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Abstract 
The research w o r k a ims to assess the feas ib i l i ty of i n t r o d u c i n g the m i c r o b i a l i n d u c e d 
carbonate p r e c i p i t a t i o n ( M I C P ) as a n a l te rnat ive technique f o r surface s t a b i l i z a t i o n 
of the cut slopes b y a u g m e n t i n g p o t e n t i a l i n d i g e n o u s u r e o l y t i c bacteria. A set of 
c o l u m n s o l i d i f i c a t i o n tests w a s c o n d u c t e d o n e m b a n k m e n t soi l ( H o k k a i d o 
expressway, Japan) to o p t i m i z e the p e r f o r m a n c e of bacteria r e g a r d i n g bacter ia l 
p o p u l a t i o n of c u l t u r e s o l u t i o n (opt ica l d e n s i t y (OD600) f r o m 1 to 6), a n d 
concentra t ion of Ca^* a n d urea i n c e m e n t a t i o n s o l u t i o n (0.5 m o l / L a n d 1 m o l / L ) at 
the t e m p e r a t u r e of 20°C. The U C S of t reated samples w a s es t imated u s i n g needle 
penetrometer , a n d the m i c r o s t r u c t u r e of the t reated specimens w a s observed u s i n g 
scanning e lectron microscope (SEM). The results revea l that the U C S of the 
spec imen increases w i t h increas ing ODeoo w i t h o u t a n y c l o g g i n g w i t h i n the samples . 
T r e a t i n g the soi l u s i n g 1 m o l / L concentra ted (Ca2+ a n d urea) c e m e n t a t i o n s o l u t i o n 
a n d bacter ia l c u l t u r e w i t h ODeoo of 6 results the h ighes t U C S of 7.5 M P a w h i l e 
a c h i e v i n g r e l a t i v e l y a h o m o g e n e o u s s o l i d i f i c a t i o n a l o n g the c o l u m n p r o f i l e . The 
m i c r o g r a p h s of the t reated spec imen c o n f i r m s tha t the r o m b o h e d r a l c a l c i u m 
carbonate crystals f o r m e d w i t h i n the pores of so i l m a t r i x , w h i c h has e f fec t ive ly 
b o n d e d the adjacent so i l part ic les , a n d c o n t r i b u t e d to enhance the s t r e n g t h 
s ign i f i cant ly at the o p t i m i z e d t r e a t m e n t c o n d i t i o n . 

K e y w o r d s : C a l c i u m carbonate . C e m e n t a t i o n , M i c r o b i a l i n d u c e d carbonate 
p r e c i p i t a t i o n . Surface s tab i l i za t ion , U r e o l y t i c bacteria 

1. Introduction 
Slopes are the p r i m e s u p p o r t i n g 
s tructure of the t r a n s p o r t a t i o n system, 
thereby slope s t a b i l i z a t i o n is o f t e n a n 
essential p a r t i n Geotechnical 
Engineer ing . P a r t i c u l a r l y , surface 
i n s t a b i l i t y of slopes d u e to so i l e ros ion 
has been o f t e n d o c u m e n t e d as a 
w i d e s p r e a d issue a l l over the w o r l d . 
The eros ion d u e to r a i n f a l l a n d r u n o f f . 

