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Microbial induced calcite precipitation (MICP) has shown great potential to reduce the
permeability of fractured rock, but its permeability reduction characteristic, affected by
cementing solution concentration and geometric morphology of fractured rock, has not
been presented. In this paper, a self-designed device for experimental MICP grouting
and seepage performance was used to study the effects of factors including urea and
calcium chloride concentration, fracture roughness and aperture on the permeability
reduction of MICP on fractured rock. During the experiment, the same total volume of
cement solution was injected into each sample with the same injection times. Based on
the experimental results, the Darcy permeability coefficient of MICP grouted fractured
rock was reduced to 3-5 x 10~° m/s by four orders of magnitude smaller than that
of non-grouted fractured rock. An increase in fracture roughness, urea and calcium
chloride concentrations, as well as a decrease of fracture aperture, caused the MICP
grouting ratio in fractured rocks to decrease, as well as a decrease of the Darcy
permeability coefficient. In addition, the permeability reduction of MICP on fractured rock
increased with the decrement of the above four factors. The permeability coefficient
of grouted fractured rock and the permeability reduction of MICP were excessively
sensitive to urea concentration. Furthermore, the permeability reduction was fitted well
by power function. The research results could provide important guidance and reference
significance for MICP grouting application in rock engineering.

Keywords: MICP, grouting, fractured rock, fracture roughness, fracture aperture, permeability coefficient

INTRODUCTION

Microbial induced calcite precipitation (MICP) grouting is a novel bio-grouting technology, and
is applied in pollutants fixation, reparation of cracks in rock relics, and sealing improvement on
underground oil depots and gas reservoirs (Whiffin et al., 2007; Fujita et al., 2008; Ivanov and
Chu, 2008; Cunningham et al., 2009, 2011; Dupraz et al.,, 2009; Mitchell et al., 2009, 2010; De
Muynck et al.,, 2011; Meyer et al,, 2011; Chu et al., 2012; Phillips et al., 2013; Zhao et al.,, 2017a;
Peng et al., 2019¢, 2020a,d). This technique exhibited some advantages with low grouting pressure,
low viscosity, and environmental friendliness, compared with cement-based material grouting and
polymer chemical grouting (Lian et al., 2006; Whiffin et al., 2007; Ivanov and Chu, 2008; Mitchell
et al., 2013; Phillips et al., 2013; Liu et al., 2019).
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The mechanism of MICP grouting was shown as;

CO(NH,), + 2H,0 + Ca?* "% 2NH,*
+ CaCOs3 | . (1)

The induced-precipitated carbonate calcium cemented and
filled the rock fracture, then effectively improved the permeability
characteristics of fractured rock (Dejong et al., 2006; De Muynck
et al., 2008, 2010; Ivanov and Chu, 2008; Okwadha and Li,
2010; Van Paassen et al.,, 2010; Cunningham et al., 2014; Zhao
etal.,, 2017b,c, 2019; Peng et al., 2019a,b,c, 2020b,c). For example,
the MICP grouting induced the conductivity and permeability
reduction of fractured rock surrounding the injection within 3 m
by 35 and 99% respectively (Cuthbert et al., 2013). And it also
resulted in the seepage velocity reduction of in-suit fractured rock
by 25% and the permeability reduction of artificial fractured rock
sample up to 80% (Phillips et al., 2016).

The permeability reduction of MICP in fractured rock
was affected by grouting rate, grouting times, grouting ratio
and fracture aperture, water flowing velocity of the rock.
A low grouting rate and multiple-times grouting decreased the
permeability coefficient by three orders of magnitude. A fracture
aperture of less than 0.7 mm grouted by MICP transformed
from Darcy seepage to Non-Darcy (Wu et al., 2019). And the
calcium carbonate induced by MICP mainly precipitated in a
low flowing velocity zone of the rock fracture, but almost not
at all in a high flowing velocity zone (Wu et al.,, 2018). So the
low water flowing velocity benefited the permeability reduction of
MICP in fractured rock. Although the concentration of bacterial
solution and the geometric morphology of structure plane also
theoretically affected the permeability reduction of MICP for
fractured rock, these effects were not reported at present.

