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2 Literature Review 
2.1 Microbially induced calcium carbonate precipitation 

                                      (    3)                                                    

     fi                   z                                                                     3. 

                                                                                          , 

                               q         2,                                j        x        

                                            .                                                         

(W  ffi  et al., 2007),                         k  (J  k    et al., 2010;        &      j   , 2018), 

                                          (       et al., 2004),                             

(           et al., 2009),                         (       & K   z  j   , 2016),            

                                             (           et al., 2011),                            

            (      &         , 2003)                                    (  k     et al., 2022; 

        &        , 2019). 

                                q                                                                 

                             ,  q      ,          ,                            (     et al., 2022).    

                                            ,                                                        

       3 (  q    et al., 1973).                                    tt                                

                                         .                        fi         ,                   

                 z    1.             ,   z                                            z              

                         2       3
           z                       (   et al., 2013 ).              

                                 3                          ffi                  (        k et al., 

2010). 

 Pathways of microbially induced calcium carbonate precipitation 

      j                                                                                         , 

                                                    ,                                         

                            x       (       et al., 2020; Z   &   tt    , 2016).              

                                             2.1. 

                  ff                                         (        k et al., 2010): 

1.       fi                                  ; 

2.        fi                                                  ;     

3.                                             . 

Myxococcus xanthus                   fi                                                        

                ,                                                     x                           

(     k &      , 2016). Pseudomonas aeruginosa     Diaphorobacter nitroreducens            

 
1 An enzyme is a protein produced by a living organism which acts as a catalyst to accelerate a specific 
biochemical reaction by lowering its activation energy. Enzymes are very specific to what substrates they bind 
to, through the possession of complementary substrate binding regions (Alberts et al., 2002). For example, 
hydrolase enzymes catalyse hydrolysis reactions and in the human body, lactase breaks down lactose into 
glucose and galactose. 
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       fi             ,                                                 k                 200 250 µ  

                                                 (      et al., 2015). 

 

Figu e  .1:                                   j                    (Z   &   tt    , 2016).       
                     . G                                          ,      ,                 3 
       ,         ,                       .     k                                             
        .                                                 3              x             3+/    
                                                                         2                  2 
                      ,                       tt  .                 fi             ,     k   
  z                                       ,                  ,         x                          
 x             .            fi                                z                          , 
                        .                                         z                         

         x              . 

                                                                   (   ).                        

                         x                                                   ,                

          e i i g   g  i     e l  i 
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                                 x    2      (       et al., 2017).                     k,     

                                                                x                        61% 

                                 (         et al., 2019). 

                                                                                          

                      .        ,                                                                    

                            2          (       et al., 2016).          x                                  

                                        2                                      ,          q       

              32                         .       2019,                                          

                                                                       k                              

                      (              et al., 2019). 

                                k .      x     ,        fi                                            

                          (       et al., 2017)      x                          3              (     

et al., 2018)                x                 (       et al., 2017).                             , 

                                         x                                       3              

       20 80%                            (              et al., 2019),   k                

                                                                         (      et al., 2011 ;      

et al., 2016). 

 Urea hydrolysis pathway 

                                                                 ,                     z         

                      ( q      1)                    (  3)                   (  2    )           

  z           (                   ) (       &          , 1989).                         

                                                         ( 2  3)                             

( q      2).      q      ,                  (   3 )                                     ( q      

3).                   q      1     2             q                        ( q      4).    

          ,                                                   (K   et al., 2020).                

                                                                                                    

                                             ft         q              q      5         (K      et 

al., 2016).        ,                                                                  ( 2+),       

                                                3       3                                           

                ( q      6) (G   et al., 2014). 

  (  2)2 +  2  
      
→      3 +   2        (1) 

  2     +  2  ↔  2  3 +   3    (2) 

 2  3 ↔  
++    3

       (3) 

2  3 + 2 2  ↔ 2  4
+ + 2        (4) 

   3
  +  + + 2    ↔   3

2  + 2 2     (5) 

  2++   3
2  ↔     3↓      (6) 

                                                                    j             (     et al., 

2017;         k et al., 2010).                                                                   

                     (     et al., 2022).      x     ,                                          
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                   (    )           x                                                       (   

     k et al., 2010).             ,                                                              

             ,                                                                                

               (        et al., 2017)                                       (  ) (  ö      et al., 

1999). 

                                             ,                            (        k et al., 2010; 

    k          et al., 1999).                      ,               ,                                        

               .                                                        fi   (     et al., 2016),       

       x                                                            . Sporosarcina pasteurii 

(         Bacillus pasteurii),                     ,                                           

                           (      et al., 2009).  

                            z                     ,                  k                             

                   (      et al., 2009).                           fl                              3 

                                                                                         3 (   et al., 

2020;     k          et al., 1999)                                                  (   z  &        , 

2018).                                                      3             ,                ffi        

                . 

                             ,           k                                          .          ,     

                                 ffi     ,                                2           (K    k   et al., 

2020).                                                     fi                                         

                                  .  

2.2 Sources of material inputs 

                                                    fi                                             . 

                                          ,                                                   

                  .        ,              ,                                                   

                       . 

 Urea 

             ,                                                                                      

(       et al., 2020).                   ,         ,                                         

    k                                           (        , 2022),                              

                                                     fi        k                               

         .        ,                                      ,                                      

                                                     .                                  x        

2%             ’                                               (      , 2017),               

                              ,     x       ,                                       . 

                                                ,                                                 

     .                        90%                                        (       , 1981)           

80%                                      ,                            1%                        

           ( ö     , 2001).                    ,                            56%                    

    63%                                        ( ö     , 2001).     ,                            
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                                                                                                    ’  

                . 

       ,                                                                       24                   , 

  k                                             (      et al., 2003).                      ,     

  z                                                 .                                             

                                                 12.5                                     x    

(  (  )2) (   z  &        , 2018;         &        , 2019;         et al., 2016).                    

  (  )2                    x                                      (         &        , 2018).      

                                                                                  ,                  , 

                               (  )2 (         &        , 2018;         et al., 2016).        ,     

                ’   ff            ffi                      ,                      ,              

          .                                                                       ,               

 ff        fi                   fi                                            . 

