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Fig. 1. Grain size distribution curve of sand (No. 161)
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Table 1. Some physical and chemical properties of soil
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Table 2. Unconfined compressive strength, average maximum strain and type of shear failure of biocemented sand
for various height to diameter ratio
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Fig. 4. Unconfined compressive strength of biocemented sample with height to diameter ratio of 1/3 b) the same
sample after failure
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sample in Brazilian test

CanlS w35 0950 & Mol gy ol 4 008 (it S ool
O CamdS lawg 003l slakign 4 5 g o Sen L SB
Hilo o IS dw 4 Wlgh o CanlS Cgmy 0l (S dwle slaasly

L_;um)?) u)}wd.: YA.S |) ul).objans—\ _\.wl.: awsld d9>9 Sk

Jlail Cago 5 03,5 xeos il ol blas o =V 5,,51,8 1) aails g0
ol oS B s dy Gl Gy IS s j0 000,505 & ladils
Jonl cdls s Jlai abais ) Lol 3gub o0 JuSis SB > el dw
Crond ¢ 55wgySun uSe dips g o Sloww dulo 3| 5L alaie ags
2 g bl jod Ldidey Oygods adllas pl 3 0dd LSES Cow)y odes
Sl awle slaaly o Slae Jlasl cwl atslgs ¢ caol clyas 30
dallee cpl 3 oid Sleaww SB S Cooglie Jd sy pl @ w8
Gl dusle gdily o (B Jlasl sbol pas ¢ iy Oldllas 4 Cuns
U (5)90eSS Canglie (l3Bl (Ve +2) oo 5 by Jle olsie
Cawl S5 @ o3V [YV] Wlod S 5158 568 Slalllas 3 1) ISl Ko VY

\Aa|

(b ) 225 Canglia ¥ -0

o 2 8 iy plefl (o)pes Sl @l ogMe
Rl X9y o5 ol odd 85 diged (i I Jols (S sladiges
s G0 S S o 43U 1y Gy Al j A5 90 b Canglie
Sl bawsgto i 30 5 aiged Y 5l Alols Blio o1y (b tales]
g b amd e ol Ghlojl e 9 sl |) (Sad a3 yo orlS
Lol b olian 5 abis 5 43,5 dlolb b aiges 95y 30 S5 4
Jol Uicw duwlie b .l asly ialS 55 duiS Cuoglie S 500
S pelS Sl S LS5 3525 L 65 58 aalie (fisn i9ed 33
Cround 30 Gl a8 diges (ol 0 (kS Cunglin ()l5a0 pod diges jd
Bl Ogu) mandS Loy (line (199 S35 3929 L 35 ndiged pgd
dS SlayS Gl nlply 2580 odalie Cuoglio )3 (o3l Colis
Sl 8L Cangliie Glise e (Sl olime Sl e (e 0aB S
ol Cunglie g 0 )3y adign i 5 g, JSM Jm
‘) u.im;.) L;Lmd.;yw )] ‘_55.» [ N Jg».o o )I.\S))l
(Verr) oh)Sen 4 y@oa.mswdmwmw)ﬂw
Cguw) )]J.BA as .\“9‘.:).) .)95 Olalllas PO (Y'\\‘) ul)li.o.m 9 Lia.> 9
adol 15145 aSly Cung Cuoglie iul38l onimd ylis olaiidy pandS” il S
VAJ s I35 51 caglio je 2 58 PH 5 od (92 (oo bl
Py

555,50 56 5 XRD (gl jzalejl -F -0
IS ) (ilaage 5 s g S awle 4 by XRD iolojl ol
ashad « oglie yisloj] )3 iged canSls | Ly ol oad 03l yinles £
09 B ed)S )18 Sy J315 9 b b 048 (5l w90 | (Soo8
olaleojl o8 plendan Sl ek 4D )3 g Cugby 42y )
Oinlejl opl 53 gl Sid wges 5l 55 3u05 dwsle 390 133,515 XRD
Yl olis (gsls i SIS Bl 51 sl duslo .l 005 3li
sl 01 155 GIFS S5 5 sl ol & 18l o Luskew b )5 ]
lapl @ Cglite c5u) b T Bee s v 6L el SluyS Cpe)
GBpeas oS ol ol 5l &8 b e PcuisSl g "o 5y Spds
252> )8 0 il jl Gy £ USS @ da g b 5pslie 5 50k
ol Cwl osd Slolids diged ) 55 CandS” Bygo s e j3 35,158
ub; Jagwa S J..wlAL;a on:JuSv.m Cgw) Lfl“01 )19 Y
LIY-YO] canl odds Wb 35 piioes plu bawed CanlS” IS5 & puandS”

