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ABSTRACT: Regarding the particular position of lightweight concrete in the world’s construction
industry, producing high-quality lightweight concrete, which is based on creative materials, has
become one of the fundamental aspects of this ever-developing industry. Microbial calcite precipitation
induction is known as a new environmental friendly strategy. Although the main goal of developing
biological concrete has been crack healing, achieving this goal must not only be without negative
effects on the mechanical properties and durability of concrete, but also through knowing and testing
the key effective parameters, a biological concrete with the ideal engineering properties can be obtained
that is distinguished among the other typical kinds of concrete. In this study, to produce lightweight
concrete with desirable durability and resistance, the technique of using bacteria in concrete has been
enjoyed. Small concrete pores, alkaline environment, inaccessibility to nutrients and enough oxygen
are the basic challenges of using biological minerals in concrete. Therefore, the air-entrained has
been used as a protective approach to enhance bacteria durability and preserve colonies. The results
of the tests conducted show that calcium carbonate precipitation resulted from the metabolic activity
of microorganisms has resulted in the increase of mechanical properties and improved durability of
lightweight concrete. Also, air-entrained as an effective factor has had a fundamental role in preserving
durability and improving bacteria performance. The use of bacteria in concrete has led to an increase of
19.8% in compressive strength and 63.9% in electrical resistance. Also, the maximum reduction of water
absorption and reduction of chloride ion penetration in the biological sample was 62.7% and 40.7%,
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1- Introduction

The application of lightweight concrete is increasingly
growing in construction industries today. These advantages
include low density, thermal insulation, reducing the dead load,
and consequently reducing the seismic force on the structure
[1]. However, the permeability and mechanical properties of
lightweight concrete, due to their light and porous aggregates
within the concrete are relatively weaker compared to
ordinary concrete [2]. Various influential processes including
temperature changes, external load, support-settlement
and shrinkage lead to cracks in the concrete structure [3].
Moisture and other aggressive agents are able to permeate
into the concrete through the cracks, causing negative effects
on its durability by damaging the concrete[4]. Therefore, it
is required to reinforce the concrete using a technique which
not only prepares the conditions for the self-healing of the
concrete, but also improves its durability, and mechanical
properties. The biological approach is a procedure compatible
with environmental concerns, making it a suitable choice for
constructing high-quality concrete [5]. In the meanwhile, a
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review of the experimental data gained from the previous
studies reveals the optimal concentration of the bacteria to
enhance properties and improve durability and concrete to be
ranging from 103 cells/ml to 107 cells/ml [6, 7]. In addition to
the concentration of the bacteria, a number of other effective
factors are to be taken into consideration while making the
biological concrete. The bacteria durability during the mixing
process [8], the lack of access of the bacteria to nutrients and
oxygen [9], small pores, the dry environment, and the high
pH value of the concrete matrix [10], are among the major
challenges in using bacteria to make concrete. In the present
study, in order to increase the viability of the bacteria in the
concrete matrix, the air-entrained admixtures (AEA) have
been used as an economical technique. In order to achieve the
intended purpose, concentration has been utilized 3.5x106
cells/ml. This article focuses on the following purposes:

e The investigation of the impact of the Sporosarcina
pasteurii bacteria on the engineering performance of the
lightweight biological concrete containing silica fume.

* The investigation of the effects of the AEA on the
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bacteria performance and the formation of precipitation in
lightweight concrete.

* The comparison of the curing environment of the water
containing calcium chloride and urea, and water.

2- Methodology

To achieve the intended aims, the Sporosarcina pasteurii
1645 (DSM33) bacteria were taken from the Persian Type
Culture Collection. To create one liter of an exclusive culture
medium, 8 gr nutrient broth powder must be used. First of all,
the prepared culture medium was sterilized at the temperature
of 121 Ce in the autoclave. Then, 20 gr urea was added to
the culture medium through a sterile filter. Finally, following
the processing, the culture medium containing bacteria
was placed in an incubator with the run of 200 rpm for 48
hours. The serial dilutions technique was used to identify
the bacteria concentration. Additionally, through setting the
wavelength of the spectrometer at 600 nm, the optical density
was determined. Finally, founded on the relevant literature,
the bacteria concentration was set to be in an average range
of the optimal concentrations (i.e., 3.5%106 cells/ml). The
grown bacteria were directly added to the concrete mixing
water. Also, in making half of the specimens, AEA was used
to make the durable air voids for the sake of protecting the
bacteria under the harsh conditions of the concrete matrix.
The specimens were cured in two different mediums; one
medium was water and the other was water containing
calcium chloride and urea. The aim of doing so was to
investigate the possible effects of calcium sources on the
improved performance of the bacteria.

In the present study, making concrete from specific
aggregates like crashed granite, crystal stone, and lightweight
expanded clay aggregate (leca) has been carried out. The
criteria to evaluate the concrete performance included certain
experiments, such as compressive strength, scanning electron
microscope, water absorption, electrical resistivity and rapid
chloride permeability test (RCPT).

3- Results and Discussion

The key parameter to improve the engineering properties
ofbiological concrete is the formation of mineral precipitation.
In fact, the minerals’ precipitation pattern on the surface of
the concrete and in its internal matrix varies for different
conditions. It is clear high amounts of precipitations function
as a protection on the surface of the concrete. Blocking the
flow of water path in the concrete, particularly in the early
stages, has disrupted the cement hydration. Furthermore,
limiting the access of the bacteria to nutrients, reduces
carbonate calcium precipitation in the concrete. These factors
lead to the reduction in the compressive strength in the sample
BCA.

One of the major findings of the present study is the
increase of compressive strength and the reduction of chloride
ion permeability in those specimens in which the AEA method
has been used as a protective approach to bacteria. The air
voids in the concrete improved the bacteria performance
through providing the bacteria with sufficient oxygen and
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space to be deployed bacteria in the alkaline matrix of the
concrete. Therefore, under such conditions, there exists an
AEA concrete that contains calcium carbonate precipitations
as well.