 Calcium 

            q                                                        (    2),                            

                        3           (      &    , 2014).                      ,                 

       ,                ,          x                       ,                     .        ,              

                                                                   2         (      &    , 2014).       

                                         ff                          3                           

(Z      et al., 2021)                                              2.6.1. 

                                                      q   .     fi                                

                                                       (                        3)            

         (    ) (W    et al., 2022 ).                                                                  

              q         fi                        x    (  (  )2)                         

                     fl                  fl k          (       &      , 2014).     fi          q      

              2                                     fi                                              

  k                    ,                                        . . (K     , 2002).             

                                                       ,                                      2 

                                         .                     q                              

                                            q                                    . 

        ,     2     x                                                                                

                        ,                                         q                       (Z      et 

al., 2021).            ,                                          ,                                   

                               . 

                                                  ,                                       x      . 

                                              (K      et al., 2020), q                (     et al., 2017), 

         (       et al., 2021),           (G         et al., 2021),          (     et al., 2016)     

                                  (      et al., 2020). 

 Loose particles 

                                  k                                    ,        ,               

                 8000    (        et al., 2019).              ,                  ,                   

                                                                              (       et al., 

2020). 
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                                        ,     ,       ,            k               (    , 2022 ). 

                                    x                                 ,                      (    , 

2019).    4050                      ,                          20       (    , 2019).                       

                                                   ,                                                

                   ,                                    fl     tt        (    , 2022 ).              

                                       ,                   x                                  

                                     ,                                                   ,      

                                  (     x   et al., 2021;     , 2019).          x               x     

                                            (   k    et al., 2021).          ,                    

                                                                                                    

                                                                                             

          .                                                      fi                              

                                 2.1. 

T ble  .1:      ff                                                                                   
                                                                          ff                     
                                                              (                  et al. (2022)). 

W   e    e i l 
R    
(%) 

C    e  ive    e g   
Refe e  e   IC  

(   ) 
I    ve e   

(%) 

        
10 27.6 20       et al. (2012) 

30 14.9 27.9        et al. (2012) 

        73 0.36  /        et al. (2013) 

                            35 76.0 40.7 
W    et al. (2017) 

  x                       34 51.0 15.9 

         fi             82 12.2 31.2 Z    et al. (2020) 

                          55 46.2 20.9       et al. (2016) 
   x                                                  ,        ,      ,     ,    . (W    et al., 2017) 

                                                                                .        ,       

                            (3.6 12.1%)                                (<1%)                      

           k       ,                            fi                                      (J      et 

al., 2015; Q   et al., 2014; Z    et al., 2020).               2.1                                      

                                                                                                   

        16 41%                                                                               . 

                                                       ff                  k               .  

            ffl                                                                   ,                  

  ,                   z               (    ),                                     .                   

  fl           ffi            ff                 3             .                               

                                                                                          . 

2.3 Factors affecting microbially induced calcium carbonate precipitation 

                        3                                          ,                              x. 

                                                                        .                         3 

                                     "       "                                                   

                                      (            et al., 1993)                                   

        . 
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                        3                             z                 k           (      et al., 

2009;        &           , 2002): 

1.                            ; 

2.                                                (   ); 

3.       ;     

4.                                    . 

           ,                                      ,                                             

                (     et al., 2016),                        (      et al., 2003)                        

    3                      .                        fl                       ,             

                                     3                                     (Z    et al., 2014 ). 

                                                                          ff            3 

              .  

 Bacteria and urease activity  

                         ,                                           x         z   ,       ,     

                                               z             3         .                    k         

                       3         :                                                         x        

 x                                 (   ).  

     ,                                                           ,                       q            

                 k                                                       3 (      et al., 2009).    

            S. pasteurii,                                           ,                                       

                                 ,                                                                

                                                (   et al., 2020).                                        

S. pasteurii                        . 

                                                                                                     

                  ,                                                     (     et al., 2022).                

                                           q                       (    x     et al., 2009).        

        fi                                                        3                            

                                                                                       (     et al., 

2014; Z   &   tt    , 2016).                                            ,                           

      ,           2+,   2+,   3+       2+,                                    3                    

           (Z   &   tt    , 2016).        ,                                                  

          , q                                                             (     et al., 2022). 

                                  ,                                                             

                                           .                                                  

            .              x                                                    ,                 

                                    ff                                 3 (W   et al., 2020).          

                                                                  ,                            

              3         .           fl                  ,                                            

                          18.2                                   (W    et al., 2021).                 

                          x                        k                  3 (    x     et al., 2009; W   

et al., 2020).                                                    fl          3           z  (      et al., 

2017;          et al., 2012).                                     z              x              
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  z                                 (    )        ,                                          ,   tt   

                                     ,                                  (        et al., 2021). 

                                                                                   .              

      ff                                               ff                                3 

            .                                                                                       

         2.2.                                         2.2                                            2% 

                       37°                                                                       

                         ,                                                    . G        , S. pasteurii 

                                                           3                                  

(           et al., 2019). 

T ble  . :                                                                          (             
     et al. (2016)). 

B   e i  I  l      i e 
  e  e    vi   

( / L) 
Refe e  e 

S. pasteurii W                1761 425       et al. (2009) 
S. pasteurii                          550       et al. (2009) 
Bacillus sp.   2                  ,     q ,       432               (2014) 
K. flava   1                ,     q ,       472       et al. (2011 ) 

B. megaterium   3 
               ,        

       ,       
690       et al. (2013) 

B. thuringiensis 
               ,        

       ,       
620       et al. (2013) 

S. pasteurii  W                11859 830 G      k et al. (2025) 

  = µ                   /    

 Physicochemical factors  

                                       fi         fl          3                                 , 

                     z                                             . K                      

               ,               ,                    (     et al., 2016).                         

               fi                2.3.5                              .                           

                                                                                         

( q      4)         x        9.2,                 3          (   z  &        , 2018).         

                        q                                                                       

                                            (      et al., 2009;        &          , 1989). 

                 ff                                          z                         ,        ff     

                                                                  . W                      S. pasteurii 

             9.0 (   et al., 2013 ),      x                     z               k        8.0,             

                   (G       et al., 2013).                            x           ,                

             3              (   et al., 2013 ),                                             .    z  

            (2018)                                       S. pasteurii                                   

    11.2.                                            12.0                                             

                                                  .                     (2019)                     

        k                                              11.2. W                                       

       ,                                                                x         ,             
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      2.3T ble 2.3.                             ,                                     k          , 

                            2.4,                q                    . 

