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Abstract. An innovative sand cementation method of bio-mineral carbonate formation in sand
spacing through urea hydrolysis inspired by microbial urease was introduced in the present
investigation. A sand column prepared for experimental data and a set of engineering equations for
1-D numerical modeling data of the sand cementation process were adopted. Important characteristic
of CaCO3 weight vertically along the sand column and the urea concentration variation under the
effect of microbial urease was investigated based on the experiment and the modeling. Future study
was suggested to focus on the model’s parameters modification in order to construct an applicable
model for industrial up-scaling application in sand or soil strengthening.

Introduction

Bio-mineralization is discovered and applied in geological material consolidation [1-2]. It is
adopted in sand bio-cementation as the in-situ micro-inspired calcite precipitation technique (MCP
technique for abbreviation) in the specific way that at first mixed solution of urease-producing
bacteria, urea and calcium chloride is injected in sand, then the bacteria-producing urease dehydrates
urea, shown in Eqg. (1), and consequently calcium carbonate precipitates and fills in the spacing of
sand, shown in Eq. (2) [3].

CO(NH,) , + 2H,0 — CO5* + 2NH," 1)

Ca®* + COs> — CaCO;} 2)

MCP technique is introduced to cement the incompact particles which leads to a reduction in
permeability and an increase in strength. The mechanism of MCP is easily understood and was
successfully applied in lab-scale experiment [4]. However, since the final objective is an
industry-scale application for geological material consolidation and strengthening, an engineering
model is required to predict the desired variables and even properties to meet the criteria set ahead.
The modeling concerns hydrological aspect, geochemical aspect and microbiological aspect.
Therefore, different modeling softwares (Matlab, Microsoft Excel and Geochemist’s Workbench)
were combined to discuss the complex physico-chemical phenomena in MCP [5]. This paper focused
on the predicted urea hydrolysis and CaCO3 formation in comparison with experimental data in order
to discuss more possibilities about a potential environmental friendly application in sand and soil
treatment.

Principles

All the parameters are defined here [6]. T : urea hydrolysis rate, mM/min; A: area of cross-section
of column, cm2; L: length of reactive part of column, cm; 7: initial porosity; 9: reaction fluid flow
rate, ml/s; ©: input urea concentration, mol/L; % : unit length, cm; #: density of CaCO3, g/cm3; t-::



linear reduction time of urease activity (=), hr; ": number of unites; ¥ : urease activity decreasing
ratio, mmol/(L h2); U: any moment in reaction, h.

For unit 1 (Fig. 1), the following statements are defined for the first trial. Eq. (3) - Eq. (16) are
listed below.

Initial pore volume, cm3: .y 3)
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Initial sand volume, cm3:

Time of fluid flow through an unit, s: _ (5)
tunil _Vpore,inilial /q
Time since start, h: t =t 13600 (6)
Urea degraded per litre, mol: U, =t (r—t,,r/t,.)/ 60000 (7)
Urea degraded per unit, mol: Un =U\V,e s /1000 (8)
Amount of urea left in solution, mol: Ny =V,0C, /100U, (9)
New concentration of urea, mol/L.: Cooy =1000N,.,, V.. (10)
Amount of CaCO3 formed, mol: N —U (11)
calcite — ™~ unit
Mass of CaCO3 formed, g: M. ~100IN,,. (12)
Volume of CaCO3 formed, cm3: Vo =M/ o (13)
New pore volume after one cycle (14)
Of reaCtion in 3 UnitS, Cms: Vpore,new =Vpore,initiell _Vcalcite
Unit length, cm: L. =L/n (15)
Unit volume, cm3: 16
Vunit = ALunit ( )

In order to prevent all the above data from becoming negative, IF-statements are used [7-9].
Amount of urea left in the unit should not be negative;

New concentration of urea should not be negative;

Amount of CaCO3 formed should not be negative.
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Fig. 1. 1-D modeling frame of a sand column

For unit 2 (Fig. 1), the same statements as unit 1 are applied, but there are also a few differences.
Eq. (17) and (18) are listed below.