genera l ly begins w i t h the de tachment 
of so i l aggregates at the surface 
f o l l o w e d b y t r a n s p o r t a t i o n of loose 
part ic les d o w n s l o p e [1] . I t has been 
r e p o r t e d that the s e d i m e n t t r a n s p o r t 
a n d mass-loss, pose severe r isks 
r e g a r d i n g s h o u l d e r erosions a n d 
collapse of t r a n s p o r t a t i o n structures 
[2] . I n a d d i t i o n , the aggregates w h i c h 
are t r a n s p o r t e d b y r u n o f f , w o u l d be 
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depos i ted i n dra inage systems a n d 
p a v e m e n t surfaces, that can obstruct 
m a n y subsequent exert ions a n d 
increase the cost of maintenance . To 
date, there have been m a n y 
mechanica l a n d c h e m i c a l t rea tments 
p r o p o s e d for slope surface 
s tab i l iza t ion . M a j o r i t y of these u t i l i z e 
mechanica l energy a n d m a n - m a d e 
materials , b o t h of w h i c h r e q u i r i n g 
h i g h energy f o r m a t e r i a l p r o d u c t i o n 
a n d i n s t a l l a t i o n [3,4]. A t the same 
t i m e , e n h a n c i n g the so i l s t ruc ture of 
slope surface u s i n g chemica l a d d i t i v e s 
such as m i c r o - f i n e cement, epoxy , f l y -
ash, pheno-plasts , silicates a n d 
p o l y u r e t h a n e , has been r e p o r t e d 
b a n n e d i n m a n y countr ies d u e to the i r 
hazardous a n d toxic effects to the 
e n v i r o n m e n t [3,4,5]. Therefore , 
d e m a n d for n e w , sustainable m e t h o d s 
to i m p r o v e the slope soi l cont inues to 
increase w o r l d w i d e . 

Geotechnical E n g i n e e r i n g , a n d its 
p o t e n t i a l has been great ly harnessed 
w i t h m a n y appl i ca t ions . 

The f i n a l goa l of th is s t u d y as the t i t l e 
states is to i n t r o d u c e the 
b i o c e m e n t a t i o n technique t o cut slopes 
as a n a l te rnat ive countermeasure f o r 
surface eros ion . H o w e v e r , p r e l i m i n a r y 
s t u d y o n o p t i m i z a t i o n r e g a r d i n g 
m i c r o b i a l p e r f o r m a n c e a n d cement 
p r o l i f e r a t i o n is essential i n 
b i o c e m e n t a t i o n processes. Therefore , a 
p r e l i m i n a r y l a b o r a t o r y i n v e s t i g a t i o n 
has been u n d e r t a k e n to o p t i m i z e the 
b iocement f o r m a t i o n of the i n d i g e n o u s 
u r e o l y t i c bacteria i so la ted f r o m 
cons idered slope so i l . O b v i o u s l y , 
b i o c e m e n t a t i o n u s i n g i n d i g e n o u s 
bacteria w o u l d be m o r e p r o m i s i n g a n d 
re l iable c o m p a r e d to tha t of exogenous 
bacteria, p a r t i c u l a r l y f o r the c o l d 
reg ions l i k e H o k k a i d o , Japan. 

Recently, m i c r o b i a l i n d u c e d carbonate 
p r e c i p i t a t i o n ( M I C P ) has exper ienced 
a n increased leve l of interest d u e to its 
susta inabi l i ty a n d m i n i m a l 
d is turbance t o the e n v i r o n m e n t [6, 7, 
8] . Basically, M I C P is a n a t u r a l l y 
o c c u r r i n g process w h e r e i n c a l c i u m 
carbonate b iocement is f o r m e d as a 
result of m i c r o b i a l metabol ic act ivi t ies . 
The u r e o l y t i c bacteria catalyzes the 
h y d r o l y s i s of urea as g i v e n i n 
E q u a t i o n 1 [7, 8 ] , a n d increase the p H 
of the react ion m e d i u m . A f t e r w a r d s , 
c a l c i u m carbonate cement is 
p r e c i p i t a t e d at the presense of c a l c i u m 
ions i n n u c l e a t i o n sites p r o v i d e d b y 
the bacterial cells ( E q u a t i o n 2) [2, 7, 8 ] . 