T ble  .3:                                                                          k             
                  . 

   
C l iu  

( ) 

  e  

( ) 
B   e i  

C    e  ive 

   e g   (   ) 
Refe e  e 

 . .  0.05 0.05 S. pasteurii 0.35 1.3    Q               (2013) 

 . . 1 1 Bacillus sphaericus 0.5 2.5       et al. (2013)  

6.0 1.5 1.5 S. pasteurii 2.13 Z    et al. (2014 ) 

7.0 7.5 0.3 0.3 S pasteurii 0.88 1.1      et al. (2017)  

11.2 0 0.2 0.3  S. pasteurii 0.9    z              (2018)  

 . . 0.5 0.5 S. pasteurii 0.39 0.46     et al. (2018)  

11.2 0.09 0.13 0.3  S. pasteurii 2.7                      (2019)  

 . . 1 1 S. pasteurii 4.0 5.8        et al. (2020)  

6.0 7.0 0.75 0.75 S. pasteurii 5 23         et al. (2020) 
   . . –         
                          
                 
                                      k ,                         

                                   ,  ff                                  z                 ,          

                (       et al., 2004;     k          et al., 1999)                                       

    3 ( q      6) (       et al., 2004; K  k   et al., 2017).                                    

                               , S. pasteurii                         30°                           

               20 40°  (     et al., 2022).                                                       

                   . 

                                                                                             q      

      .                                                                                       

                                   (K    k   k  &     , 1953;    et al., 2021),            

               (      et al., 2003).                                                             x    

                                         k                           fi                               

          tti        (      et al., 2003).  

                      3                                                (      &       , 1981). 

       ,                       3           (K  ,         
0         3.9 x 10 9 – 8.5 x 10 8                     

   0.1 1000   )                                                         (     et al., 2024). 

                              ,                ,                                              (  ) 

   /              (    et al., 2019),                                                        

                 x                                                                       ,           

             ,                                    ,                  q        2+     .      ,          

    ,                       ,                                                                         

                         0.5– 1.5   (      2.3).          ,                                         

        ,                                                                    . 
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 Reagent concentrations 

      q       1 6,                                            q                                      

                    3.      q                                                                       

  q                                                                                  q        

                            (      2.3).                                                            

                                                               3              (Z    et al., 2014 ). 

                                                                         (   z  &        , 2018) 

                        3             ,                                                               

         (W  ffi  et al., 2007).        ,                                                           

     fi                                 3                                                    

                              ( k      &   , 2010). W      q                         

                   ft       ,    et al. (2021)                           5:1                            

                                      3     25:4                            3                   

                1  .        ,                                                          fl        

     fi      (        &        , 2019).                                ff                            , 

        0.5     0.25                       ,            ,                                     (   

     k et al., 2010). 

Z    et al. (2014 )                                q                                               

     0.25    0.5                   fi                         (   )                                  

                    0.13    1.36    .                                ,                   ,        

                        1.5  .        ,  x                                                    ff    

               (G       et al., 2013;       et al., 2005)          q      ,                        

    3. 

                                              0.15    0.39   (      , 1971).                     

                       ,                                                                          

                       S. pasteurii                                                 .    z              

(2018)                                0.11                              .          ,             

                                                                                                  

              ffi                               . 

 Particle size 

              z                                                                           fi        ff     

                 .           et al. (2011)      fi                                                    

    3                               fi                                .            ,                  

         fi           k                                                 (          et al., 2011),   

                                                      3 (  J    et al., 2006).                      

  z              (   )                ,   ff                z                  ,                           

                                                                                  fi            (X    

et al., 2020; Z     et al., 2020).  

                              tt                      ff                     (       et al., 2020). 

                      tt                                                             ,              

              z                    ,                3                                          

(      &             , 2014;        et al., 2020; X    et al., 2019).                         

                 x        .        ,      10                  (                             10%    



 

 
 

15 

Manufacturing Bio-tiles 

                      )                        fi        ff                                  (            

et al., 2021;        &     , 2017).                                                           

(2017),    10    150 200 µ                               (6    )                              

            10. 

 Calcium carbonate seeding  

       fi                     ,                                       fi      ff               

             (         &     , 2017).        ,                            x                           , 

     fi                                                                                    (      , 

2001).                                                              ,                    ,            

                                   3                                                   3             

            (      et al., 2024).                        k      ,                                     

                                                          (              x (  ) > 1).              

           x   .                      ,                                     k   q   ,        . 

                                                          ,              q             q              

(G       et al., 2019).                             ,                  ,                        3          

                                                                                3         ,  ff      

                         (Z      et al., 2021). 

                                                                                                    

             (      , 2001).             ,                      x          3         ,         ,        

                           q                    (        et al., 2007),                          1     

                 .               3                                     S. pasteurii            

                                             (G     et al., 2019;    et al., 2020).                 

                                                ,                                  ff              . 

         Z      et al. (2021)                                ff                    ,                  

                                                                                              . 

2.4 Techniques for growing bio-materials with MICP 

                                                                           ,                      

                                          x                                                   

        .             ,                                                                           

          (    3)                                                      .                      

                            x       fl                                             2.3                 

                                                                    . 

          q                                                                                ,       

 ff                                                   ,             fl                     ,           

            ,                    .                                                                    

                        ,   q                                      .                                    

                                                                                                 

                          (      et al., 2013;    z  &        , 2018; X  et al., 2020).              , 

        k                                          (   et al., 2018;       et al., 2020;         & 

       , 2019)        j                                                              k ,     

                               k                     k  (      et al., 2009)                          

         k  (     et al., 2014).  



 

 
 

16 

Manufacturing Bio-tiles 

                                fl                         3              (       et al., 2020),     

                         ,                                   . 

 Injection technique 

                                                                                                    z , 

                   j                                                  (      et al., 2013).      

      q  ,              tf      ,          fi            k                           j             

                                                            j            ft                  ffi      

      fi                              (      &             , 2014; W    et al., 2022 )          

                             (W  ffi       ., 2007). 

 Submersion technique 

                     q  ,              Z    et al. (2014 )                ,  ff         fi     

                                              . W               q  ,                                  

         x                                             (       2.2 ).                          