Time since start, h: tora = (tounics +tunii2) / 3600 17

Amount of urea left in solution, mol: Nyea = (Viore /1000xC,p, ) -Uy  (18)

For unit 2, IF-statements are also applied. Some statements in the second time step depend on
results of the first time step, shown in Eq. (22) - Eq. (23). Eq. (19) - Eq. (23) are listed below.

v (19)

pore, new,timestepl

Pore volume relationship: vV

pore,initial timestep2 =



Sand volume relationship: Voinerat e timesep2 = Vmineral it tivesipt. + Veatse st (20)

Total time since start, h: toar = tostimestept + Lunie / 3600 (21)

Urea concentration at any moment

calculated in linear equation, C,.. =C, —60rt /1000 (22)
mol/L:

Urea concentration at any moment

calculated in non-linear equation, C,a =C, —60t(r —k,t) /1000 (23)
mol/L:

Discussions

Eqg. (3) - Eqg. (23) were used to present three important physico-chemical relationships, urea
concentration variation with a function of time, CaCO3 volume fraction variation with a function of
time and CaCO3 weight variation with a function of time, in Fig. 2.
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Fig. 2. Computational procedure of equations of 1-D modeling

In order to evaluate the reliability and the accuracy of 1-D numerical modeling results,
experimental data were used to compare with the modeling data. Experimental conditions were listed
in Tab. 1 and modeling parameters were assigned in Tab. 2.

Table 1. Experimental conditions
Experimental parameters Value / unit

Temperature (202)/ €
Particle diameter <200/ pm
Accumulated density 1.74 / (g/cm3)
Initial inflow velocity 0.01/ (mL/s)

The first trial based on Eq. (3) - Eqg. (10) and Eq. (15) - Eq. (23) of the 1-D numerical modeling was
run on with a constant of urea hydrolysis rate. The result of this trial was plotted in dots with the
experimental data shown in a dash line in Fig. 3a. Clearly, the feature of the modeling data was in
resemblance with the one of the experimental data. It was also obvious that the urea concentration
decreased as a function of time at the presence of urease-producing bacteria in each unit. However,
the computational data were much lower than the experimental ones of unit 2 and 3, indicating that
the actual hydrolysis rate was lower than the assumed constant adopted in the modeling.



Table 2 1-D modeling parameter’s values

Simulating parameters Value / unit
Urea hydrolyzing velocity, I 0.5/ (mM/min)
Cross section of sand column, 3.80/(cm2)
Total length of sand column, 3.0/cm

Initial porosity volume ratio, 7 0.03/ (cm3/cm3)

0.011 / (ml/s) or 40 /

. . q
Initial flow velocity, (mi/h)
Initial urea concentration, 2.0/ (mol/L)
Length per unit of sand column, % 1/cm

CaCOa3 density, »

Time of ur ivity from initial
tooe?mueaseact ty fro tia 240 /h

2.71/ (g/ cm3)

A remarkable improvement was obtained in agreement between the computational data and the
experiment data in considering of a constant of linear reduction of urea hydrolysis rate at the second
trial, in Fig. 3b. The constant of linear reduction of urea hydrolysis rate varied from 0.0009 mM/h2,
0.0015 mM/h2 to 0.002 mM/h2, which represented an inspiring approach to modify the numerical

. Fig. 3a Fig. 3b .
Dots - simulating dat Fig. 4 Fig. 4b
0 ‘Dots - simulating dta .
Daeh lne- experimentl dta Dash fine- experimental do
' 0-10mm
1800 — " - b
e b2

= 180 - 254
= E E 10-2nm
E o - e ¢
o a 5 201 =0
g o boob . ] 2 — 2-3m
£ 1000 - Y % 1000 0.0009 mM/h = o
E ° 20 2 1 EL T ER
En 5 oo 3 7 3
3 a0 b g s Zuw -',r,? Zy
2 \ = 5 z
59 \ e 00015 mMA H 3

20 b 2004 S5

\ 0.0020 mMh ol
o bo— o
150 20 450 800 =0 0 100 200 300 400 500 800 700 o 100 a0 ko -0 0 an o Er an an .'“ a0 o .T‘D
Time/ k Time /h