The AEA used in the concrete had a different behavior. It
is likely to attribute such improvements to the simultaneous
application of the AEA and silica fume. The positive impact
of pozzolans on the improvement of lightweight concrete
properties is mainly manifested in two mechanisms.
Pozzolanic reactions convert calcium hydroxide crystals into
C-S-H gels, improving compressive strength. On the other
hand, the tiny particles in pozzolans fill in the empty voids
in the concrete. AEA created a roller state in the concrete,
allowing the materials to move more smoothly and making
the concrete mixture more homogenized. Therefore, the
simultaneous use of AEA, and silica fume has improved the
properties of the lightweight concrete.

4- Conclusions

1- The highest increase in electrical resistivity was
observed in the biological specimen containing AEA which
cured in the water, in a way that the electrical resistivity of
this specimen is 63.9% higher than the control concrete.

2- The maximum reduction in chloride ion penetration was
obtained in the biological specimen containing AEA which
cured in the water, showing a 40.7% decrease compared to
the control concrete. The precipitation of calcite caused by
metabolic activities of bacteria has decreased the specimens’
porosity by filling the pores.

3- The maximum water absorption reduction in the
bacterial specimens cured in the calcium environment
obtained, showing a 62.7% decrease compared to the control
concrete.

4- The compressive strength of the bacterial specimens
has increased due to the filling of the pores in the concrete
matrix with the formed precipitations. The maximum increase
compressive strength was obtained in the specimens cured
in the calcium-rich environment, which increased 19.8%
compared to the control concrete.

5- The curing environment is an influencing parameter of
the carbonate calcium precipitation. It is worth noting that
although the existence of an external calcium source leads to
the formation of more precipitation, the bacterial metabolic
activity can be done without the presence of such source, as
well. It seems that the bacteria are able to use the free calcium
oxide which exists in cement ingredients as the nutrient.
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Table 2. Chemical properties of Consumable materials

SiO2 ALQO3 Fe20s CaO MgO SOs Na>O K:O 5 olaS
(%) (%) (%) (%) (%) (%) (%) (%) ot bols Ol )i
YY/NN- f/ay Y-V Y[ Y VIA- Y/-A AN Qi Oloww
2290 FVY VYSVA DY e EVY - YN AT by ySno
¥\ X oY DEIVO I8 - oY R CRC U 20
100
2
Q:’ 80
-
=
B 60
S
s — Sand
g8 40
on Leca
S
@ 20 = Cristal
=
=~ Granite
0 e——
0 10 Size (mm) 20 30

LIS aadily Jove I S

Fig. 3. Aggregates’ size distribution
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Fig. 4. Consumable aggregates
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Table 3. Mix design and specifications of specimens
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Table 4. Specific gravity of specimens
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Fig. 5. Concrete samples in the testing process of the chloride ion permeability
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Fig. 6. Compressive strength of specimens at age of 28 and 90 days of without AEA
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Fig. 7. Compressive strength of specimens at age of 28 and 90 days of with AEA
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(ne dlge Oguy Gline 3929 (nl LIS Mg (S lagw) ()15
SXSL sy 58 (2B S e &S cunl bl eS8 s ol o
ol 005 w.m])B
o3 TA (5 Caglin 15 1 5L 5 g iz 518 IS5 5
el lsa 534380 51 eolainl Jaore jobo dy .Cowl 0dib odly Lo andiges
SabMs| b b saulis Lol 03,5 o ox (5Hlid Cunglie inlS
I olejer goslitel wad o lis Tl g g llsa b sy oy
oxd badiged cpl )3 (6)lid Cuoglio Il el Tilgn g (kg Seo
8y Sl g S 3 [ilgn (999381 3,5 (o0 A 335 oo
2ol & i S Shg 9 > L)Y oje Cute 13U sl ansly (Solie
2 b g )Sen 32y g pp D S e I 3900 £l 53 )3 pdes
Bl S oo i e 38 SeSTite 4 xie (JB J8Le ()8
LA § Glosw s Syiio Juad 1> 39350 LS g)led puanlS
Yoip slapissly cnlpls Dade 5lis Cunglio (I ) oo
Ogellen T8 5l Jols 1uSg)an pundS (gl Sl S Jas b
JB oaS im0 il 1) g o)lid cuwglie C-S-H 5 &

Casl (ol )3 3959 lilon o yudewg ;o (g3l> (sladiges ;0 oS (glan g

Yy

Py JiS5 9 658k 3 ySdes dgu0 don 3 35 )18 6L L]
sl 00d (65U Canglie (g ST aliEl 4 oo Gl S wadS g
Gosldas g lon ool (Si5glon (5490l (5Lt Cunglis & Jbb o
Ol @y (5905 & Cams WY a8 ) i Laee )3 0
L] A8l
5 biges (5L Cuoglie gulis 1 spglJos Lame £55 50 glis
ohlS el pudS I 8 bame )3 @2 pe o syl Jes sl il
Gl okd pglas goye el & i ()LD Cnglia /Y
Sl pelS (g9l base (09 puie (godidd LS gl cpl Cul ol
BWA § BWN (ladiges o)lid cuaglio .l (68 o oo
o) ol @l Ll AYIA o 15 s a4 gege o b dwlie 5
SHSL )b oS e S Ol > &S amd e (LS @B
Q@ gl pl )3 Cuglio (ili8l 5 Cul GloyS penlS Cgwy 4 0B
My Ol el Slguy bawgi 0 (e ple g8 9 JB ol Wb
leie 4 (Ca0) 1S pundlS < puiin Slalllae 1 Sy )3 ol o
bl [ o VY] ol 4,8 41,5 oolital 3,90 (6,55 (5l S’ puo
4 Olosms 53 39290 AT ST rndS 51 2508 lag 8L S o0
reelS gt gy (g ST 03lil (5 JBIS 5 oS gite S5 e