CO(NH2)2 + 2H2O ^ 2NH4+ + CO32- (1) 
CO32- + Ca2+ Cel l -CaCOs (2) 

F o r m a t i o n of stable g r o u n d / c r u s t b y 
b o n d i n g soi l part icles u s i n g b iocement 
is r e l a t i v e l y a n o v e l technique i n 

2. Experimental Methods 

2.1 I M a t e r i a l T e s t e d 
N a t u r a l soi l col lected f r o m 
Expressway slope, O n u m a ( H o k k a i d o , 
Japan) (F igure 1) w a s used i n the 
i n v e s t i g a t i o n . T h e soi l can be classi f ied 
as f i n e - g r a i n e d sand w i t h a n average 
par t i c le size of 0.25 m m , a n d the g r a i n 
size d i s t r i b u t i o n is presented i n 
F i g u r e 2. 

Figure 1 - Locat ion focused i n this 
study 
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Figure 2 - Partical-size dis t r ibut ion 
curve of the slope soi l 

2.2 Bacteria Culture 
Lysinibacillus xylanilyticus, u r e o l y t i c 
bacteria, i so la ted f r o m expressway 
slope, O n u m a ( H o k k a i d o , Japan) 
(Figure 1), w a s u s e d i n th i s s t u d y . The 
s t r a i n w a s c u l t i v a t e d u n d e r steri le 
aerobic c o n d i t i o n i n N H 4 - Y E m e d i u m 
(10 g / L a m m o n i u m sulfate , 20 g / L 
yeast extract , 15.7 g / L t r i s - b u f f e r ) , a n d 
k e p t u n d e r d y n a m i c c o n d i t i o n (160 
r p m ) at 20°C. The o p t i c a l d e n s i t y 
(ODeoo), a n d urease a c t i v i t y of c u l t u r e 
m e d i u m w e r e m e a s u r e d c o n t i n u o u s l y 
w i t h the t i m e to perceive the 
b e h a v i o u r of the s t ra in . 

2.3 Syringe Solidification Test 
Syringes of 35 m L capac i ty (d iameter 
is 25.3 m m ) w e r e used to m a k e soi l 
c o l u m n s . O v e n d r i e d (105°C for 48 
hours ) so i l w a s p laced i n s y r i n g e 
c o l u m n s i n three layers (15 g per each) 
a n d c o m p a c t e d w e l l . The a r r a n g e m e n t 
of s y r i n g e s o l i d i f i c a t i o n test is 
conceptua l ly presented i n F i g u r e 3. 

A t w o - p h a s e in j ec t ion w a s p e r f o r m e d 
o n the samples. I n the f i r s t phase, 
bacteria c u l t u r e w a s in jected (10 m L ) -
to f i l l the sample . Subsequent ly , the 
c e m e n t a t i o n s o l u t i o n (10 m L ) w a s 
injected t o the so i l i n the second phase. 
0.5 m o l / L c e m e n t a t i o n s o l u t i o n 
conta ined a m i x t u r e of 55.5 g / L 
c a l c i u m c h l o r i d e , 30 g / L urea a n d 3 
g/L n u t r i e n t b r o t h . 

-Sofl 

F i h s 

Oudei 
pH 
O r ' K s conccnmmcn 

Figure 3 - Conceptual diagram of 
syringe sol idif icat ion test 

A l l the so lu t ions w e r e s i m p l y a p p l i e d 
to the so i l surface (at a constant f l o w 
rate of 2 m l / m i n ) , a n d a l l o w e d to 
percolate u n d e r g r a v i t a t i o n a l a n d 
c a p i l l a r y forces. The s o l i d i f i c a t i o n tests 
w e r e u n d e r t a k e n at 20°C for 14 days 
u n d e r f u l l y d r a i n e d c o n d i t i o n b y 
k e e p i n g the o u t l e t v a l v e o p e n 
t h r o u g h o u t the exper iment . 
C e m e n t a t i o n s o l u t i o n of 10 m L w a s 
in jected e v e r y d a y , so as to s u p p l y the 
r e q u i r e d substrates to the b iochemica l 
reactions. I n o r d e r to experience the 
reac t ion state, Ca2+ concentra t ion a n d 
p H of the dra inage w e r e m e a s u r e d 
w i t h t i m e . N u m b e r of s o l i d i f i c a t i o n 
tests w e r e c o n d u c t e d to o p t i m i z e the 
bacter ia l p e r f o r m a n c e i n b i o ­
c e m e n t a t i o n r e g a r d i n g v a r i o u s 
aspects. C o n t r o l sample w a s treated 
u s i n g d i s t i l l e d w a t e r ins tead of 
c u l t u r e / c e m e n t a t i o n so lut ions . 