                               x        .                                k               ,           

                                                    .                fl x           (    )      

                  x    (       2.2 )                                3                               

 tt                                    (Z    et al., 2014 ).     fi                                   

                        ,                                 (       2.2 ). 

 

Figu e  . :                  q               ( )                                          k  ( ) 
(                        . (2020)). 

                      q                        et al. (2020)                            k  

              .                                                                                    

  ff                                                                                         

         (      et al., 2020; Z    et al., 2014 ).                                           k        

                              5.9    ,                         0.8 1        k                 .     

             tt                                                       ,    fi              et al. 

(2018)                                                                           .       et al. (2020) 

                ffi                                                        k                        

                                                             ,               3                 

                          ff                    2+                   .      ,                        

           
        

        k 

      

           

        
       

A B 
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                                                                ff                              .      

                q                                             ,                  ,                   

                             .  

 Spraying technique 

                   q                                                                             

                        fl                                                                       

                                                (K   et al., 2022).                            

                                                            k                              (      , 

2016).                                                                                   

                                     (      , 2016).                                                 

                      k                                                   (      &             , 

2014; K   et al., 2022).          ,                                                      q       

                                   x          .                    k                                   

                          x                     x      .                                         

                  ,                              q  . 

 Pumping technique 

                  q             fl                                                   

                                                                                                

  j     .                                                   (       2.3).                    

G      k    x                                                                             , 

                        q                          .            q                        fi            k 

(222 x 106 x 73   )                                         (2019)                                

    k                                                                                .             

      q                                                     ,                                         

     x           ff                    (                                 100                    48    

(            et al., 2021). 

 

Figu e  .3:         ( )           ( )              x         k                                   
(2019).               tt                                  ,                      .            
     x                  fl          ffl       zz                                           . 

                                                                                             

                                                                                               

                                    (        &        , 2019).                                      

           
         

        zz   

      x     

     x    

      x      

              

     

      x      

         zz   

          

A 
B 
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                      ,                                         x         ,                            

  .                                 q                                                                 

                           x                              .          4      x                , 

                    (2019)                                                      >97%          fl     

                                  0.09    0.13                          k                    

         (2.7    )                                                        k . W                        

                                   (      2.3),                                                      

                                               .                      ,                      (2019) 

                               k    16.1                                 (0.3  )         q        

                 ,                                                                                  

    . 

 Fully automated techniques 

                                                               ff                            

                                         fi              .                                         

  q                    ,                                                                            

                             .  

                                                                        q            

                                                                           ,   3          

      q          ff        q                     k                                                

        fi                 q  .                                                                 

                                     .                ff                                     fl    

                           x                                                                   

            k                                     q                        .                  

                                            x                             ,          x                 

                                      ,   k                                              

          .                  tt                                                                     

           (       et al., 2020).  

       j   3                                                                 q           

(                                              )                            (          /         ) 

                         (            ).         et al. (2020)                                         

                              ,                                               tti     k    tt    

                             fl                                                         .     

                                                  x        ,                                       

3                 .                                            20                           

                           j             (        et al., 2020)                             

                   23    .         et al. (2022)                            (0.69    )                 

                                                                       3                 .          

       k                                   ,                                                  . 

                          ,                   3                                                        

       ’ k            3                                   .                                   

        et al. (2020)            ,                                 fl                         . 

 Comparison of techniques 

                                  q                                          ,              

  q        fi                                                                      ,                 
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                       .                                                         q                 

      2.4.  
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T ble  .4:                                                                                            . 

    u     

 e     
A v    ge   i   v    ge  Bi -   e i l      e e   i ve  g  e  Refe e  e  

  j      

•      (          ) 

•              

          

•           k             k    

•    ffi      fl               

•        

            

0.01 0.5              X  et al. (2020) 

            ,    11.2 
   z              

(2018) 

20 & 100%          , fi   &            , 

    z      ,                      

      et al. (2013) 

        

•                  

•                

              

•                 

      

•           k             k    

•                             k  

•          k                     

•             fl            

        k  
             (1, 2, 4 ),            
                   

                    

(2019) 

         
                ,              (1, 2, 4 ), 
    3           

           

           

•                 

o       k  

o    

            

•                   

        

•           k             k    

•                               k 

• G      x            

•    ffi      fl               

         
                ,           z , 0.1 1   

       , 0.1 0.5            ,        
           

        k  
          (50%, 100%),              

(4 16     ),       tt  k, fi              
      et al. (2020) 

           /     k                  ,     3 %    et al. (2018) 

                             Z    et al. (2014 ) 

         
•                   

•                 

•           k             k    

•    ffi      fl               

        k /                 (2022) 

                                               K   et al. (2022) 

3          

•                  

          

•                 

             

•         

•                 

      

•                         q      

•                               

      

•       x            

    3       3                q           et al. (2022) 

                , 

            
                , 3                q            et al. (2020) 
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2.5 Tiles as a choice of bio-material 

      et al. (2020)                    ffi                                     q                    

                          k.                                                                  

                           ,                               3                       ff                  

  2+                   .      q      ,                                                                

                                                            x    (            et al., 2021)            

                                 .               q           fi                               

                .                                                                             q    

      ff                                 k    .  

                                         ff      q                .                                 

          x                      k    ,                      ,               ,         fl               

                                         ,                    ,         ,    z             ,     

fi     ,   x               x                                                  (   , 2018).    

                      fi                          q         q         ,                 q              

                          . 

 International strength standards for tile manufacture 

                  227 (2007),                              k                    3 10.5              

  q                                k  (9 12.5    ).                  ,                               

            ( x                     )                           (3% <   < 10%)         k     

(>7.5       <7.5   ) (      2.5).                                                   q              . 

              ,                   k             (200   <     k             < 800  )                

        (   ) (8  /  2 <     < 18  /  2),      k        fl x              (   , 2018).     k    

                               q             k                        ,                        

                                  k               .             ,         k                       

               6 10   .                                    x                                      

                             ,            k                                      .          q      

           k                                        k                             k           ,      

                               k                           .          ,                            

                           .  

T ble  . :                                       (   )           fi      (   , 2018). 

