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Abstract

It introduced an innovative bioengineering method of consolidating incompact sand by urea-hydrolysis producing calcite
cementation under the inducement of urease producing microbe. In the paper it discussed the effects of cementation methods
and time on porosity and mechanical properties of microbe-inspired cementing sand columns. Method A adopted reaction fluid
gravitational permeating and external pressing and method B adopted reaction fluid gravitational permeating and outlet
intermittent plugging method. 28-day sand columns prepared by method A exhibited stronger mechanical properties than those
prepared by method B, considering of the compressive strengths and three-point flexural strength as well. Pore volume
fractions of sand columns prepared by method A reduced with an increase in cementation time which represented the bulk
densities of sand columns were improved positively with time. The compressive strengths and the flexural strengths of sand
columns prepared by method A increased with time. All these improved mechanical properties were attributed to the fact that
the increasing amount of microbe inspired calcite precipitation with time consolidated sand columns by filling or bridging in

sand gaps.
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1. Introduction

Microbes, through their own living activities, take an
important part in the environment with their enzyme. With
a necessary reactive time, microbes help to consolidate the
incompact clastic sand and stones into large-size hard
rocks. Those rocks are mostly made of calcite-like
materials. This kind of microbes is called urease-
producing bacteria, or carbonate-mineralizing bacteria.
Urease-producing microbe works as a catalyst in urea
hydrolysis and calcite precipitation [1]-[3]. This particular
carbonate precipitation process is called Microbial
Inspired Calcite Precipitation (MCP, as abbreviation later),
as function (1) and (2) [4]-[7].
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CO(NH,), + 2H,0 — COs> + 2NH," 0]
Ca? + COy* — CaC0s| )

In the paper it applied two cementation methods both
based on MCP mechanism to cement incompact sand into
sand columns and investigated the relationships of
porosity, compressive strength and three-point flexural
strength with cementation methods and time.

2. Experimental Procedure
2.1. Microbe inspired sand cementation methods

Sand of 15 g in 200 um diameter was added into a
plastic injection tube of 22 mm in diameter and 95 mm in
length with an appropriate vibration. Those tubes filled
with sand were prepared for microbe inspired calcite
cementation.

Two completely different methods were invented to
execute on sand cementation. Method A adopted reaction
fluid gravitational permeating and external pressing while
method B adopted reaction fluid gravitational permeating
and outlet intermittent plugging. They were specifically
described as following. Sand columns were divided into 6
groups, in Table 1.
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Table 1 Experiment design of MCP cementation

Method Fluid Tim

Type Pressing  Plugging components ¢/d
Al~A6 v N Bacteria, C
aCl,. urea
AT~AL2 v N Bacteria, C
aCl,, urea

AI3~AIS Y N Bactena, C g
aCl,, urea

A19~A24 Y N Bacteria, €,
aCl,. urea

A25~A30 Y N Dadtera C oy
aCl,, urea

B1~B6 N v Bacteria, C 23
aCl,, urea

Cl Y N Water -

C2 N N Water -

2.1.1. Method A

It was a method of reaction fluid gravitational
permeating and external pressing. The characteristic of
method A was to make the sand compact as much as
possible under 0.1 MPa axial pressures during the whole
cementation. An iron frame was designed and made to
allow tubes located in it tightly and easily, Fig.1 and Fig.2.
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Fig. 2 Photos of MCP cementation of Method A

2.1.2. Method B

It was a method of reaction fluid gravitational
permeating and outlet intermittent plugging. Compared
with method A, method B differed in no pressure on sand
but outlet intermittent plugging. The characteristic of
method B was to make the calcite stay in sand as much as
possible at each outlet plugging time, which was proved
by the amount of calcite precipitated on the beakers’
bottom to collect the out-flowing fluid from outlet, Fig.3.

(a) (b)
Fig. 3 Calcite precipitation at beaker’s bottom (a) method A (b)
method

2.2. Mercury intrusion porosimetry method

Porosimetry is an analytic technique used to determine
various quantifiable aspects of a material’s porous nature,
such as pore diameter, total pore volume, superficial area
and pore throat ratio. The MIP technique involves the
intrusion of a non-wetting liquid (often mercury) at high
pressure into a material through the use of porosimeter.
The pore size can be determined based on the external
pressure needed to force the liquid into a pore against the
opposing force of the liquid’s superficial tension.