For this purpose, the effects of fracture aperture, fracture
roughness, urea concentration and calcium concentration were
experimented on the grouting ratio, permeability coefficient and
permeability reduction of MICP grouting in fractured rock. The
microstructure and distribution of calcite precipitation on the
rock fracture surface were also investigated. Thus the mechanism
of permeability reduction of MICP for fractured rock would be
presented. These research results could provide a reference in the
rock engineering application of MICP.

EXPERIMENTAL MATERIALS AND
METHODS

Experimental Solution and Sample

The microbial grouting solution was composed of Sporosarcina
pasteurii bacteria solution and microbial cementing solution. The
S. pasteurii was chosen due to its non-pathogenic microorganism
with strong survivability such as acid and alkali, high salinity, etc.
The S. pasteurii strain was inoculated by 5% in a liquid medium
and then cultured in a constant temperature shaker at 170 rpm
and 30°C for 14 h up to a conductivity of 19 £ 0.5 mM/min and
an OD600 of 1.8 & 0.2. Thus the S. pasteurii bacteria solution was
presented. And the liquid cultured medium with was mixed with

1000 ml deionized water, 15.0 g casein peptone, 5.0 g soy peptone,
5.0 g sodium chloride, and 20.0 g urea and was adjusted by NaOH
solution up to pH7.3. The microbial cementing solution was a
mixed solution of urea and calcium chloride.

The red sandstone samples containing little or no calcium
were chosen to decrease the effect of calcium ions in rock on the
MICP. Sixteen standard cylindrical red sandstone samples with
50 mm diameter and 100 mm height were split by a Brazilian
split-cylinder test. Each split sample was then glued by glue
adhesive with a high precise plexiglass pad with a width range
from 1.0 to 2.5 mm provided by a laser cutting technique. Thus
the single fracture rock samples with apertures of 1.0, 1.5, 2.0, and
2.5 mm were fabricated. Before gluing, the scanned 3D images
of fracture surfaces of each sample were gotten by a 3D laser
scanner (model LSH400). And based on these 3D images, the
absolute average roughness of each sample was calculated by
MATLAB software. The fracture roughness and splitting strength
of samples were tabulated in Table 1. In Table 1 the fluctuation
between the maximum and minimum roughness among samples
1-1 to 1-12 was only 0.023 mm, so the roughness of samples 1-1
to 1-12 are considered the same in this paper. The MICP grouted
single fracture rock sample is shown in Figure 1.

Experimental Setup

Figure 2 plots the setup of MICP grouting for the fractured rock
and seepage experiment. This setup was composed of an MICP
grouting device and a seepage experimental device. In Figure 2A,
the grouting device had two screwed steel columns connecting
to a fixing steel plate on the bottom of the fractured rock sample
and a moveable one on the top. The rubber grouting pipes with
a diameter of 0.3 mm were connected to the sample and the
microbial grouting solution by a peristaltic pump. In Figure 2B,
the plexiglass tube with an inner radius of 26 mm and wall
thickness of 3 mm was fixed on the 15 mm thick plywood plate,
and had two holes at the height of 200, 500 mm to keep water head
constant. The fractured rock grouted by MICP was connected to
the plexiglass tube bottom by a heat shrinkable with a diameter
of 55 mm to prevent leakages after the occurrence of fractured
rock seepage. A beaker was positioned under the sample bottom
to collect the seepage effluent.

Experimental Processes

The MICP permeability reduction experiment of single fracture
rock was designed to investigate the effect of microbial
cementing concentration and fracture geometric morphology.
The experimental cases are given in Table 1.

Firstly, the single fracture rocks were immersed and saturated
for 48 h, and then their permeability coeflicients without MICP
grouting were tested with the constant-water head of 200 mm
using the seepage experiment device shown in Figure 1B.
The seepage time and seepage volume were recorded by an
electronic balance with the sampling frequency of 1 Hz after the
seepage was initiated.

Secondly the samples without MICP grouting were dried
in a drying box at 70°C for 24 h and then weighed with
the electronic balance. Then each dried fractured sample was
grouted with 100 ml bacterial solution and 100 ml microbial
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TABLE 1 | Experimental cases and parameters of fractured rocks.