Tile    e 
W  e   b        

( ; %) 

T i k e   

(  ) 

B e ki g    e g   

(N) 

   ulu   f  u  u e 

(N/   ) 

    u e  
6% <   < 10%  /  ≥ 750 ≥ 9 

> 10  /  ≥ 600 ≥ 8 

      e  e  

6% <   < 10% 
≥7.5 ≥ 800 ≥ 18 

< 7.5 ≥ 500 ≥ 18 

> 10 
≥7.5 ≥ 600 ≥ 15 

< 7.5 ≥ 200 ≥ 12 

 

                                                                 k        19                k  

                                     q  .               ff                                          
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   3.45     (        , 2022),                                       q          x               

              8.0     (   , 2018). 

                      fi                                               ,           q                 

                                                                            .                    

                                                      ’                                               

                    . 

 Conventional tile manufacture 

                                                  :                                             

               .                                                                             (    ) 

(                   , 2019).                   ,          ,                                       

                    (       & K    , 2016;         k   & K  k    , 2023).                 

                        ,              q    z      (       & K    , 2016)                   

             ff        z  ,                                                                 

                 (       , 2016).                                                                

                                                                 (       2.4). 

 

Figu e  .4:                                                       (         &       , 2023). 

 ft                         ,                    fi         k                             1050 1300°  

(         &       , 2023).                                                          ,      fi         

                          j                   ,              56 60%                             

  q         ,               30%                 14% (       et al., 2017).                        

                           ffi                                                                          

k                    fl                           k         k     (  zq     et al., 2012).                  

                30%                          (                   , 2019). G       ,              

                                  ,                                       (       et al., 2017). W    

                         ,     fl                                                   tt  ,         

         ,  x                   (    & W   , 2021).                                         

1.5                   X, 21.5                   X,     800,000             ,                        

                    (    & W   , 2021). 



 

 
 

23 

Manufacturing Bio-tiles 

                                      k     z        16                                (     

    zz           , 2024;                 , 2023),                            fi                      

       .                                , fi                               G                      

                                              k  (         &       , 2023).                       x    

                                  .                               ,                ,     

            1824        2016,                         98%                   (       et al., 2016). 

                                              (   )        k                                            

                  (                           3     q    z     )                    1400 1450°  

                   (         &       , 2023;      et al., 2019).                       ,            2 

                  ,                                                                     (       2.5).  

            ,            , fl x                           k                                       

                                                                      (       et al., 2012).     

               ,     k                                                                               

2.5. 

 

Figu e  . :                                ,     k                                       
                      (      &        , 2018). 

                                                                                 100      , 

                                                           k        (      et al., 2022).          

       x                                    k              .         k                     x             

                                .                      3 5        k,                         , fi   

                                 ,                                  ,                            

         . 
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2.6 Enhancing the compressive strength of bio-materials 

                                                                                              

    ffi                                                         .                                

           (   et al., 2018;       et al., 2020;         &        , 2019).                            

  q       x                                                                        . W     

                                              (    3)      k                                (   

Q      &     , 2013;      et al., 2017;             et al., 2010),                   ffi     . 

 Selecting for calcium carbonate polymorphs 

                    3       k                ff                ,                            .        , 

                                                   3,                                    

        ,                                                      (   ) (    k          et al., 1999; 

                j   , 2018).            ,                                   .                     

                                   3,               ,                        (   et al., 2013).      

                  ff               ,        ,                                        (      2.6). 

         ,                                  (2.95  /  3)                   (3.5 4)            

           (X  et al., 2020),  ff                                 .  

T ble  .6:                                                                                
           (      &    k  z  , 1990; X       ., 2020). 

 i e  l C     l     e  e  i   (g/  3)      e   (    )   lubili   (-l g K  ) 

                2.71 3 8.48 

           x       2.54 3 7.91 

                       2.93 3.5 4 8.34 

                 

(    3· 2 ) 
         2.43 2 3 7.60 

 k     (    3·6 2 )            1.77 3 7.12 

                                  3                          z                           fl       

                  ,                     ,                                   (     et al., 2012;      

et al., 2016),                                                                    (K   et al., 2020;     

       , 2009).                                           fi    :                                       

           (     et al., 2006;      et al., 2016),                                                    

                  (     et al., 2016),                                                        (     

et al., 2006; Z     et al., 2015).            ,                                                         

           fl                            (        k et al., 2008;      et al., 2016).  

       ,                                                2+                              3         

                                                         (      ff, 1968; X  et al., 2020).    X  et al. 

(2020)  x     ,                                                            ff                             

          z       2+       2+     .   2+                           2+,                                 

              tti                            ,                                                          

            ,                                                                          (        , 2012). 

           ,                                  ²⁺                              —  ²⁺              

                   x          ,               x           .        k                     ²⁺    
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                       x       ,                      (        , 2012).            ,                  

                                             ,                                 . 

Z     et al. (2015)           et al. (2016)                                                           

                                                                         . X  et al. (2020)          

       2+                                                          40%,        ,                

    x        0.5                                                 ,                               

(G      et al., 2016).              3                        3.5–4.5, X  et al. (2020)      fi   

                                                                         ,                         

          2/                       .            ,                  0.1 0.5       2        

    fi    .                          0.5       2                                                    

    ,          k    2+       2+                                ,                                    

  32 .                                                                                      tt     

  32                                     3          3 (        , 2012). 

 Pore volume saturation with inoculum and cementation solution 

                       (2012)      fi            fi                                                

                       .                           j                              (50%             

         )                                                                 ,                     3 

      .                                                                                                . 

                         et al. (2013)    fi                                   100%              

                                                           ,                                    

                                              ,                                                           

                                               . W       20%                                    

 ff                 ,   k                          ,                                                   

                                              .                                             2.6. 

 

Figu e  .6:                                                                                  x 

        ff                         . 

            ,                    100%     20%                                       1     1.14    , 

           ,           20%                                                                    3 

        .        fi                                                                                     

 ff                            3                            ,                                  3    

          .  

1  %    u        %    u      



 

 
 

26 

Manufacturing Bio-tiles 

                                     k ,               k             50%                       

                                                                                           3         

(      et al., 2020).                          k                                                      

                     (        &        , 2019),                    (         et al., 2014)     

            (   et al., 2018).          ,                                                       

                 ffi                         3                        q   ,                   

         '                                 (      et al., 2020). 