FAVA B YV00 domio ¥ ) Jlo A oyl OF 0563 ¢3S sl () yas sudines 4y pul

o Qs -Y-¥
2 Koo g ey slodisel 0jg, A0 Ol Gl 1ilse 156
Sogldes Lo 15 VY IS5 50 Cpuinren ol o 03l (L Ve IS
P e 890 Syl des al o ool ol ladiges O Gls
s el oad Ol Gl £ WD il cel pundS 8 lase
peelS g5l Lame S5 391 pde diged cpl > Ol Gl Gl
Sl S S S5 oS ol uly el 5551 s 9 5 Sl
ol tals ab 4 g 5o JtalS 4 oo (551 g Conls
ol e piald el o1d ()5l dos Lo 93 12 50 ladiges
o1d Juols manlS (g9l b ;3 0dd (69l Jos (Soolon (siges
ol 48l 20l g pe 5 & Canns ZEVIY Sges o) 3 ol Gl (sl
3 S0ac 9y el ST S 53 S e (636515 45 ol S0
BBle b p b dond )0l ol (Sdme glagw) (iuli8l 9 (oS
Ol Ol sl adl il dges O Gls (Jods il g ainge
Sogldes Lo )3 xye o b dunlie 3 (CCA g CWA (cladiges
Sl s cpl el 4l (ials Z¥VIF o ZOV/0 Cup 4 cilie
2 &S Heblen ol ladiges Of Clo gals 5 I5lea 53938l cute 136
Fote 638k 5 llen ool cladisel O Gl il asetio Ve S
ol 005 30zl Iniges il 3 Lilon 334381 5| Lo 45 el 2l ;]
o Gls V0 jals el 1ilen 5y 5l lojon oslinul 45 5]
wged oyl O Gl Lol w005 CON L auslie ;> BCA (caiges
b lon (sbooyis ol il a3l (CCA caigos b anslio y3 AY0/A
el s 5Sh slp (B e (el g o Lo )3 (8L 5 clblis
rlple bl Gl 8L g ol JuSUis gy (s oS Hlord
Slodd py (Ghee lagw) bawgi (i ule )3 39290 (Sl (slao i
o 3 ol sl 01 ol ST Gl 2y lsa (539381 e 130 31
BCA (905 jl yieS 2Y0/5 3900 BWA (siges O Lo S
Sl 5ieS 0ad W Slgwy olise ol )3 Gges (g9l Jos bl
2 oplply el od (gpgl das Sl 18 lame ) Wiges &S ol
2 elS e 395 Goyiod 3 s 4 Ol )3 01 gyl Jes (siges
ol JoStS 5 e 53 (sieS SluS pedS gy oS LS
ol Sdme aiswy b lea slacls I ool JB slad el
LS S Sligusy (ol a5 g blsn 55 b ol 5 alely

)kg 2 d)afl) 9 ‘)‘9.% Lg:.)9)5| Jv::LC 99 9>9 ) ol dd b ML@ )aJ

ol 5zl 5 ogMe LM )b ol b oss atilo ity eladiges 45
oS5 sl gicmle lalpd 5 039 JoSen o (daw 5 caslis
g CS s d omie b (Shale b bl b ljlen g58) il
ol 31 ool s sl 0 bogls iSan o 0355 g9 52 glas
adlas cpl 3 Sl Shy dgme 4 oeie ;RIS US> el 9
S 2ol s 4 534380 93 cpl 5l lojen ool ] oad
Cunglio AT GiliEl &) e bl (3,5 (8o 5 s oo yite
3 i ol 003 CON sdiges b awolio )3 CCA sdiges (gl
Bls (539381 51 plojon oalisal b 65Lid Cngliio il 8l 55 (imoy !
o1 &il)) gl 51 45 e slon [V § V] sl 0 )5S ulsnsg So 5
CCA (550 b amlio 0 BCA 4905 cuoglio sl Lasuin
Dge oyl 5D Cunglio LialS > sy o ya5 4 el 1S BCN
29381 51 ool .l (638l by ConlS” sl Jl S iy g,
sbad (o Sid g QLB Lo )3 (8Ll cblis oMl lga
o5 ipod el 35 1y ol 50 3 55T (6553 e IS
S5 g 658l 3 Sdas 290 4 poxie 6L Sl (sl (BB fenS]
Olise Lilial s 4 cdls cpl yd Canl odids o) pundS” Ciguy i
0> ey i ) 0dd dlul (sdes (slor slals wid W Slgw,
82935 U ladiged (g,lid Cuoglio y lilan 334381 e 13U 51 5 Wloss
Sl e Gl s & cdls pl o o Byl 5ol ol dtwls
P 52 s 8o dag o gl & Cad (65 g o0 oSt
359 gl @lo S Aile Slguy ol vl 045 dgdune (g YL sy b g
o 090 < b L culply cled S Jae (52 (e 190 &
sl 00 Ji5e (6390 b (ygisliltem g9l das Sl slojyy 3 o
Cunglie ialS" (sl (Jd> Slgs oo (295 4 Jelge cnl 51 S ol 2l
ot Seislsm o o )kib Cunglio il BCA (caigai 5 o bis
s oss 53 s 4y dvgi b3y S5 (6,81 gusy (5551 b
o3 155 ) olizn 45 A1 ey s 518 5,5 Lzl 45 )
5 s Blin (59,5 920am 40 396 gy 1l 345 sl (5551 s
O gt b g amd o0 &) (law e S (5 )> 4D )3 g algS
UialS )lid Cuoglie ygmalilylum )3 M3 g o5 )3 Of by peae
7Sk lawgs 0l Mg Shgws (lise (990 Fotn Byo cnlple fb oo

s 4 SilSe oled e (sl uouss

YA



15

Water absorption (%)

—

Water absorption (%)
o —

o

FAVA B YV00 doxio VF) Sl o o,led F 095 ¢3S paol (o suobine 4y pui

Control samples in Biological samples control samplesin Biological samples

water in water calcium in calcium

Wiged of i gl 1 315 1.0 S

Fig.10. Effects of AEA on results water absorption of specimens

= without (AE)
# with (AE)