Case Urea Calcium chloride Fracture Roughness Mass
concentration/(mol/L) concentration/(mol/L) aperture o/mm e/mm
Pre-grouting Post-grouting mq —mg
mo/g my/g

1-1 0.70 0.90 1.50 0.450 458.83 464.1 5.27
1-2 0.80 0.90 1.50 0.447 462.58 469.26 6.68
1-8 0.90 0.90 1.50 0.453 464.58 471.23 6.65
1-4 1.00 0.90 1.50 0.452 462.02 468.71 6.69
1-5 0.80 0.70 1.50 0.434 465.77 470.47 4.70
1-6 0.80 0.80 1.50 0.452 455.94 461.06 5.12
1-7 0.80 0.90 1.50 0.439 462.58 469.26 6.68
1-8 0.80 1.00 1.50 0.438 463.13 469.78 6.65
1-9 0.80 0.90 1.00 0.432 460.02 465.11 5.09
1-10 0.80 0.90 1.50 0.435 462.58 469.26 6.68
1-11 0.80 0.90 2.00 0.456 464.17 471.34 717
1-12 0.80 0.90 2.50 0.429 465.47 473.04 7.57
1-13 0.80 0.90 1.50 0.414 459.54 465.04 5.50
1-14 0.80 0.90 1.50 0.614 460.80 466.87 6.07
1-15 0.80 0.90 1.50 0.673 462.58 468.98 6.40
1-16 0.80 0.90 1.50 0.873 463.13 469.95 6.82

cementing solution from the top of sample fracture to the bottom
by the peristaltic pump in 8 doses of 12.5 ml each. And the
grouting rate was chosen to be 0.003 mL/s. This is because a
too low grouting rate induced easy accumulation of the calcium
carbonate precipitation in the grouting port, and hindering the
uniform distribution of precipitation on the fracture surface, and
a too high grouting rate easily washed away the precipitation. The
urea and calcium chloride concentrations of cementing solution
were shown in Table 1.

After MICP grouting, the fractured samples were placed in a
drying box at 70°C for 24 h, and weighed again. The MICP (n)
grouting ratio of each fractured rock was calculated by,

mip — my
n=—x100%
oV

V=AL=wDL . (2)

where mg and m; is the dry sample mass before and after MICP
grouting (g) respectively, and w is the fracture aperture of the
sample (mm). As seen in Table 1; p is the density of calcium
carbonate with a value of 2.71 g/cm (Wu et al., 2018); V and A
is the volume and the area of longitudinal section of the sample
respectively; D and L is the sample diameter and height with a
value of 50 and 100 mm, respectively.

Next the dried bio-grouting fractured rock samples were
rested at room temperature for 2 days to harden the precipitation
of calcium carbonate on the fracture surface of the sample,
and successively were immersed and saturated for 48 h. Then
the permeability coeflicients of single fracture rock samples
with MICP grouting were performed with the constant-head of
500 mm by the seepage experiment shown in Figure 2B.

Finally about 10 g precipitation was obtained from the
bio-grouting fractured rock, and was prepared for scanning
electron microscope (SEM). The microscopic morphologies of

FIGURE 1 | Fractured rock samples grouted by MICP.

the precipitation were scanned by SEM with an energy dispersive
spectrometer (EDS) at 20 kV voltages 300 and 5000 times.

RESULTS

Permeability Coefficients
The Darcy permeability coefficient of each fractured rock sample

with and without MICP grouting was calculated by:
L
Ko

T AAP

where K is Darcy permeability coefficient, and is denoted as K,
for the fractured rock without MICP grouting and K}, for the

h A= owD. (3)
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TABLE 2 | Permeability coefficients of fractured rocks.

Case Factors A/CM2  K,/(M/S) K,/(10~* M/S) K,/Ka10~*
1-1 Urea 0.75 0.2376 0.4693 1.9753
concentration
1-2 0.75 0.2443 0.4249 1.7393
1-8 0.75 0.2245 0.3653 1.6272
1-4 0.75 0.2378 0.3600 1.5139
1-5 Calcium 0.75 0.2296 0.4600 2.0035
chloride
concentration
1-6 0.75 0.2332 0.4380 1.8782
1-7 0.75 0.2543 0.4250 1.6713
1-8 0.75 0.2499 0.4140 1.6567
1-9 Fracture 0.50 0.1536 0.3040 1.9792
aperture
1-10 0.75 0.2471 0.4249 1.7196
1-11 1.00 0.3407 0.3707 1.0881
1-12 1.25 0.4342 0.3413 0.7860
1-13  fracture 0.75 0.2295 0.4827 2.1033
roughness
1-14 0.75 0.2497 0.4284 1.7157
1-15 0.75 0.2502 0.3973 1.5879
1-16 0.75 0.2344 0.3360 1.4334

one with MICP grouting; Q is the flow rate(m3/s); p is the
dynamic viscosity of water (Pa-S) with value of 1.005 x 10~3 PaS
at 20°C; AP is the pressure difference between the two ends of
the sample. AP is equal to 2 kPa before grouting and is equal to
5 kPa after grouting.