 Other potential additives to improve strength properties 

                 (       2.6.1),                                                              

                             .                                                   ,           

x          ,         ,                                              (    k     et al., 2021).       

                                        '                                                           

                                    (      , 2015),                        ff                        

          (       2.6.2).                                                     2                 

         ,                  ff            3              (    k     et al., 2021;       , 2015).  

                                        : x                                          (  k     et 

al., 2021;        et al., 2016)                  k                                                  

          (      , 2015). G      ,                                   x            ,          

                                 12                                         (W    et al., 2022 ). 

  k         ,                        x                                                           

            ²⁺                       ,                                                       , 

          x                                                                      (           et al., 

2019). 

                   k                   k                                                          

        (    j  , 2017;     j   et al., 2019;       &         , 2003).                 4  /  

                    13         1.6 1.8                       3         (          1%),            

                                        3                                    (    j   et al., 2019). 

                                                                    z                            

              3             . 

                                                                                               

                                             (     et al., 2021;   tt     et al., 2011; W   et al., 

2020)                                     (     et al., 2020).                     (2019)       

                                  x                                         k ,                     

                                                             .                                         

                                ff                                                              

                 q   (            et al., 2021). 

           ,                  fi                  x                x                     .    et al. 

(2020)                   3   %                                     fi                          50-

70%,               fi                               fi   .                                          

                                      fi                    (    j  , 2017). 

W                         ff                                                        ,            

      ff             fi                                          .      x     ,   k     et al. (2021) 

               6                                                                        

              fi   ,                                    ,                                           ,    
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                                .                  ff                                             

                                                          ,                                         

           ,                                 fi        .          ,       fi       k               

      tt                                                                     ,          x    

                    .           ,                                                       ,          

  2+   q          (    k     et al., 2021).          ,                                              

        fi                ,                                                                       

          . 

2.7 Problem statement 

     x                                                                        fi                  
                                .        ,   k                                                     
                                                                                  .         
         ff        ,                             ,                                                 , 
              3          ,                                                         ,      ff   
                                             .                                   ft        
                                fl                                                              3. 
                                                      ,         ,                                      
  x       ffi                                                              .                         
   q                       ,                             k                                   ,        
fi                                                                          .          ,                     
                                                                                      ,            
                                                             fl                                   . 
                                             ff                                                       
   k                                                                                    ,          
    fi                ffi                             . 
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3 Research outline 
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4 Materials and methods 
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4.5 Standards testing 
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105°                                                      .                                          

                                     ,                   50                                    . 

                                                        2      ,              ff                ft    

                                                    .                 tt                        

                              .  

               k                                                                                    

                                 (      2.5).          ,                                             

     10%,         k                           x          600                                      

             8  /  2.                                        6 10%,              750       

9  /  2,            ,        q     . 
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5 Production of bio-tiles using the submersion technique 
                         fi              fi                                     . W                 

                                                             q                                     , 

                            ,                                             ,                  

            ,                                                                                   . 

          ,                                                                               :      ff    

                                                              .      fi    j                  

                               fi                          q                             fi       

             . 

        5                 fi                                          k, Growing bio-tiles using 

microbially induced calcium carbonate precipitation. 

5.1 Objectives 

    k     j                                                                       fl           

                                                                      q  : 

1.                              ; 

2.           z              (   )                      ; 

3.                             ;     

4.                       . 

                                 q          ,              ,           ,             ,           

      ff                                   ‘      ’  x        . 

5.2 Materials and methods 

 Bio-tile mould 

        x                                                                                         

           ,                           100 x 100    (       5.1).                             j     

                            .                                                    fl      tf        

                  k      fi           tt              ,                   .  

G    x    (        ,          ,             )                   40  / 2                            

                       .               ff           x                                     

      q  .         k        x    (~2   )                             (2019)                  k      

              ,                                   x    (~0.5   )                      fi       

                             ,          tt              ff     . 
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Figu e  .1:       ( )                      ( )                                                   

                                                                           .                 . 

 Submersion technique operation 

                     q                                                        ,               

                                                              14                        ,        

               fi  ,                             (      et al., 2020).             x           

                                   5.1.  

T ble  .1:  x                                       . 

   e i e   R  ge   i  

                 2.7 7.9        4+/ ·    

                   

             
0.1 1.0   

          z              ( 50) 139 978 μ  

                          11.8 18   

                       0.1 0.5   

 

                                                          fi    fl tt                               

                  .                   10     ,          k   k                                

                              fi                        .                         q   z          

          fl tt         .                  fi                                                  

q                                                                       75%            x           

                   5.2.                                           fl            (W 2000  , W      , 

             , G      )    250    . 

               k                       7                             (21 24° ),                     

                ,                                                             .            

                                                                         x       . 

            

                 

          

          
   

W    

A B
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Figu e  . :                                                                                        . 

                              , fl                                      30°      1            

                        .                          x        ,                                       

                                                        .                     ff        x             

        x        ,                            fi                                         .          

         ,              z      3                     4. 

 Best-performing cementation solution concentration 

                                                          ,  q                         

                 0.1, 0.2, 0.3, 0.4, 0.5, 0.75     1.0              ,                               

                          (   Q      et al., 2012;      et al., 2016;         &        , 2019). 

 Best-performing particle size  

                                                                  .             z   (2000,         

          ,        K      )             2000G                                                    

          .                                         z     468.7 µ                   x         .     

                                                         0.68     40%,            ,                   

  tt                                           (2019).                      fi               

          tt                               .1            .2,            .                          10 

                ,               z                        .                 1:1      G      k  

                                                75     115 µ , 212     300 µ , 425     600 µ , 

    600     900 µ           .                     50    138.5, 330.8, 641.0     978.2 µ , 

           .             1:1   x                 G      k                                   ,     

                ,                          fi                 150 µ         .                    

G      k    x             50    810     825 µ ,            ,                                    

 .2. 

5.3 Results and discussion 

 Development of design chart 

                                                       k            ,                        

            k                                                                        q      

        

                  

                  

             

              

         

                   

                   

              

               

600 

600 

400 
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         .                         9.7 13.7%             .                            5.3     

                                                  10%                          k                    

   600                               8     (   , 2018). W                               x      , 

                                             (       5.3).                                        

                  ,                                                                                       

                                                         .  