Control samples  Biological samples sample with (AE) Biological samples
without (AE) with (AE)

aiges 0w gl 1 5yl dos busee 1.1 JS5

@ water

= Source of calcium

Fig. 11. Effects of curing environment on results water absorption of specimens

¥ya



600

=
N
E 500
Z
]
=
« 400
47 300
e
W4 B

]
g S 200
2
5 100
=]
5
7 ¢ Biological samples . Biological samples

Control samples without (AE) sample with (AE) with (AE)
vV at er 4281 3432 3217 2535
—— Source of calcium 5356 2965 4557 2852

RCPT Lyislojl ;5 diged 51 (g ygus Wi ol punds VY IS5

Fig. 12. Electrical charge passing through specimens on the RCPT test

VY] 5 (92 (6 dadoit comnd sl .0 Jou

Table 5. Chloride ion penetrability based on charge passed [71]

(co3l5) o 1 03,5 y906 5o U1l

WS Hgr Sy ded

foo <
Yeoo $oun

53
buwgio
o
oS e
g JB

OB b g cpl sl dtly (i (93 3 Le 4 IS g 9di £
R 990> omple (5SSt & e i 58 g B g dlnge Bl
OB (Sidlen sladises )3 IS g JUE) s domis 53 o
S sladiges 3 ) e JW G ps sl a6 et
@ wlio (gygl Jos baxo b go e 4o b awlio 5 BCA s BWA
S 5SL el oS @it (ol ol didly alS Z¥F/E o 2NN sy
O FSTite «lin)S madS piy guo) 7S 0 Sos d90 41 i

SleMb jlcusl 005 IS (g9 3985y (il aoxi 13 5 (5 e

ol 0 D03 ol 53 O s VY ialS 4 yomie [5008,

L g sy 98 Y=Y
ol RCPT iolojl )3 ladiges 51 (g ygee Hbs ol pouis VY S5 )
Bblia LnlS o 55 S b LogpSes cmdlS sl el 005 03l
Ay 0> o pled e Cae sl (5,556 lgiedy dadises (k3L
@Sl sloiSly 5 il oyl clled sl 035 Jos SIS 0 55

&Sl ol 5l il o ladiges yuwyile )3 Sdme Sl oS5 4 e

Y-



600
7z
:
é 500
~
®
3
l;l‘ ; 400 \
el
s
B 3 300
29
© =
E w 200
o H
)
2 100
Control samplesin  Biological samplesin
water water
—4==1ithout (AE) 428.1 3432
== ith (AE) 3211 2535

Control samplesin  Biological samplesin

calcium calcium
5356 296.5
4557 2852

A 092 2y g3 Wdiged (65233685 1 jlen 9 6 PSL Jilike STNY JSCS

Fig. 13. Interaction effects of bacteria and AEA in the chloride ion penetration in the specimens

ol by o LB 5 e bz > (8L il cdadls L lga slacls
S99 S pdyce) ORall & oo gyl gl (S (gLad 5 (e
e LIS 2 98 £ adiges ol )3 nlply cilosd (68 3 Slas
ol 8L ol gy
4 e S 3l boe )3 diged (gl o5l o,
o3l os bdz 31 s (e 4005 o ne glacguy 15 il3E)
Soge) Glie medS I (58 Lo )3 lilon (9 (Sfglen caiges
Cpddgis g Cunl 03 i BWN caiges b duslio )5 s S5
9 P BCA a0 55 Lol el a8l d9u0 IS 99 olys p3 diges
ol 2wl (gdes slon sl I (5 gLad oud el g,
Gl 045 Tilgn 53938l Cuto 13U ialS cely yol pl g o o5
905 IS g S et Cal asule VY S ) &S psblen
2 S pdedei ) oS LYY T 3 gl des L llgn sl (Soolse
LS coguy lie (392 peS > 4 diges cpl ) el ply sl @y

Cgm) ‘_§9l> oS d)lb]}m O 4>l 9 4 » ‘9.&7 Lgl.tbub )| U.WDU

ARNA!

Plg> (homis Cua yiine (padll lyie & (V] 0 Joao 5> 0ud &)
slaodls 5 ¥ Jodo @ drg5 b 9 o0 o3latul SIS 90 3985 plp > 50
15 aalllas 3,00 (clabises s pisdois VY S 55 o1 &l LalKitles]
o Ui gl cul sl 48518 oS (s w0 Glegh ol
o S b
a3 oo Ui Ty Ladiges )3 IS (y2 (6 pdudeds gm0 VY S
ol llga g 9 ilen 5ol s Sk g sladiges bt (samlio
O 398 plp > o pled GBI p e 13U Lla (S3938] md e
s93> CWN (saigad 13 IS (s 3585 €3 o 6ygb & ol iy
o3gySen slon slooyin ol Llgm gty ye s j) a8 LYY/
2l Glagg e 38 ke b s slml o > & )b
losisos 3 ) gt 3985 talS 5 plsy Gulidl & o (8 (esle
Sl g o5 (s dees adllas pl poo (slaaidl 51 S less
g Cuo U [ilon (sl (Sofslon sladiges ) cunl lilsa g oSk

Oepd D)l 239 ladiged 3 Iilen 53938l 5 Jdxe (digw) lojer



250
E 200
Eg 150
5
zs
<)
j A 100
E =
@)
E 50
o Biological sample Biological sample
Control sample without (AE) sample with (AE) with (AE)
e Wat ef 1178 1683 152 1931
= Source of calcium 1101 1915 1346 1798
Ldiges S oSl Cooglile .V € IS