1 Van Paassen
2 Polymorph
3 Calcite

4 Vaterite

5 Aragonite



ISl s il Cans Sl 50 MolS” diges g 035 CleiSy (0 Jelge 5l dges adol 65155 ¢ (saualy oxio) baaily o3lul x565 0950 a5
VY USE g dwle )0 g (gilwds Mgy 0 gy (IS sleils Y Cow) 45 e il dw Y 0AS sl g 0l (835 S Canglie Lol

Sand 161 Al
4000 £
E
@
= £ &
S = E
2000 O g
o
0 ; L ‘ MM A Jj\\
20 30 140 50
Position [°2Theta] (Copper (Cu))
Biocemented Sand s
4000
o
g
=]
]
[
2000+ “g =
= = S
= = =
&) &) g
o
0 %WWMW
30 40 50

Position [°2Theta] (Copper (Cu))
o (&3 31 s (0 g 3lwas 31 JuB (1 IFY awlo XRD iulojT gulis 5 Jsc

Fig. 6. The XRD graphs for a) untreated sand (No. 161), b) biotreated sand

L ailo gy

b ails ¢ JLail

Slyae 59,5

o al
oud 5lway S S50 ahatio (o 989 YKo (s (@ Fums ) il 50 CodS Cgmy (S (2 lailer (1Y S

Fig. 7. a) Distribution types of calcium carbonate content within pore space in biotreatment method, b) Thin
section of biocemented sand examined by light microscope

\Aal



VES B VY doiuo AYAY Jlo o oyl B 093 «pusS puol (3 yas (owrbites & yui

G5 Al
S ol ol adlas oyl > aBF Cyge aBlejl (cla )y
dlae > sl pholal (xaw 325 U9y 4 dwle () siloa
2 phb3ed Y S5 (e gy ol comlio (s pdidsd b J5dSuie
oilojl @l 23)5 bl as b SB Couli 4 e Wl oo pdaw
48w o lis
g (il ge (Gilue Sl dm (B gge oy GRIE
el s oSy 3 il 3 s
ly awle 5> Caoglia Gialidl (bjp g eSS lagilel Y
el 55 et w8, S Alols b ioli8l ) a8 ol ol
Al oo
Caglie 4 pia log) peulS Sl VU polie S5 ¥
5 o) JSIT oo 53 (6550 Jelgs 4l 33,5 i VL
i a4 Caodl jlawle sladily s sddabul lasign cuas
ol Hlayes 4
a oliwd pie sy cpl 08 Lol cMlaee jI S ¥
aalllas Cpl 5> S Canl diges yd Cuoglie 5 panndlS” il Ko
Cow)y @9 (oSebl 3,5 sdalie diges  Senl oyl
Wl yidig 38] gliwly 5l diges glas)l gliwly 4o
oS g 16 1y adiges )3 CondS 3459 XRD iolojl ols 0
295 sy ©yg0dy Cguy 0308 Caond JSUS 35 SJL alade
5 SB gan b BleSs g omb Sen ol 4 YU s

D9 oo 013 Cupd diged (4390 Cmuws

&=l

[11J.T. DeJong, B.M. Mortensen, B.C. Martinez, D.C.

Nelson, Bio-mediated soil improvement, Ecological
Engineering, 36(2) (2010) 197-210.

[2IN.W. Soon, L.M. Lee, T.C. Khun, H.S. Ling,
Factors  affecting engineering
properties of residual soil through microbial-induced
calcite precipitation, Journal of Geotechnical and

Engineering,  140(5) (2014)

improvement in

Geoenvironmental
04014006.

[3] R.H. Karol, Chemical grouting and soil stabilization,
revised and expanded, Crc Press, 2003.

[4]J.T. DeJong, M.B. Fritzges, K. Niisslein, Microbially
induced cementation to control sand response to undrained
shear, Journal of Geotechnical and Geoenvironmental
Engineering, 132(11) (2006) 1381-1392.

[5] V.S. Whiffin, L.A. van Paassen, M.P. Harkes, Microbial

carbonate precipitation as a soil improvement technique,
Geomicrobiology Journal, 24(5) (2007) 417-423.