 
Figu e  .3:  x                                                                               q      

                                (W )                 10%. G                                

    k                             .                                                             

    k             (  )                        (   )          ,                                 

           . 

                                                                k                              k   

    .          k                               k                            10   .               

       fl                                         k                                                . 

                                                    k                      q                    

    k                  k       ,              k                                                    

                    k            .     k                              ,        ,                     

                        .          ,                  fi          k                                  

  q                        .                           fi                                              

                .             5.3,                            k                                ffi        

                   ,                    k                                                        . 

 Identifying a suitable ureolytic activity 

                                                          5.0 8.0               

        / ·   .                                       (3.04 5.52 x 109 ± 0.63      /  ,  =10)        

                      ’                ffi          0.20                                 .      

                                                                                                    

                           ffi          ff                                              ,          

                                                    .                                         k    

             k                                                      7     ,                          

                              k             (       5.4).                                                

0
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                                                                 fi                                

                                             q   (Z    et al., 2014 ).        ,            

                                                                     600          (               

                   600   ),                                                               

(  z    et al., 2015; W   et al., 2020; X  et al., 2020),                                          

                                                                              600        .  

 

Figu e  .4:                   k                                                        S. pasteurii 

       .                                                                   ,   = 4. 

                  (    x     et al., 2009; W   et al., 2020)                                         

                                             3,                                                   

                 x,           k                  3.        ,       k                                  

                                                      ,         x       ,                                

         (    x     et al., 2009; K   et al., 2018).                                           ff         

                       ,                                                                         

              (W   et al., 2020).                                                             3       

                   (    x     et al., 2009).          ,                                            

                            .           et al. (2011)                                              

                                     3            . 

     et al. (2016)    fi         fi                       5.4,                                     

                               (      4.0     / ·   )             (      3.2     / ·   )            

                                      . W                   3.2        4+/ ·                        

                          (483  )    4.0        4+/ ·   ,               4.0     / ·                  

                                         ft                                                     , 

                                             x                          q                          

               .  

 Influence of calcium and urea concentration on breaking strength 

     ff                                                      k                                      

          5.5                                               x                                 x  .    
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                                     0.1  ,                         fi                ,         k    

                                           .      q                                              

                           ffi                    3                                               

     .  

 

Figu e  . :                   k                                                                

                                                     7                 .                           

                     0.1  .                                             = 4     . 

                           0.5                                  k             (491 ± 10  )        

                0.3   (489 ± 6  ),                             0.4%                                 

                        q                              ,                                   

               81    42%.                                                                           

                 .        ,                                                .                      

           x                         .                                                               

                                                                      103 ± 10              

( x        0.1     0.2               )                                                  .      

                0.2  ,                             95%                          (84  ).             

                                                  0.1                          0.2                

  k                                                                                             . 

                                      ,                         ,                    ff        

                         .                     (2019)                                                

                   ,                                     x                                         

    3          G       et al. (2013)                                                        .      

                                                               ff                               

      ,                            3 (G       et al., 2013;       et al., 2005;             et al., 

2000). Z    et al. (2014 )                                                                

                1.5  ,                j                                       0.25       0.5   (  

                )                                                    0.5    1.5  .                    

                          5.5,                                                                    

    k                             (312      0.2  ).        ,              ,                             
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      0.5                                                  k                                     , 

                                                  q                         .  

   Q      et al. (2012)                                                    0.25                   

                                                                                     0.5            

                                             .                         ff                                

                                                                        .          ,              

                        0.3                              x         . 

 Effect of particle size distribution on breaking strength 

                  z                          (       .1)                       ff               k    

                    .               ,                                                 (  )         

     .                                                     k                                5.6.     

                       z                0.20 0.27 µ . 

 

Figu e  .6:           z                                     x                                     50 

         ff           k            .     k                                         50.            

                                 = 4     . 

          ff                 50    469 µ                                 k                489 ± 6  . 

          ,                  ,        10    304 µ ,                             10                

                (2017).                                                              ,       

                        fi                         ,   k                                             

   fi               fi                     z                                     (          et al., 

2011).        et al. (2020)                                                                          

                                                       z                           .            ,      

                                       z   (         10    650 µ )                              3 

                                  . 

            et al. (2021)                      50                            100 μ ,                 

          ,                                                .        ,                                

     ff       fi                                .                      ,     1:1   x                

          150 μ       ,                                                        x        .            
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                  1:1                                            ,              ,           fi   . 

              1:1   x                        fi                k                                        

 .2. 

                                                                      400 µ                     x     

                ff               k                         (        .2).         k                    

  x          fi                 150 µ            k             4.55                               

  x                                               fi    (84  ).     “     fi   ”                       

        ,                               126 µ         ,    224 µ                fi                  

 x                                         fi   .                  10.4%     8.1%                

                                400 µ ,            . W                      fi               ,      

                    (       .1)              ,                                  ,                     

                                                  x                                               

      fi                     .            ,         k                                                

                 tt                1:1                  G      k .                     (2019) 

             1:1         k                    k ,                               q                   

    k              k                          k                   ff                                   

                                           1:1   x               50    810     825 μ ,            . 

W             k                                                                                       

       k ,         ,                           z                         fi                  z .       

                                 q                                                           3        

                                           . 

 Impact of the volume of cementation solution on breaking strength 

                                                                   fl              k             

(       5.7 ). W     fi                                        ffi                            (81%     

14              ),                                                                     k    

                        ,           .                                                         5.7 . 

W                      15.7                                            0.3                    

                    ,     x         k                546 ± 38               .                    

63%                                 k   q   .                       0.2  ,        k     k             

(407 ± 28  )                         17.8  ,                                    61%. 

W                                             q                                                  

0.3 0.5  .                   3                                                                  

       ,                        3    fi                                                   (        

et al., 2021).        ,                                  3                        ff               

                                (       et al., 2020). 

                                ,                                                                

                       ,                                            .             ,            fi    

        ,                               14                          0.3    0.12  ,   60%         . 

                                  0.3                                                         

                                  ,                                    ,                             

                   .          ,                                                              

                                                                           .                        
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                3             ,                                         fi                     , 

                             3                                                   .            