Fig. 14. Electrical resistivity of specimens

Sl cpl ol 0l g g0 (sdige0 b dunlio 3 (S5 Sl Cuoglio
Bls (3953 izt Cosl malS @sio jpa> )3 538k g 3,Shos |l
Sges S SN Cunglio Ll el oSl ool o bS] Ol &
5 poie A8V 30 BWA (dises Canglio 45 (5o 4y cunl o
csodlisal 5l (o3 K905 cpl )3 (S0 S Caoglio 2900 Abl o 220 (32
Lol lgm (oo i sl e LIS )b 53 (5381 1jlgm J] lojo
Gogldes (b S wald 1) SluS eels gw) can Jloy
o2 88 3l (Al 5l 118 gyl laogus, ol3ne 0 o Ol )3 gl
i 08 b el ply il oas gyl Jos mandS I 8 Lame
Lulyd o yigg 45 45 a3 lo (5)blgn (Sojglsn caiged dgp (slaoyis |l

il 1y aslllae cul 53 5t plyd LIl (sl

(SEM) (siiag) (S9ySIl @58y Sye prglas —0-¥
(Susden b e oy sl sy duslie cly iSu cpl
015 03,9l BCN 3 CCN (saiges 93 5l 59yl gSangySan ygbias
e iged oV USG5 (Soigdsn (saises VS JSS cl

@b > B b ysl b 0 wdige sla Sy d9 Aed o0 (LS

2 ] gy S50l el ol ol 4 315 3emg sl iy S
.Ca.w‘ W) 5BWA dd}?ﬁ)‘ ).) )l§

oSS Cnglin —F-¥
bow 9 o 0wl ol 0ol lis WSS o &S b len
@ o b dmlio > LSl (sladiges (S ySUl Cuaglie (gl os
ne gy S5 55 Sl (oYU auilty ol il gl
o Suw (o il (D FSlyie g dlnge Bl (1D 4 e
9 Indigns (S S0 Canglio 38 1 (555 5 Hlgn Blise 1 .
JoB 5ol58) 55 Sae (g ymelyl ilan 539381 .l aads edly L VO JSs
oSl Canglio a7 (6y0bo Ay il 009y brdiges (SS SUl Cuoglis dn g8
boaspe o 5l ZYVIY 5 78 s 4 CCA 3 CWA (ladiges
o y ol Dbl slgn lails el jiin alie (o)l os lae
sile arleg Jel iy 53 (55 31 5 2525 1] (slae S 5] il
BWN (905 (S8l Cunglio an (31 .055,8 cladlre JIS cla g
Jaie o yeS Lol el 4Bl yil58l a3 pe i & Coms 4 FY/A Sgu
ol 305 e &1 Bl 551y slotigns 05,5 > (S S Cangl
TVEIR al33l & yocie el 51 8 Lo 3 BN (saigei (591 Jos

Yyvy



FAVA B YV00 doxio VF) Jlo A oyloud OF 095 ¢pusS pool () yo i 4yl

250
—
b
§ 200
0
w
-
t 150
>
b 100
an
w
o
-
= 50
<
[+4
G g Biological
s Control samples Biological Control samples 10 agtos
r p - : ? samples in
in water samples in water in calcium 2
calcium
== ithout (AE) 1178 1683 1101 1915
~f=ith (AE) 152 1931 1346 1798

59 SI Cuoglio 1 1lg o 535 Julise ,51.0 S5

Fig. 15. Interaction effects of AEA and bacteria on electrical resistivity

SEl  20kV WD12mm SS40

(<) (<

S9N gy S yglad VT JSw

Fig. 16. Scanning electron microstructure images

Yyvy



FAVA B YV00 domio ¥ ) Jlo A oyl OF 0563 ¢3S sl () yas sudines 4y pul

38les 5l (Sl zoli ol -l a8l 2l ZVUA @ g0 oy & G
ol a8’ e S )3 (6781 e
sl Sl S dS gy 2 IS 536 Ll 5l (65l Jos Lame—d
Algiee Sl 3 oud ygldes (K5dlom o o Shy S 4 425 L
5 Silorgl Clld Ll s (25 mondS e 32 42 STl
o Sl Sdain o Ul sl 03 Sl el s o
SrSL e S5 4 el 4BF Ojg0 ()8 mealS @iie 395
g S 435 55 plews SlS 5 5 3290 AT aT oS ) Wl o0
sl 0 Iandiges (pl )3 S ealS Cog) Sl o 9590 (nen
900 50 20 (5 Sy 1 03 pll sla el S (gaunlio—s
e 0)5] 5 18 S (g5l Lo amd oo (LS (55l Jos Lo
Lol sl 8L hgd> g o e e S8 5 b g o
L ysile,] (S35 3 o b ol jiae el SIS 0 g5l bame ol oS
7Sk 3 Slas 3910 )3 el @lie plo 319358 (cwyp 55 5 195

255 )18 2L 3590

&be

[1] M. Reisi, H. Emadi, Effect of Silica Fume (SF) and Air
Entraining Agent (Aea) on Homogeneity, Compressive
Strength and Cost of EPS Concrete, Concrete Research,
7(2) (2015) 109-120, (in Persian).

[2] M. Haque, H. Al-Khaiat, O. Kayali, Strength and
durability of lightweight concrete, Cement and Concrete
Composites, 26(4) (2004) 307-314.

[3] A.M. Neville, Properties of concrete, Longman London,
1995.

[4] R. Madandoust, M. Kazemi, P.K. Talebi, J. de Brito,
Effect of the curing type on the mechanical properties of
lightweight concrete with polypropylene and steel fibres,
Construction and Building Materials, 223 (2019) 1038-
1052.