\Adl

pedS” DL S e -0 -0
@S age b diged )3l (SaSly 0955 (qwyp polate &
O gl CondS e glsyl 9 381 cliwly 50 odds Jloww S
iz glaciouwd )0 1) podS Glo S polie bwgie ¥ Jods 58
2 polie SuSTy Jodo @ aogi bded o lis ) A S diged SO
Sli adinl (hg) 4 padS CluyS Gl 085 a0 3 (Ko Lo i
39?9*’6&’&’5)’."5)49L;AS]XO%]JMQJOL&L;'\S]XL““W
4 litd @ly 03,5 0 3k 55 gy ol LPB S Le & ptalesl
Silbots ) cnl 3 ged (e 45 )3 g alS Ol (Ko @jy
il bwg (6L ol il (YooF) ohlen 5 ' 0wl JSiie
oplede |y 5,5 dlais 43,8 alolb b o] clale jzals ases ) g awle
(S b calizeo Joloe dy dwle 4y (6 55L Jlas! [Y5] wlod)S™ by dllue
P SISy G Sl B9y 2 )k (S (5o g olend
2, 0059 (38 (sliwly jd e g gla,l gbiwl) 13 oo S Gl S polie

STy ok Sty o Glow diged Gy 4l A S
POUN Ll LPRU g RV )
Fig. 8. Sections which samples are taken from to
evaluate heterogeneity of calcium carbonate content
of all samples

A IS digai 53 osndS Slin S polie bawgio I Jpa
Table 3. Average calcium carbonate content in
sections of fig. 8

(%) A (%) B () C
\ \Y/# R R4
Y AIY YIY S
Y ZIA O/A WA
f \iAS YIY Y
1 Ginn



[18] L. Van Paassen, M. Harkes, G. Van Zwieten, W. Van der
Zon, W. Van der Star, M. Van Loosdrecht, Scale up of
BioGrout: a biological ground reinforcement method, in:
Proceedings of the 17th international conference on soil
mechanics and geotechnical engineering, Lansdale 10S
Press, 2009, pp. 2328-2333.

[19]1J.K. Mitchell, J.C. Santamarina, Biological
considerations in geotechnical engineering, Journal of
geotechnical and geoenvironmental engineering, 131(10)
(2005) 1222-1233.

[20] T. Zhu, M. Dittrich, Carbonate precipitation through
microbial activities in natural environment, and their
potential in biotechnology: a review, Frontiers in
bioengineering and biotechnology, 4 (2016).

[21] B. Mortensen, M. Haber, J. DelJong, L. Caslake, D.
Nelson, Effects of environmental factors on microbial
induced calcium carbonate precipitation, Journal of
applied microbiology, 111(2) (2011) 338-349.

[22] M. Ismail, H. Joer, M. Randolph, A. Meritt, Cementation
of porous materials using calcite, Geotechnique, 52(5)
(2002) 313-324.

[23] V.S. Whiffin, Microbial CaCO3 precipitation for the
production of biocement, Murdoch University, 2004.

[24] M.P. Harkes, L.A. Van Paassen, J.L. Booster, V.S.
Whiffin, M.C. van Loosdrecht, Fixation and distribution
of bacterial activity in sand to induce carbonate
precipitation for ground reinforcement, Ecological
Engineering, 36(2) (2010) 112-117.

[25] V. Stabnikov, C. Jian, V. Ivanov, Y. Li, Halotolerant,
alkaliphilic urease-producing bacteria from different
climate zones and their application for biocementation of
sand, World Journal of Microbiology and Biotechnology,
29(8) (2013) 1453-1460.

[26] N. Turk, W. Dearman, A correction equation on the
influence of length-to diameter ratio on the uniaxial
compressive strength of rocks, Engineering geology,
22(3) (1986) 293-300.

[27] Y. Duraisamy, Strength And Stiffness Improvement Of
Bio-Cemented Sydney Sand, (2016).

[28] B. Montoya, J. DeJong, Stress-strain behavior of sands
cemented by microbially induced calcite precipitation,
Journal of Geotechnical and Geoenvironmental
Engineering, 141(6) (2015) 04015019.

[29] A.A. Qabany, B. Mortensen, B. Martinez, K. Soga, J.
DelJong, Microbial carbonate precipitation: correlation
of S-wave velocity with calcite precipitation, in: Geo-
Frontiers 2011: Advances in Geotechnical Engineering,
2011, pp. 3993-4001.

vee

[6] L.A. van Paassen, R. Ghose, T.J. van der Linden,
W.R. van der Star, M.C. van Loosdrecht, Quantifying
biomediated ground improvement by ureolysis: large-
scale biogrout experiment, Journal of Geotechnical and
Geoenvironmental Engineering, 136(12) (2010) 1721-
1728.

[71V. Ivanov, J. Chu, Applications of microorganisms
to geotechnical engineering for bioclogging and
biocementation of soil in situ, Reviews in Environmental
Science and Bio/Technology, 7(2) (2008) 139-153.

[8]Y. Inagaki, M. Tsukamoto, H. Mori, S. Nakajiman, T.
Sasaki, S. Kawasaki, A centrifugal model test of microbial
carbonate precipitation as liquefaction countermeasure,
Jiban Kogaku Janaru, 6(2) (2011) 157-167.