Table 2 shows the Darcy permeability coefficients of the
single fracture samples with and without MICP grouting. Table 2
indicated that the permeability coeflicients of single fracture
rocks after MICP grouting ranged from 0.3040 x 10~* m/s
to 0.4693 x 10~* m/s, and the ones before MICP grouting
from 0.1536 m/s to 0.4342 m/s. The permeability reduction of
MICP denoted as Ky/K, was up to 4 orders of magnitude.
Similarly, Cuthbert et al. (2013), Phillips et al. (2016),
Tobler et al. (2012), and Wu et al. (2019) experimentally

presented that the permeability reduction was approximately
2-4 orders of magnitude. Therefore it would be inferred that
the permeability coeflicient of fractured rock was reduced
significantly by MICP grouting.

Grouting Ratio

Figure 3 shows the MICP grouting ratio in fractured rock.
Figure 3A,B indicate that the grouting ratio of MICP increased
with increasing urea concentration and calcium chloride
concentration, but slightly reduced under the condition of
calcium chloride concentration larger than 0.9 mol/L. The reason
was that the urease activity was promoted by the increasing of
urea concentration, but was inhibited by the calcium chloride
concentration larger than 0.9 mol/L (Qian et al., 2009).

It was observed in Figure 3C that the grouting ratio of
MICP decreased from 37.56 to 22.35%, when the fracture
aperture increased from 1.0 to 2.5 mm. The dominant reason
was the increasing fracture volume of cases 1-9, 1-10, 1-11,
and 1-12. Figure 3D also denotes that the MICP grouting
ratio increased from 27.06 to 33.55% when fracture roughness
increased from 0.414 to 0.873 mm. This was probably because
the increase of fracture roughness reduced the flow velocity
in fracture for the cases of 1-13, 1-14, 1-15, and 1-16. El
Mountassir et al. (2014) suggested that low flow velocity was
conducive to the precipitation of calcium carbonate in fracture.
So the MICP grouting ratio increased because the increasing
fracture roughness increased the production of precipitation on
fracture surface.

Permeability Kb

Figure 4 shows the permeability coefficient Ky, of fractured
samples grouted by MICP. As shown in Figures 4A,B, the
Ky decreased with the increasing of urea concentration and
calcium chloride concentration. Increasing concentration
of urea concentration and calcium chloride concentration
brought out more calcite precipitation based on Eq. (1).
And the increasing precipitation blocked more seepage
channels in the fracture when the volume of the fracture
was constant for cases 1-1 to 1-8 listed in Table 1. Hence
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FIGURE 3 | Grouting ratio of MICP in fractured rock. (A) Urea concentration, (B) calcium chloride concentration, (C) fracture aperture, and (D) fracture roughness.
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it was deduced that the permeability coeflicient decreased
with the increasing cementing solution concentration.
Moreover, increasing urea concentration promoted bacterial
urease activity. And Figure 4B also shows that the Kj
remained constant when the urea concentration was more
than 0.9 mol/L. This agreed with the research results
from Nemati and Voordouw (2003).

Figure 4C suggested that the permeability coefficient
increased with the increasing of the fracture aperture with a
range from 1.0 to 1.5 mm, and decreased with the fracture
aperture from 1.5 to 2.5 mm. And the similar characteristic
of the fracture rock grouted by mortar was reported by Wu
et al. (2018, 2019). When the fracture aperture changed, the
change of permeability coefficient was obvious. It might be
due to the distribution of calcium carbonate precipitation
on the fracture with a different aperture. And the non-
uniform distribution of calcium carbonate precipitation was
detected on the fracture surface of each sample (Stoner et al,
2005; El Mountassir et al.,, 2014; Minto et al., 2016). What’s
more, the effect of gravity also affected the permeability
characteristics of permeable fractured rock. Under the action
of gravity, the MICP precipitation was mostly distributed in

the lower part of the sample. To summarize, the effect of the
fracture aperture on the permeability coefficient of fractured
rock grouted by MICP was complicated and needed more
intensive study.