[5] B.L.A. Tuan, C.-L. Hwang, K.-L. Lin, Y.-Y. Chen, M.-
P. Young, Development of lightweight aggregate from
sewage sludge and waste glass powder for concrete,

Construction and building materials, 47 (2013) 334-339.
[6] N.H. Balam, D. Mostofinejad, M. Eftekhar, Effects of

VS 3 & pebplen )l 18 68l gy N L cos
oxd y S oS Slaogw) bawgi (0 g8 9 JB ccunl jasuie
o b dmlie )3 (6508150 5 (e HlSle (b SL 5 cplpl
@ e o > 6Ll ekl a5 58T ol pgla cpl ) @y
o8 5 ple (S0 Bl dguy 48 3 9 Sl S g
SlyS oanslS Cgus bawgs (KJglgm (sladiges )> S5 ialS ol
adlas (pl > (6)Lid Cunglia (l3B1 g plgd Sgse y> Jole o3 5 ol

Sl 09

S 5 At =0

Mlga (S5l saiged > (S pSIl Cunglio Gl Sl
VIR Sges ) S Sl Cmglie el s 4y O 3 005 (] fas
g 5ol (Seigdom siged 53 Canl Bl (Ral3l @ yo (5 b duglie
2 g (e Gl sl 0 (gl Jos mandS I 8 laa 53 oS
Canl 01 55 9,3 Ol 3985 51 wlo cpaw J8lie 3,5 dgdune b oy pedaws
09 ey ()b Sl sl sl (ite 3B Gloww (yomllyds p nlplu
Dhde S5 ke lop sbaoyis oad el diged pl 3 Slgwy (e
SEe lss g plod la Shg 2 llga Cute 13U ) cplply Xigd 02l
ool 0 dtwlS (6390 U oy

Blsa ol (Soiglom (seiged 13 IS (g 95 il T ¥l Y
g Lab ol b diges cpl pd cowl ol salie Ol 3 0ud (g9l Jos g
oo SleMbl il bl adl dguy (658 > Slas (87 5]
o olye 4 e (33931 1 g cnlpl cgmy ) 390 5
2,8 odlil (68 5 Shas dgup0 o wel,8 o351 il

Gogldes (Sidon iged 4 baye O Cla ials gSlis-y
o b duolie )3 Ol wgas el )3 a0yl g IS a8 ) 003
& i 5 Sk lp 405 gite eels ol 4l 1lS LEVIV g2 0
2 Calods (g g (B il 53 Sl S pin g
dpdigas gaan gl Ol (puyiond 391 Gl Jib> 4 (5% s o
la (Shy o bl jlcwl 681 cblé & dily i Sk G,
g o Bl 1 b cowl atuoly b maw anl 4 ladine o
cawl ooy ) Ol Gls gals I3

e N 4 bape s)lid Cueglie Ll sl
Qg0 oyl ()lid Caoglio .owl muandS I i oo 4> 0d (gl Jos

Yive



of concrete made by micronized biomass silica and
Bacteria-Bacillus sphaericus, Construction and Building
Materials, 226 (2019) 827-838.

[17] B. Tayebani, D. Mostofinejad, Penetrability, corrosion
potential, and electrical resistivity of bacterial concrete,

Journal of Materials in Civil Engineering, 31(3) (2019)
04019002.

[18] M.S. Jafarnia, M.K. Saryazdi, S.M. Moshtaghioun, Use
of bacteria for repairing cracks and improving properties
of concrete containing limestone powder and natural

zeolite, Construction and Building Materials, 242 (2020)
118059.

[19] M.A. Akhlaghi, R. Bagherpour, H. Kalhori, Application
of bacterial nanocellulose fibers as reinforcement in

cement composites, Construction and Building Materials,
241 (2020) 118061.

[20] B. Tayebani, N. Hosseinibalam, D. Mostofinejad,
Influential Effect of Self-Healing Treatment on Water
Absorption and Electrical Resistance of Normal and
Light Weight Aggregate Concretes, International Journal

of Civil and Environmental Engineering, 13(4) (2019)
195-199.

[21] W. De Muynck, K. Cox, N. De Belie, W. Verstraete,
Bacterial carbonate precipitation as an alternative surface
treatment for concrete, Construction and Building

Materials, 22(5) (2008) 875-885.
[22] S. Ghosh, M. Biswas, B. Chattopadhyay, S. Mandal,

Microbial activity on the microstructure of bacteria
modified mortar, Cement and Concrete Composites,
31(2) (2009) 93-98.

[23] N. Nain, R. Surabhi, N. Yathish, V. Krishnamurthy,
T. Deepa, S. Tharannum, Enhancement in strength
parameters of concrete by application of Bacillus

bacteria, Construction and Building Materials, 202
(2019) 904-908.

[24] N. Karimi, D. Mostofinejad, Bacillus subtilis bacteria
used in fiber reinforced concrete and their effects on
concrete penetrability, Construction and Building
Materials, 230 (2020) 117051.

[25] G. Pachideh, M. Gholhaki, H. Ketabdari, Effect of

pozzolanic wastes on mechanical properties, durability

Yive

bacterial remediation on compressive strength, water
absorption, and chloride permeability of lightweight
aggregate concrete, Construction and Building Materials,

145 (2017) 107-116.

[7] F. Salmasi, D. Mostofinejad, Investigating the effects of
bacterial activity on compressive strength and durability
of natural lightweight aggregate concrete reinforced with

steel fibers, Construction and Building Materials, 251
(2020) 119032.

[8] G. Pachideh, V. Toufigh, Strength of SCLC recycle
springs and fibers concrete subject to high temperatures,

Structural Concrete, (2021).

[9] G. Pachideh, M. Gholhaki, An experimental into effect of
temperature rise on mechanical and visual characteristics
of concrete containing recycled metal spring, Structural

Concrete, (2020).

[10] S. Mindess, F. Young, D. Darwin, Concrete 2nd Editio,
Technical Documents, (2003).

[11] C.-M. Aldea, W.-J. Song, J.S. Popovics, S.P. Shah,
Extent of healing of cracked normal strength concrete,
Journal of materials in civil engineering, 12(1) (2000)
92-96.

[12]J. Xu, X. Wang, Self-healing of concrete cracks by use
of bacteria-containing low alkali cementitious material,

Construction and Building Materials, 167 (2018) 1-14.
[13]J. Feng, Y. Su, C. Qian, Coupled effect of PP fiber, PVA

fiber and bacteria on self-healing efficiency of early-age

cracks in concrete, Construction and Building Materials,
228 (2019) 116810.