The sizes and size distributions of pores and throats
and their arrangement relative to each other are determined
from mercury intrusion-extrusion capillary pressure
curves. And the pore-throat aspect ratio is the ratio of pore
radius to the linked throat radius, which indicates their
dimensional arrangement in material, Fig.4.
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Fig. 4 2-D sand, pore and pore throat radius

2.3. Compression test

Compressive strength worked out from compression
test results is the capacity of a material to withstand axially
directed pushing forces. When the limit of compressive
strength is reached, materials are crushed. When a material
gets a compression, it gets shorter which seemly tends to
amplify small sideways deflections into buckling. A
material such as soft sandstone may have a compressive
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strength as low as 1 MPa or 5 MPa. Here is a basic
definition of the uniaxial stress given by equation (3).
0=F/A 3)

Where, &, is the uniaxial stress, MPa; F is the load
applied, N; A is the area the load applied on, mm®.

2.4. Three-point flexural test

The objective of Three points flexural test is to provide
an efficient and consistent methodology to locate and
characterize fracture origins in advanced ceramics. It is
applicable to brittle materials like ceramics; that is, the
material adheres to Hooke's Law up to fracture. In such
materials, fracture commences from a single location
which is termed the fracture origin. The fracture origin in
brittle ceramics normally consists of some irregularity or
singularity in the material which acts as a stress
concentrator. In the parlance of the engineer or scientist,
these irregularities are termed "flaws" or "defects."
Equation (4) is for a calculation of the flexural stress for a
circular cross section, based on ASTM C1322-96a,
Standard practice for fractography and characterization of
fracture origins in advanced ceramics.
3;=PL/(nR?) 4)

Where, d; is the stress at midpoint, MPa; P is the load
at a given point on the load deflection curve, N; R is the
cross section diameter of the specimen, mm; L is the span
length of the specimen.

3. Results and Discussion

3.1. Porosity and Pore-throat aspect ratio
It was shown in Fig.5 where MIP samples were taken.
A lot of factors’ data were obtained from the porosity

standard report of MIP, such as permeable area, total
porosity volume, total porosity volume fraction, specific

superficial area and pore-throat aspect ratio, which were
listed in Table 2. The relationship between total porosity
volume and cementation methods and time and the
relationships between pore-throat aspect ratio and
cementation methods and time were shown in Fig 6.
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Fig. 5 MIP samples taken from column
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Fig. 6 Porosity volume and pore-throat aspect ratio of sand
columns of different cementing methods at ages

Referring to the permeable area, the rock permeability
grades were shown in Table 3. Compared with the permeable
area of grades in Table 3 [8], all the sand columns prepared
by method A fell into the super low grade.

Table 2 Calculated porosity structure factors of MIP data report of sand columns

No Davs /d Grades Permeable Total Pore volume Specific Pore
) Yy area /107 umz porosity/% /ml/g area /m*/m throat/pore
Al 5 Super low 0.08356 40.466 0.2500 0.0166 3.8286
A9 10 Super low 0.11084 35.724 0.2119 0.0169 4.1489
Al3 15 Super low 0.03961 35.538 0.2137 0.0186 2.8909
A20 20 Super low 0.01479 27.855 0.1437 0.0236 3.8554
A27 28 Super low 0.00044 27.305 0.1394 0.1170 0.4865
Bl 28 Super low 0.01210 18.183 0.1008 0.0079 4.6848
Table 3 Permeability grades of rocks
Grades 1 2 3 4 5 6 7
Permeability Super high ~ Very high High Medium Low Very low Super Low
Perj‘fg%ﬂ;?rea 0 1000  1000~500 5000 100 1000 50 500 10 100 1 01
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The total porosity fraction of sand columns of
cementation time of 120 hours, 240 hours, 360 hours, 480
hours and 672 hours were 40.5%, 35.7%, 35.5%, 27.9%
and 27.3%. The rule here were obvious that total porosity
fraction reduced with an increase in cementation time
which represented the bulk densities of sand columns were
improved positively with increasing cementation time.

Although there was no exactly linear relativity between
pore-throat aspect ratios and cementation time, pore-throat
aspect ratio of sand columns at 672 hours sharply
decreased to 0.49 from 3.83 at 120 hours. Based on the
discussion earlier the pore-throat aspect ratio indicated
dimensional arrangement of pores and throats, it explained
to the MIP results that pore radius decreased when more
and more calcite precipitation formed and filled into the
pores with increasing cementation time.

3.2. Compressive strength

SANS CMT 8502 Computer Assisted Material Test
Machine was applied to execute the compression test on
sand columns. The load range of the machine was from 20
N to 5 KN and the head moved to the sand column at a
speed of 0.5 mm/s. There was a revising coefficient of
compressive strength related directly to the length-
diameter ratio of sand columns which in this investigation
the coefficient was 0.93 [9]. In order to clarify the
relationships  between  compressive  strength  and
cementation methods or time, data were plotted in Fig.7
and Fig.8.