2.4 Needle Penetration Test 
U n c o n f i n e d compress ive s t r e n g t h 
(UCS) of the s o l i d i f i e d samples w e r e 
es t imated u s i n g sof t - rock needle 
pe ne t rometer (SH-70, M a r u t o Tes t ing 
M a c h i n e C o m p a n y , T o k y o , Japan) 
u s i n g the same m e t h o d o l o g y 
expl i ca ted b y D a n j o a n d K a w a s a k i [7] . 
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2.5 Microscopy Investigation 
I n order to m a k e a better 
u n d e r s t a n d i n g o n crys ta l f o r m a t i o n 
a n d b o n d i n g m e c h a n i s m , 
micros t ruc tures of b io -cemented 
spec imen w e r e observed u s i n g 
scanning e lec t ron microscope (SEM) 
(SuperScan SS-550 S h i m a d z u 
C o r p o r a t i o n , K y o t o , Japan). 

3. Results 

3.1 Bacteria Concentration 
Figure 4 shows the c o m p a r i s o n of U C S 
est imated at the suface of the samples 
treated u n d e r d i f f e r e n t bacteria 
concentra t ion (ODeoo). 0.5 M 
cementa t ion s o l u t i o n was used f o r this 
i n i t i a l o p t i m i z a t i o n . I t can be seen t h a t 
the U C S of the soi l increases w i t h 
increase i n bacteria p o p u l a t i o n . Th is 
observat ion is i n l ine w i t h the results 
observed b y A m a r a k o o n a n d 
K a w a s a k i [8] w h i l e u s i n g 
Pararhodobacter sp. 

60O0 
_5000 
5 4000 
g 3000 
^ 2000 

1000 
0 

0 I : -1 6 
Bacterial populatiun (ODMHI) 

Figure 4 - U C S of the samples treated 
under different bacteria 
concentrations 

I t is clear that the rate of urea 
h y d r o l y s i s has a d i rec t r e l a t i o n s h i p 
w i t h the bacter ia l cell concentra t ion . 
Thereby, the h i g h e r bacter ia l 
concentra t ion injected t o the so i l 
sample increased the a m o u n t of 
carbonate p r e c i p i t a t e d f r o m M I C P , 
hence increased the UCS. 

3.2 Concentration of Cementation 
Solution 
F i g u r e 5 s h o w s the results of U C S 
o b t a i n e d (at the surface) versus 
c o n c e n t r a t i o n of c e m e n t a t i o n s o l u t i o n . 
I t can be seen that the U C S of the 
spec imen t reated u s i n g h i g h 
concentra ted (1 M ) c e m e n t a t i o n 
s o l u t i o n is about 35 % h i g h e r t h a n that 
of sample t reated u s i n g l o w 
concentrated (0.5 M ) c e m e n t a t i o n 
s o l u t i o n . Th is is i n consistence w i t h 
the p r e v i o u s o b s e r v a t i o n r e p o r t e d b y 
D a n j o a n d K a w a s a k i [7] a n d 
A m a r a k o o n a n d K a w a s a k i [8] . 