[14] P. Dinarvand, A. Rashno, Review of the potential use
of bacterial Precipitation in self-healing, improving
durability and properties of concrete, Sharif Journal of
Civil Engineering, (2022) (in persian).

[15] K.K. Sahoo, A.K. Sathyan, P. Sarkar, R. Davis,
Improvement of the mechanical properties of mortar
and concrete using ureolytic bacteria, Proceedings of the

Institution of Civil Engineers-Construction Materials,
171(5) (2018) 179-186.

[16] T.S. Priya, N. Ramesh, A. Agarwal, S. Bhusnur, K.
Chaudhary, Strength and durability characteristics



FAVA B YV00 domio ¥ ) Jlo A oyl OF 0563 ¢3S sl () yas sudines 4y pul

Biochar-immobilized bacteria and superabsorbent
polymers enable self-healing of fiber-reinforced concrete
after multiple damage cycles, Cement and Concrete

Composites, 100 (2019) 35-52.

[36] N. Shaheen, R.A. Khushnood, W. Khaliq, H. Murtaza,
R. Igbal, M.H. Khan, Synthesis and characterization of
bio-immobilized nano/micro inert and reactive additives
for feasibility investigation in self-healing concrete,

Construction and Building Materials, 226 (2019) 492-
506.

[37] J. Wang, A. Mignon, G. Trenson, S. Van Vlierberghe,
N. Boon, N. De Belie, A chitosan based pH-responsive
hydrogel for encapsulation of bacteria for self-sealing

concrete, Cement and Concrete Composites, 93 (2018)
309-322.

[38] W. Khaliq, M.B. Ehsan, Crack healing in concrete
using various bio influenced self-healing techniques,
Construction and Building Materials, 102 (2016) 349-
357.

[39] N. Parastegari, D. Mostofinejad, Influence of Bacteria
on Performance of Air Entrained Concrete, Amirkabir J.
Civil Eng, 50(6) (2019) 1103-1112 (in persian).

[40] N. Parastegari, D. Mostofinejad, D. Poursina, Use of
bacteria to improve electrical resistivity and chloride
penetration of air-entrained concrete, Construction and

Building Materials, 210 (2019) 588-595.

[41] F. Zhou, F. Lydon, B. Barr, Effect of coarse aggregate
on elastic modulus and compressive strength of high

performance concrete, Cement and concrete research,
25(1) (1995) 177-186.

[42] P.-C. Aitcin, P.K. Mehta, Effect of coarse aggregate
characteristics on mechanical properties of high-strength

concrete, Materials Journal, 87(2) (1990) 103-107.

[43]1H. Donza, O. Cabrera, E. Irassar, High-strength concrete
with different fine aggregate, Cement and Concrete

research, 32(11) (2002) 1755-1761.
[44] H. Binici, T. Shah, O. Aksogan, H. Kaplan, Durability
of concrete made with granite and marble as recycle

aggregates, Journal of materials processing technology,
208(1-3) (2008) 299-308.

vl

and microstructure of the cementitious mortars, Journal

of Building Engineering, 29 (2020) 101178.
[26] G. Pachideh, M. Gholhaki, Assessment of post-heat

behavior of cement mortar incorporating silica fume and
granulated blast-furnace slag, Journal of Structural Fire
Engineering, (2020).

[27] R. Siddique, K. Singh, M. Singh, V. Corinaldesi, A.
Rajor, Properties of bacterial rice husk ash concrete,
Construction and Building materials, 121 (2016) 112-
119.

[28] R. Siddique, A. Jameel, M. Singh, D. Barnat-Hunek, A.
Ait-Mokhtar, R. Belarbi, A. Rajor, Effect of bacteria on
strength, permeation characteristics and micro-structure
of silica fume concrete, Construction and Building

Materials, 142 (2017) 92-100.

[29] N. Chahal, R. Siddique, Permeation properties of
concrete made with fly ash and silica fume: Influence of
ureolytic bacteria, Construction and Building Materials,
49 (2013) 161-174.

[30] R. Siddique, A. Rajor, Strength and microstructure
analysis of bacterial treated cement kiln dust mortar,

Construction and Building Materials, 63 (2014) 49-55.

[31] R. Siddique, A. Rajor, Influence of bacterial treated
cement kiln dust on the properties of concrete,

Construction and building materials, 52 (2014) 42-51.

[32] Y.C. Ersan, F.B. Da Silva, N. Boon, W. Verstraete, N.
De Belie, Screening of bacteria and concrete compatible
protection materials, Construction

Materials, 88 (2015) 196-203.

and Building

[33] P. Ghosh, S. Mandal, B. Chattopadhyay, S. Pal, Use of
microorganism to improve the strength of cement mortar,

Cement and Concrete Research, 35(10) (2005) 1980-
1983.

[34] J. Wang, D. Snoeck, S. Van Vlierberghe, W. Verstraete,
N. De Belie, Application of hydrogel encapsulated
carbonate precipitating bacteria for approaching a
realistic self-healing in concrete, Construction and

building materials, 68 (2014) 110-119.
[35] H.W. Kua, S. Gupta, A.N. Aday, W.V. Srubar III,



engineering & technology, 4(2) (2012) 392.

[551A. C150/C150M-20, Standard Specification for Portland
Cement, (2020).

[56] M.R. Ahmad, B. Chen, S.F.A. Shah, Investigate the
influence of expanded clay aggregate and silica fume on
the properties of lightweight concrete, Construction and

Building Materials, 220 (2019) 253-266.
[57TASTM C1240-20, Standard Specification for Silica Fume

Used in Cementitious Mixtures, ASTM International,

West Conshohocken, PA, 2020, www.astm.org.