[9] B. Montoya, J. DeJong, R. Boulanger, Dynamic response
of liquefiable sand improved by microbial-induced
calcite precipitation, Géotechnique, 63(4) (2013) 302.

[10] S.C.Bang, S.S. Bang, KGS Awards Lectures: application
of microbiologically induced soil stabilization technique
for dust suppression, International Journal of Geo-
Engineering, 3(2) (2011) 27-37.

[11] S.K. Ramachandran, V. Ramakrishnan, S.S. Bang,
Remediation of concrete using micro-organisms, ACI
Materials Journal-American Concrete Institute, 98(1)
(2001) 3-9.

[12] S. Bang, J. Lippert, U. Yerra, S. Mulukutla, V.
Ramakrishnan, Microbial calcite, a bio-based smart

nanomaterial in concrete remediation, International
Journal of Smart and Nano Materials, 1(1) (2010) 28-39.

[13] V. Achal, X. Pan, N. Ozyurt, Improved strength and
durability of fly ash-amended concrete by microbial
calcite precipitation, Ecological Engineering, 37(4)
(2011) 554-559.

[14] W. De Muynck, D. Debrouwer, N. De Belie, W.
Verstraete, Bacterial carbonate precipitation improves

the durability of cementitious materials, Cement and
concrete Research, 38(7) (2008) 1005-1014.

[15] P. Suer, N. Hallberg, C. Carlsson, D. Bendz, G. Holm,
Biogrouting compared to jet grouting: environmental
(LCA) and economical assessment, Journal of
Environmental Science and Health Part A, 44(4) (2009)
346-353.

[16]S. Stocks-Fischer, JK. Galinat, S.S. Bang,
Microbiological precipitation of CaCO 3, Soil Biology
and Biochemistry, 31(11) (1999) 1563-1571.

[17] L. Cheng, R. Cord-Ruwisch, M.A. Shahin, Cementation
of sand soil by microbially induced calcite precipitation

at various degrees of saturation, Canadian Geotechnical
Journal, 50(1) (2013) 81-90.



VES B YYD docio AYAY Jlo o&F ojlaid dd+ 093 (poS pol (ylyes (awdizes 4 puls

[33] S.M. Al-Thawadi, Consolidation of sand particles
by aggregates of calcite nanoparticles synthesized by
ureolytic bacteria under non-sterile conditions, J Chem
Sci Technol, 2(3) (2013) 141-146.

[34] E. Boquet, A. Boronat, A. Ramos-Cormenzana,
Production of calcite (calcium carbonate) crystals by soil
bacteria is a general phenomenon, Nature, 246(5434)
(1973) 527-529.

[35] H. Yasuhara, D. Neupane, K. Hayashi, M. Okamura,
Experiments and predictions of physical properties of
sand cemented by enzymatically-induced carbonate
precipitation, Soils and Foundations, 52(3) (2012) 539-
549.

[36] T.R. Ginn, B.D. Wood, K.E. Nelson, T.D. Scheibe, E.M.
Murphy, T.P. Clement, Processes in microbial transport

in the natural subsurface, Advances in Water Resources,
25(8) (2002) 1017-1042.

[30] T. Barkouki, B. Martinez, B. Mortensen, T. Weathers,
J. De Jong, T. Ginn, N. Spycher, R. Smith, Y. Fujita,
Forward and inverse bio-geochemical modeling of
microbially induced calcite precipitation in half-meter
column experiments, Transport in Porous Media, 90(1)
(2011) 23-39.

[31TL.A. van Paassen, M. van Loosdrecht, M. Pieron, A.
Mulder, D. Ngan-Tillard, T. Van der Linden, Strength
and deformation of biologically cemented sandstone,
in:  ISRM Regional Symposium-EUROCK 2009,
International Society for Rock Mechanics, 2009.

[32]1 L. Cheng, M. Shahin, R. Cord-Ruwisch, M. Addis,
T. Hartanto, C. Elms, Soil stabilisation by Microbial-
Induced Calcite Precipitation (MICP): Investigation
into some physical and environmental aspects, in: 7th
International Congress on Environmental Geotechnics:
iceg2014, Engineers Australia, 2014, pp. 1105.

Please cite this article using:

A. Karimian, M. Hassanlourad, Gh. Karimi, Bio-stabilization of Sand by surface percolation, Amirkabir J. Civil

Eng., 50(4) (2018) 735-746.
DOI: 10.22060/ceej.2017.13078.5324

AMS odliiul »2) C))L?.c )‘ e O‘ll 4 &l>)| dl)'f

Yo