It can be clearly seen from Figure 4D that the larger the
fracture roughness, the smaller the permeability coefficient of
fractured rock. The existence of fracture roughness formed the
low flow velocity zone near to the downstream face of the convex
part of the fracture, and the increasing of fracture roughness
would form more low flow velocity zones. The low flow velocity
zones also facilitated the attachment of calcite precipitation in
fracture (El Mountassir et al., 2014). The increasing of attached
calcite precipitation would also block the seepage channels in
fracture, thus the permeability coeflicient of fractured rock
grouted by MICP is reduced with increasing fracture roughness.

Permeability Reduction

Figure 5 plotted the permeability reduction of MICP on
fractured rock. The smaller the K}, /K, the better the permeability
reduction. With the increasing of urea concentration, calcium
chloride concentration, fracture aperture and roughness,
the Kp/K, decreased, ie., the permeability reduction
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FIGURE 4 | Permeability coefficient of bio-grouted fractured rock. (A) Urea concentration, (B) calcium chloride concentration, (C) fracture aperture, and (D) fracture
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strengthened in Figure 5. When the fracture aperture and
roughness were generally kept the same, the increase of
urea concentration and calcium chloride concentration
caused the reduction of the permeability coefficient of
MICP-grouted fractured rock (K,) and the invariability of
K., hence K/K, diminished. When the concentration of
urea and calcium chloride was kept constant, the increasing
of fracture roughness obviously reduced K, and slightly
changed K, listed in Table 2, thus Kp/K, decreased. When
the concentration of urea and calcium chloride, and fracture
roughness was kept constant, an increase in fracture aperture
induced less increment of K}, than the one of K,, thus K, /K,
reduced as well.

Morphology Analysis of Precipitation

Figure 6 plots the distribution of calcium carbonate on the
fracture surface of samples after the seepage experiment. Figure 6
revealed some white precipitations on the fracture surfaces,
which were varied with fracture aperture and roughness.
Its SEM characteristic at 300 and 5000 magnifications and
X-ray energy spectrum are plotted in Figure 7. KCnt in

Figure 7C represents the detected signal strength. Figure 7
indicates that the particles of precipitation were smooth
spheres bonding to each other to form particle clusters and
the main component of precipitation was calcium carbonate.
These bonding particles might transform the seepage in
fractured rock from fracture seepage to uniform pore seepage,
which was not easily washed away under the action of
hydraulic gradients.

Figure 6A demonstrated that the upper part of fracture
had more calcium carbonate deposition than the middle
part. This showed that a slight clogging happened at
the grouting rate of 0.003 ml/L and gravity. The similar
clogging was founded by Stoner et al. (2005), El Mountassir
et al. (2014), and Minto et al. (2016). Increasing grouting
rate might be a feasible option to diminish the clogging
in fractured rock.

Figures 6A,B plotted the possible seepage channels on 1.5 mm
and 2.0 mm fracture surfaces while Figures 6C,D did not do.
It would be deduced that the fractured rock simultaneously
generated the fracture seepage and uniform pore seepage in the
fracture grouted by MICP.
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DISCUSSION

Wu et al. (2019) found that the MICP grouting ratio in the
fracture was between 53 and 70%, and Tobler et al. (2016)
obtained a range from 30 to 41%, while this paper provided that
the one was between 23 and 37%. The reason might be that the
difference in the grouting rate and times, as the fracture aperture
and roughness caused the variation of the grouting ratio.

Increasing the grouting ratio caused the decreasing of
permeability coefficient presented by Wu et al. (2018). In this
paper the grouting ratio increased with the increasing of the
cementing solution concentration figured in Figures 3A,B, when
the fracture aperture and roughness did not vary. Therefore
the permeability coeflicient decreased due to the increasing
cementing solution concentration presented in Figures 4A,B.
And in this paper the grouting ratio also increased with the
increasing of the fracture roughness shown in Figure 3D
when the cementing solution concentration did not change. So
the permeability coefficient decreased with increase of fracture
roughness shown in Figure 4D. In Figure 3C, the MICP grouting
ratio of fractured rock increased with the decreasing of fracture
aperture is shown.