P 4000 

2000 

0 0.5 I 
Conccniration of cementation 

solutiun ( i iKt l .L ) 

Figure 5 - U C S of samples treated 
under different concentration of 
cementation solut ion 

I n o r d e r to f u r t h e r inves t igate the 
i m p a c t of c o n c e n t r a t i o n of c e m e n t a t i o n 
s o l u t i o n o n c r y s t a l l i z a t i o n , S E M 
analysis w a s c a r r i e d o u t . The 
u n t r e a t e d soi l m a t r i x is presented i n 
F i g u r e 6-a. B o t h samples t reated u n d e r 
0.5 M (F igure 6-b) a n d 1 M (Figure 6-c) 
s h o w the c a l c i u m carbonate crystals 
f o r m e d at the par t i c l e contact of the 
soi l part ic les . H o w e v e r , i t can be 
recognized tha t the d i s t r i b u t i o n of the 
calcite crystals is denser a n d m o r e 
ef fect ive i n sample t rea ted u n d e r 1 M 
(Figure 6-c) t h a n tha t of 0.5 M (Figure 
6-b). I t is u n d e r s t o o d tha t h i g h e r 
c o n c e n t r a t i o n of urea a n d c a l c i u m 
c h l o r i d e extends the a m o u n t of 
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d e p o s i t i o n a n d tends t o f o r m the 
larger crystals i n par t i c l e contact 
( s imi lar t o F i g u r e 6-c) as r e p o r t e d b y 
C h e n g et a l . [5] a n d N g et a l . [ 5 ] . 

Figure 6 - Micrographs of (a) 
untreated soi l matrix, (b) soi l matrix 
treated under 0.5 M a n d (c) soi l 
matrix treated under 1 M 
concentration of cementation 
solut ion 

3.3 Effect of Reinjection of 
Culture Medium 
I n a l l the cases discussed i n the above 
sections, the c u l t u r e m e d i u m w a s 
in jected to soi l o n l y at the b e g i n n i n g 
( w i t h o u t re in jec t ion) . A l t h o u g h the 
h i g h bacteria a n d c e m e n t a t i o n 
c o n c e n t r a t i o n c o n t r i b u t e d a s ign i f i cant 
i m p r o v e m e n t , s y r i n g e sample c o u l d 
n o t achieve a h o m o g e n i o u s 
s o l i d i f i c a t i o n a l o n g the p r o f i l e . 
Therefore , a re in jec t ion (again after 7 
days) case w a s i n c o r p o r a t e d i n order 
to check the feas ib i l i ty of ach ieve ing 
h o m o g e n e o u s s o l i d i f i c a t i o n b y 
d i s t r i b u t i n g m o r e bacter ia to the so i l , 
a n d the results are c o m p a r e d i n F i g u r e 
7. 

•Top • Middle aBonom 

Bacteria without Bacteria with 
reinjection reinjection 

Figure 7 - U C S w i t h the effect of 
reinject ing bacteria culture m e d i u m 

The U C S measurements ensure t h a t 
r e l a t i v e l y a h o m o g e n e o u s 
s o l i d i f i c a t i o n a l o n g the c o l u m n d e p t h 
has been achieved at the re in jec t ion of 
bacteria . 