600 )
550 1. (1.26, 575.0) -- 28days

2. (1.23,490.1) -- 20days

2 a0l 3 (112,278.3)~ 15days

4. (1.06, 227.8) - 10days

0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6

Deformation /mm

The compressive strengths of cementation time of 240
hours, 360 hours, 480 hours and 672 hours after timing
with 0.93 the revising coefficient were 0.56 MPa, 0.68 Pa,
1.20 MPa and 1.40 MPa, respectively. There was a clear
relationship between the compressive strengths and the
cementation time, which was compressive strengths
increased with time since the increasing amount of calcite
with time strengthened the sand columns obviously. The
reason for the missing data of 120 hours of compression
and flexural was all the sand columns at this age were
unexpectedly broken up while demoulding.
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Fig. 7 Compressive strength of sand columns at various ages
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Fig. 8 Ages and cementing methods effect on compressive load — deformation curves ages (b) cementing methods

3.3. Three-point flexural strength

SANS CMT 8502 Computer Assisted Material Test
Machine was applied to execute the three-point flexural
test on sand columns. The load range of the machine was
from 20 N to 5 KN and the head moved to the sand
column at a speed of 0.5 mm/s. Six different testing modes
were ready for options. The one adopted was the mode for
engineering ceramic pipes.

The data of loads and deformations during flexural
were automatically plotted by the computer. All the graphs
were organized up into two sets. One differed in

cementation time and the other did in cementation
methods, shown in Fig.9 and Fig.10 respectively.

The flexural strengths of cementation time of 240
hours, 360 hours, 480 hours and 672 hours were 0.08 MPa,
0.13 Pa, 0.84 MPa and 0.96 MPa, respectively. The
strengths increased rapidly with time. To be more
observing, the bouncing on the up part of the load-
deformation curves shrank, which theoretically indicated
the defects in sand column became less, and the up part of
curves smoothed out with the cementation time increased
[10]. These mechanical appearances originally were
attributed to the fact that the increasing amount of calcite
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with time remedied the defects by filling or bridging in
sand gaps.

The flexural strengths of cementation method A and B
were 0.96 and 0.41 MPa. The deformations at the peak
loads of them were 1.29 mm and 0.80 mm. And the
bouncing of method A columns were a lot more than the

90

ones of method B. Conclusively the sand columns
prepared by method A mechanically performed much
better than those by method B because external pressure in
method A cooperated with the inner strength development
under MCP cementation.

28-day, no-pressing,pluggin c
80 Y. nop 9.Pu9gIg ( 0.80, 82.6)
6
704
o 01 4 5
'% 504
o
S 40 3
& 30-
2 2
20 - 1
(0]
10
0 T T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0 12

Deformation / mm

210 4

180

C

28-day, pressing

1)
( 1.29, 200.8)

Flextual load / N

150

[
)
(=3
1

©
o
1

o
=]
1

8
1
(@)

o

T T T T T
0.2 0.4 0.6 0.8 1.0 12 14 1.6

o
S)

Deformation / mm

Fig. 9 Load-deformation curves of sand columns with different cementing methods pressing (b) no-pressing

114

1.04

©

o

2 73

~ 0.9

3 a .

208 s

8 07

2

@ 0.6

>

T 05

s

© 0.4+ :

e A

£ 034

S 0.2

> 4

@ 0.1

o 'y

0.0 T T T T T
10-d 15-d 20-d 28-d 28-d
pessing pessing  pessing pessing  no-pessing
plugging

Sand column types

Fig. 10 Three-point flexural strength of sand columns at various ages

4. Conclusions

What the main purpose of the investigation was to
discover the effects of cementation methods and time on
mechanical performance and porosity of sand columns
cemented by MCP technique. Here were the discoveries.

28-day sand columns prepared by method A exhibited
stronger mechanical properties than those prepared by
Method B, considering of the compressive strengths and
three-point flexural strength. It could be exactly explained
by porosity examination results that the permeable area of
the 28-day columns by method A were extremely lower
than those of the ones by Method B, which indicated that
28-day columns by method A were more solid and
compact than those of the ones by method B.

In consideration of sand columns prepared by method
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A, pore volume fractions of them reduced with an increase
in cementation time which represented the bulk densities
of sand columns were improved positively with time. And
there was a clear relationship between the compressive
strengths and the cementation time, which was
compressive strengths increased with time since the
increasing amount of calcite with time strengthened the
sand columns obviously. Also the flexural strengths
increased rapidly with time. Both mechanical
performances should attribute to the fact that the
increasing amount of calcite with time remedied the
defects by filling or bridging in sand gaps.
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