Tae/ be

Fig. 4. CaCO3 volume fractions
(@) 1-D simulating data;
(b) Experimental data

Fig. 3 Urea concentration
() no counting urease catalytic activity,
(b) counting urease catalytic activity

Fig. 5a

Fig. 5b

=

s

Calcite density / (mg/em’)

& & 2
-

10

6 B 101214 %6 182022245800
Sand cohamn vertical depth / mm

202 4

T T T T T
0 - 10mm 10mm - 20mm 20mm - 30mm

Sand column vertical depth / mm

Fig. 5. calcite density of various cementing ages along depth
(a) 1-D simulating data; (b) Experimental data

The urea hydrolysis immediately inspired the precipitation of CaCO3 only if there were calcium
ions at presence according to Eq. (1) and (2). The amount of dehydrated urea equaled to the amount of
CaCO3 on a 1:1 basis (assuming that all carbonate formed through urease-catalyzed urea hydrolysis
instantaneously converted to CaCO3). The CaCO3 formed in each unit could be computed out as a
function of time. The volume fraction variations of CaCO3 of unit 1, 2 and 3 were plotted in Fig. 4a.
Obviously, the feature of the modeling data (Fig. 5a) was in resemblance with the one of the
experimental data (Fig. 4b).



The “endpoints” of the curves in Fig. 4a were plotted in Fig. 5a with the necessary mathematical
derivation. The experimental data of the CaCO3 weight were driven out from the thermo-gravimeter,
which was the amount of CaCO3 per unit volume of solid only. In fact, the numerical data were
defined as the amount of CaCO3 per unit volume of solid and pores. The original numerical data
coming from the thermo-gravimeter test were multiplied with a correction factor, which was a
reciprocal of solid volume fraction. The result in Fig. 5a was the CaCO3 weight after the pretreatment.
The experimental data were presented in Fig. 5b. A decrease of the amount of CaCO3 per unit volume
of solid from the inlet to the outlet of each unit in modeling agreed with the experimental result,
especially for the fact that the cementation in sand column was far more sufficient in the head than the
tail of the column.

Conclusions

The precipitation of CaCO3 initially starting in the first part of the column is resulting in a
variation of porosity along the column during the cementation process. Future study should be
focused on the refinement of the model in order to construct an environmental application model for
sand or soil consolidation that can be used to input more flexible variables and work out more reliable
results.

Acknowledgements
Special thanks give to Jiangsu Planned Projects for Postdoctoral Research Funds of China.

References

[1] P. Cacchio, C. Ercole, G. Cappuccio, Calcium carbonate precipitation by bacterial strains isolated
from a limestone cave and from a loamy soil, J. Geomicrobilogy. 2(2003) 85-98.

[2] J. Dejong, Microbially induced CaCO3 cementation to improve soil behavior, Sedimentary
Geology 2(2007) 769-773.

[3] C.X. Qian, J.Y. Wang, R.X. Wang, Corrosion protection of cement-based building materials by
surface deposition of CaCO3 by Bacillus pasteurii. J. Material Science Engineering 4(2009)
1273-1280.

[4] L. Cheng, C.X. Qian, R.X. Wang, Study on the mechanism of calcium carbonate formation
induced by carbonate-mineralization microbe. ACTA Chimica Sinica 3(2007) 2133-2138.

[5] C.M. Bethke, S. Yeakel, GWB reaction modeling guide. Hydrogeology Program of University of
Ilinois, USA, 2009.

[6] G.K. Batchelor, An introduction to fluid dynamics, Mechanics and Industry Publishing, Beijing,
2004.

[7] B.L. Smith, T.E. Schaffer, M. Viani, Molecular-mechanistic origin of the toughness of natural
adhesives, fibres and composites, Nature 3(1999) 761-763...

[8] M. Thullner, P. Cappellen, P. Regnier, Modeling the impact of microbial activity on redox
dynamics in porous media, Geochimica et Cosmochimica Acta 2(2005) 254-261.

[9] T. Janda, M. Sejnoha, J. Sejnoha, Modeling successive excavation within twodimensional finite
element mesh, Acta Geodyn. Geomater 1(2011) 69-78.