4. Discussions 
I n m o s t of the cases, the o b t a i n e d U C S 
values d e c l i n e d w i t h increas ing 
sample d e p t h , w h i c h ind ica te that 
r e l a t i v e l y h i g h a m o u n t of c a l c i u m 
carbonate p r e c i p i t a t e d at the in jec t ion-
t o p zone of the spec imen, a n d d e c l i n e d 
w i t h the d e p t h . A s r e p o r t e d b y W i f f i n 
et a l . [10], t o p zone of the sample 
w h i c h is closer to the in jec t ion p o i n t 
has s i g n i f i c a n t l y exposed to so lut ions 
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c o m p a r e d to the b o t t o m . The 
per formance of injected so lut ions 
d i m i n i s h e d c o n t i n u o u s l y w i t h the 
d e p t h , hence r e v e a l i n g decreasing 
s o l i d i f i c a t i o n effect w i t h d e p t h . 
Threfore , concent ra t ion a n d q u a n t i t y 
of cementa t ion s o l u t i o n s h o u l d be 
adequate e n o u g h to s u p p l y the 
r e q u i r e d substances a l l over the 
t rea tment d e p t h . M o r e o v e r , 
d i s t r i b u t i o n of bacteria p lays a v e r y 
i m p o r t a n t ro le i n a c h i e v i n g 
homogeneous s o l i d i f i c a t i o n as 
r e p o r t e d b y M a r t i n e z et a l . [11]. S m a l l 
pore t h r o a t size w o u l d l i m i t the i r free 
passage, d e p e n d i n g o n the size of 
microbes a n d soi l c o m p o s i t i o n . A s a n 
example stated b y N g et a l . [9] , 
bacteria w i t h size r a n g i n g f r o m 0.3 to 2 
p m can m o v e free ly w i t h i n sandy soi l 
w i t h par t ic le size of 0.05 to 2.0 m m . I t 
is thus essential to take i n t o 
cons idera t ion the t y p e of so i l , i ts p o r e 
throat size, a n d size of bacteria w h e n 
selecting the a p p r o p r i a t e t y p e of 
bacteria f o r h o m o g e n e o u s t rea tment . 
H o w e v e r , the h o m o g e n e o u s 
s o l i d i f i c a t i o n for a large d e p t h is n o t 
targeted i n th is s t u d y , as the scope of 
the research focus a surface 
s tab i l iza t ion of cut s lope b y 
establ ishing a b io -cemented crust w i t h 
h i g h s t r e n g t h a n d l o w p e r m e a b i l i t y f o r 
a r e q u i r e d d e p t h leve l . S t i l l , a w i d e 
range of l a b o r a t o r y exper iments f r o m 
s m a l l to large scales are r e q u i r e d f o r 
the o p t i m i z a t i o n a n d q u a n t i f i c a t i o n of 
cementat ion r e g a r d i n g v a r i o u s aspects 
p r i o r to its r ea l - f i e ld execut ion. 

5. Conclusions 
The results presented i n the c u r r e n t 
s t u d y d e m o n s t r a t e d tha t b i o ­
cementa t ion u s i n g i n d i g e n o u s 
bacteria, Lysinibacillus xylanilyticus has 
a h i g h p o t e n t i a l to stabi l ize the c u t 
slope surface ( O n u m a , H o k k a i d o , 
Japan) at the feasible c o n s t r u c t i o n 

t e m p e r a t u r e of 20°C w i t h enhanced 
compress ive s t r e n g t h . H o w e v e r , the 
e f f ic iency of b i o c e m e n t a t i o n i n 
i m p r o v i n g so i l s t r e n g t h v a r y 
d e p e n d i n g o n several t reatement 
factors. In j ec t ing the c u l t u r e m e d i u m 
w i t h h i g h e r bacteria cel l c o n c e n t r a t i o n 
(ODeoo above 4) w a s f o u n d to achieve a 
greater s t r e n g t h c o m p a r e d to the 
l o w e r ce l l concent ra t ion . I n a d d i t i o n , 
i n c o r p o r a t i n g h i g h e r c o n c e n t r a t i o n of 
c e m e n t a t i o n s o l u t i o n (1 M ) can 
r e m a r k a b l y enhance the s t r e n g t h b y 
f o r m i n g larger a n d denser crystals 
e f fec t ive ly at par t i c le contacts. S t u d y 
also i n d i c a t e d tha t the h o m o g e n e o u s 
s o l i d i f i c a t i o n depends o n the bacteria 
d i s t r i b u t i o n i n so i l , w h i c h can be 
achieved b y re in jec t ion ( t w o t imes i n 
f o u r t e e n days t reatement) of bacteria 
c u l t u r e . By u s i n g the o p t i m i z e d 
c o n d i t i o n s , s tudies are c u r r e n t l y 
c a r r i e d o u t at b e n c h - t o p scale (an 
i n t e r m e d i a t e step b e t w e e n s m a l l a n d 
large scale) to m a k e the t e c h n i q u e one 
step closer to rea l f i e l d a p p l i c a t i o n . 
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