[58] A. Hussin, C. Poole, Petrography evidence of the
interfacial transition zone (ITZ) in the normal strength
concrete containing granitic and limestone aggregates,
Construction and Building Materials, 25(5) (2011) 2298-
2303.

[59] ASTM C33 / C33M-18, Standard Specification for
Concrete Aggregates, ASTM International, West

Conshohocken, PA, 2018, www.astm.org.

[60] ASTM C1017 / C1017M-13el, Standard Specification
for Chemical Admixtures for Use in Producing Flowing
Concrete, ASTM International, West Conshohocken, PA,

2013, www.astm.org.

[61] B. EN, 934-2 “Admixtures For Concrete, Mortar
and Grout-Part 2: Concrete Admixtures; Definitions,
Requirements, Conformity, Marking and Labelling”,

British Standards Institution, (2009).
[62] K. Van Tittelboom, W. De Muynck, N. De Belie, W.

Verstraete, Bacteria protect and heal concrete and stone,

WTA Schriftenreihe, 33 (2009) 439-457.
[63] J. Xu, W. Yao, Z. Jiang, Non-ureolytic bacterial

carbonate precipitation as a surface treatment strategy
on cementitious materials, Journal of Materials in Civil
Engineering, 26(5) (2014) 983-991.

[64] V. Achal, X. Pan, Influence of calcium sources on
microbially induced calcium carbonate precipitation

by Bacillus sp. CR2, Applied biochemistry and
biotechnology, 173(1) (2014) 307-317.

[65] P. Dinarvand, A. Rashno, Review of the potential

application of bacteria in self-healing and the improving

Yivy

[45] M. Naderi, r. valibeigi, s.m. mir safi, Investigating the
Effect of kind of aggregate on strength and permeability
of concrete, Journal of Structural and Construction
Engineering, 5(1) (2018) 109-126, (in Persian).

[46] V. Achal, A. Mukherjee, M.S. Reddy, Effect of calcifying
bacteria on permeation properties of concrete structures,

Journal of Industrial Microbiology and Biotechnology,
38(9) (2011) 1229-1234.

[47] S. Mondal, A.D. Ghosh, Investigation into the optimal
bacterial concentration for compressive strength
enhancement of microbial concrete, Construction and

Building Materials, 183 (2018) 202-214.
[48] H. Chen, C. Qian, H. Huang, Self-healing cementitious

materials based on bacteria and nutrients immobilized

respectively, Construction and Building Materials, 126
(2016) 297-303.

[49] R.A. Khushnood, Z.A. Qureshi, N. Shaheen, S. Alj,
Bio-mineralized self-healing recycled aggregate concrete
for sustainable infrastructure, Science of the Total

Environment, 703 (2020) 135007.

[50] L. Jiang, G. Jia, C. Jiang, Z. Li, Sugar-coated expanded
perlite as a bacterial carrier for crack-healing concrete

applications, Construction and Building Materials, 232
(2020) 117222.

[51] S. Mondal, P. Das, P. Datta, A.D. Ghosh, Deinococcus
radiodurans: A novel bacterium for crack remediation of
concrete with special applicability to low-temperature

conditions, Cement and Concrete Composites, 108
(2020) 103523.

[52] C. Liu, X. Xu, Z. Lv, L. Xing, Self-healing of Concrete
Cracks by Immobilizing Microorganisms in Recycled
Aggregate, Journal of Advanced Concrete Technology,
18(4) (2020) 168-178.

[53] C. Meera, V. Subha, Strength and durability assessment
of bacteria based self-healing concrete, IOSR Journal
of Mechanical and Civil Engineering,(IOSR-JIMCE),
(2016) 1-7.

[54] S.V. Reddy, A.K. Satya, S.M. Rao, M. Azmatunnisa, A
biological approach to enhance strength and durability in

concrete structures, International journal of advances in



FAVA B YV00 domio ¥ ) Jlo A oyl OF 0563 ¢3S sl () yas sudines 4y pul

[70] C. Astm, Standard test method for bulk electrical
conductivity of hardened concrete, West Conshohocken
(PA): ASTM, (2012).

[71] ASTM C1202-19, Standard Test Method for Electrical
Indication of Concrete’s Ability to Resist Chloride Ion
Penetration, ASTM International, West Conshohocken,

PA, 2019, www.astm.org.

[72] C.S. Jacob, V. Jose, Study on Mechanical Properties
of Self Healing Self Curing Concrete, in: National
Conference on Structural Engineering and Construction

Management, Springer, 2019, pp. 935-943.

[73] M.Gannadi, M.A.L. yaghin, R.Amiri, Effect of Air
Entrain and Microsilis Additives on Light Weight Perlite
Concrete, Quarterly Journal of Structural Engineering,

10(1) (2013) 61-68 (in persian).

properties of concrete/mortar, Journal of Sustainable

Cement-Based Materials, (2021) 1-34.

[66] J.R. Prestera, M. Boyle, D.A. Crocker, S.B. Chairman,
E.A.Abdun-Nur, S.G. Barton, L.W. Bell, S.J. Blas Jr, G.R.
Berg, P.M. Carrasquillo, Standard Practice for Selecting

Proportions for Structural Lightweight Concrete (ACI
211.2-98), (1998).

[67] ASTM (C330 / C330M, Standard Specification for
Lightweight Aggregates for Structural Concrete, (2017).

[68]
Compressive strength of test specimens, in, CEN

Brussels, 2009.

E. 12390-3, Testing hardened concrete-Part 3:

[69]A.C642-13, Standard test method for density, absorption,
and voids in hardened concrete, West Conshohocken,

PA: ASTM International, (2013).

DOI: 10.22060/ceej.2022.19671.7229

P. Dinarvand, A. R. Rashno, Investigation of engineering properties of biological lightweight
concrete and evaluating the air-entrained protective effect on bacteria performance
improvement, Amirkabir J. Civil Eng., 54(8) (2022) 3155-3178.

3 gl )l dllio oyl 4 g

YIYA



