.76753049095397	Prior Treatments

Vs (m/s)



Lift 1 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	98.29897147112278	184.5039350070679	284.0710364980578	331.5379192030606	386.1324867355584	387.292043754435	418.7280862670182	443.189864500295	497.9469133960225	481.2248155600032	Prior Treatments

Vs (m/s)



Lift 4 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	70.52583880984113	142.4014544389302	196.05997350292	328.4978363997093	148.0691740188327	368.3403957638828	415.6690499684756	442.8854758589131	367.4309133056874	365.6253559931528	Lift 3A1	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	80.5877885484941	75.26446177062297	73.15916214070192	74.58156970010972	75.9098694242663	78.76753049095397	Prior Treatments

Vs (m/s)



Lift 3 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	77.5482329588782	202.4619318211486	299.3294940285087	345.4947393772641	149.826197658515	453.885245849318	482.2530737149077	485.6254728333028	445.1566834281676	464.5113218393084	Prior Treatments

Vs (m/s)



Lift 2 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	78.7180793614158	202.0101339262514	329.9345467549475	389.3582420046133	150.876318776101	424.7544458217733	468.7419612469312	499.4526414655754	538.4433681232734	557.0817924065535	Prior Treatments

Vs (m/s)



Lift 4 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	75.27036918998216	77.54534647658156	81.36113717251519	76.62694124028133	57.8575116207792	76.27345970710057	76.58750380271188	78.69355890459335	78.23844368485697	84.55086357309378	Prior Treatments

Vs (m/s)



Lift 3A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	72.37695726244486	80.5877885484941	75.26446177062297	73.15916214070192	74.58156970010972	75.9098694242663	78.76753049095397	Lift 1 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	98.29897147112278	184.5039350070679	284.0710364980578	331.5379192030606	386.1324867355584	387.292043754435	418.7280862670182	443.189864500295	497.9469133960225	481.2248155600032	Lift 2 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	70.5407836298124	169.3359799340296	162.4119020318275	0.0	0.0	220.7971891713124	235.9324131527868	311.2633394268169	249.5473887983781	248.4445415446924	Lift 2 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	78.7180793614158	202.0101339262514	329.9345467549475	389.3582420046133	150.876318776101	424.7544458217733	468.7419612469312	499.4526414655754	538.4433681232734	557.0817924065535	Lift 3 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	77.5482329588782	202.4619318211486	299.3294940285087	345.4947393772641	149.826197658515	453.885245849318	482.2530737149077	485.6254728333028	445.1566834281676	464.5113218393084	Lift 4 A1	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	75.27036918998216	77.54534647658156	81.36113717251519	76.62694124028133	57.8575116207792	76.27345970710057	76.58750380271188	78.69355890459335	78.23844368485697	84.55086357309378	Lift 4 A2	0.0	1.0	2.0	3.0	4.0	5.0	6.0	7.0	8.0	9.0	10.0	70.52583880984113	142.4014544389302	196.05997350292	328.4978363997093	148.0691740188327	368.3403957638828	415.6690499684756	442.8854758589131	367.4309133056874	365.6253559931528	Prior Treatments

Vs (m/s)
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