The cubic law of flow in single fracture is amended by Walsh
(1981) as
Q 1—% ;4

ap = O Ty e )

where C is a constant; 6 is an empirical constant. ) is the area
contact rate of percipitated calcium carbonate in the fracture and
bmax is the maxium apeture of the fracture.

The permeabilty coefficient is linear to the ratio of Q
and AP according to Eq. 1. Based on Eq. 4, the permeabilty
coefficient increased, i.e., when X\ decreased. N increased
due to the deposition of calcium carbonate in the fractured
rock after MICP grouting, but might be weakened by the
increasing of the fracture aperture. Hence the permeability
reduction of MICP on fractured rock decreased with
the increasing of the fracture aperture, as shown in
Figure 5.

The effect of fracture aperture from 1.0 to 2.5 mm
and roughness from 0.4 to 0.9 mm were discussed in
this paper, while the effect of fracture aperture larger
than 2.5 mm and roughness larger than 0.873 mm need
further research.
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FIGURE 6 | Distribution of calcium carbonate on fracture surface. (A) Fracture aperture. (B) Fracture roughness.
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FIGURE 7 | The SEM characteristic and X-ray EDS of precipitation. (A) 300 times. (B) 5000 times. (C) Result of X-ray EDS.

Figure 8 plots the sensitivity of the permeability coefficient
of samples grouted by MICP. The sensitivities in Figure 8 were
obtained from the slope of curves in Figure 4. It can be found
from Figure 8 that the permeability coefficient was the most
sensitive to urea concentration among the four factors in this
paper. Therefore it was concluded that the increasing of urea
concentration should be firstly selected to reduce the permeability
coefficient of fractured rock besides multiple-times grouting.

Figure 9 plots the sensitivity of permeability reduction of
MICP in fractured rock. The sensitivities in Figure 9 were
obtained from the slope of curves in Figure 5. Figure 9
indicated that the permeability reduction was more sensitive
to urea concentration, fracture roughness and calcium chloride
concentration than fracture aperture. Therefore it was concluded
that the MICP grouting was suitable for fractured rock with
different apertures.
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concentration, fracture aperture and fracture roughness as
independent variables, K}, /K, was fitted by power function using
the least square method. Then we could get:

% = 1.615 x 10~ #0%x; 0671y 0786, 0176 (R = 0.832)

%)
where x1, X2, x3, and x4 is urea concentration, calcium
chloride concentration, fracture aperture and fracture
roughness respectively.

From Eq. 5, the permeability reduction was well fitted by
power function of concentration, calcium chloride concentration,
fracture aperture and fracture roughness with a correlation
coeflicient of 0.832.

It should be pointed out that this research was
mainly based on laboratory experiments, and no in-
depth analysis was made in terms of the injection rate.

Although the MICP grouting technology significantly
reduced the permeability of fractured rock sample,
the permeability coefficient of MICP grouted fractured
rock was still larger than 5 x 1077 m/s approximately
corresponding to 5 Lu that was the critical value of anti-
seepage grouting standards for fractured rock in tunnels,
subways, and dams.

CONCLUSION

In this paper, the MICP grouting fractured rock seepage
experiment was performed to study the effects of MICP
on permeability characteristics of single fracture rock
considering fracture geometric morphology and microbial
cementing solution concentration. The conclusions are as
follows:

(1) MICP grouting reduced the Darcy permeability
coefficient of fractured rock to 3-5 x 107° m/s
by four orders of magnitude compared with that of
non-grouted fractured rock.

(2) The MICP grouting ratio of fractured rock increased
when increasing the fracture roughness, urea and
calcium chloride concentrations and decreasing of
fracture aperture.

(3) The Darcy permeability coefficient of fractured rock
grouted by MICP increased with the decreasing of fracture
roughness, urea and calcium chloride concentrations and
increasing of fracture aperture, and was the most sensitive
to urea concentration.

(4) The permeability reduction of MICP on fractured rock
increased with the decreasing of fracture roughness,
urea and calcium chloride concentrations and with the
increasing of the fracture aperture, and was well fitted by
power function.
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