                              x                                                              

                               .                         3                                       

                                             .        ,                       x        ,              

    x                                                           k            ,         fi               

                          .            ,              x                                             

                                                                                                     

                            (       &     , 2017; Z    et al., 2014 ),                           

(       5.7 ). W                     5.7             5.7 ,                                       

                                                                                        ,             

     k        k                76       107       0.2       0.3  ,             (        .3)             

                                    . 

   

Figu e  .7:                   k             ( )                       ( )                            

                                               .                                             = 4 

    . 

             ,                                                                                 

                                      ,                                             ffi             

                   .                                                        ,                   

                                                                   .        ,                 

                                                                          .                        

                                                                          k. 

 Effect of magnesium concentration on parameters 

                                                                                   ff       

    k            .                k     k             (620 ± 112  )                                

0.3   (       5.8),                     k                         600  .          21%             

                                .        ,                                          (112  ,   = 
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3).                                                  k                766  , 28%                   . 

     ff                            k                     fi    ,                                     

                                       k.  

 

Figu e  .8:                   k                                                                  . 

                                                                   ,   = 4. 

       fi                     k                                                            0.3  . 

X  et al. (2020)                                                                                   

                                                .                                            

                 fl                            ,                                          

                        .     X                                                       0.3   

               fi             (73.9 ± 0.4%)                                   (26.1 ± 0.4%)         

    3        ,                x                                       ,                   

                           16.7 ± 0.6%     83.3 ± 0.4%,            .       ff                        

           x,            .4             .5.                                                   ft 

                                             3                                        0.3   

          (        .6).                                  3.5 4                                3    

                        (       &      j   , 2018),                                             

                                                        .                   ,                        

        (2.95  /  3)                   (2.71  /  3)              (2.64  /  3) (X  et al., 2020),          

                                        3                              ,                        . 

      et al. (2016 )                                                3                          , 

               z                              ,                                                        

       ,        k                             .                      fi                       . X  et al. 

(2020)                          0.01                                 40%            (X  et al., 

2020).                             fi                                               

                 0.5  , fi          G      et al. (2016)                                          

                                                        0.5                                       

              3        3,   k             ff                                           .             

                      .          ,                     3          3                               
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                                                                                        ff        

        k                        .        ,                    (0.3  ),     X                         

    3                   ,                   fi                                          . 

 Calcium carbonate precipitation rate constants for different parameters 

                                                    ff            k                         

         ,                       3                              ff             k             (       

5.9).                                ff       ff                        ,        ,                

         fi               k       ( q      9).  

                      3= 
    

  
=k          (9) 

W                            3 =                              [ / ·   ] 

     =                   2+ [ / ] 

 k =               [    1] 

   =                              [   ] 

        3                                                                                 

        (        .7            .3).                ff   ffi       (   )                                   

          x                      0.73    0.94,                    0.84.                                

           ff               k                                                                , 

 x                               (0.452     1),                                       k              

     0.2   (312  ).                                                                     ff           

    k            . 

 

Figu e  .9:                        3                                       k                        

    . ‘      ’                x                                            (0.3  )          

                                                  fi   (15.7  ),                           

                                                                                      

                                              x             . 

 .    C 
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 .    C 
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                                  ff                                 (            = 0.89)      

        0.15 0.24     1        tt                 k                                  k             

(546  )                                       (0.15     1) (       5.9).                                   

                    ,       15.7     18                               (0.150     0.155     1, 

           ),                                     ff              k                          (546     

473  ,            ).                                                    3                   

             0.05 0.18     1                                0.95 0.99                               

(       .3).         fi        fi                et al. (2016 )                                       

                 (                                          x )                                

              .                                                                   ,    k       

0.2  ,                        fi                             0.5   (        .7).         k             

                     tt   ,               k    0.3            . G        ,                           

                             0.3                  ff               k            . 

       5.9                                                                                             

                                                        k             .                                

          0.11 0.18     1                        k                                                 

                                                  .                                                     

                                       k                           ff                                    

          .     k               ff                                                                 

                      (       5.9). 

                                                                                           ,            

     ff               ,                                                           fl  k        ,         

                          .         3                     fi      W   et al. (2020)                

                                         0.648 1.152     1,               et al. (2021)            

                     15.36 18.72     1.  

 Combining the best performers across all parameters 

                                                                                                     

                                    q  .                                                           

 x                                                                                              

            k                                      (       3.4).                       4.0     / ·    

         (       3.2)          x                            q                           

                                    0.3   (       3.3).          ,   fi     x                         

                                                               ff                                

(15.7  )                                      (0.3  ).                                      k    

            637 ± 60  .       x                                0.112     1 (       5.9),                   

               0.3              x         (0.116     1)                         15.7    x         

(0.150     1). 

            ,  x                        x               ,           3              36.7 ± 2.8%.     

    3                                                                   k                      

                             k   q       31 50%.                                                   

                                 3 (37.1 ± 2.7%,   = 17)                                 (36.5 ± 3.1%, 

  = 17).     ‘      ’                   3                                35.9 ± 0.5% ( =3).         

                                                  11.3 ± 0.5%. 
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                            k                                                     5.10                

’      ’  x        .                                                                              

                                                                                                     

  q               .  

 

Figu e  .1 :                                                     k                                   

                              k     (  )              k                                   k    

         (  = 4)                        (   )                  . ‘      ’               

 x                                            (0.3  )                                    

                        fi   (15.7  ),                                              

                                                                                      

                           x             . 

                                                                                                      

                   k                                                   . 

W         ff                                                                                 

       ,                                                                                 .       

                           k                            j                                 60         

               637  .                                               .8.        k        ,             

fi                                                                    q                          

                   k         k                                           3             . 

5.4 Conclusions 

                                fi                                                              q   

                  k                                                                     ,          

k                    .                                                                     

                                                         .                                    

                                           0.3                                          11.3 ± 

0.5%           3              36.7 ± 2.8%.     q                                            0.3   
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                       ffi          k            ,                                              

       .        ,                      ,                            q                        0.3   

                           . W                                  z     469 µ                       

                     k             (489 ± 6  )                        (9.3 ± 0.3  ),                    

                              ,        ,                                                            

     71%                 .                                                                   

                               k           62%                                               k    

         (546 ± 38  ),                                   fi                     .              fi     

                                          0.3                      k                620 ± 112  , 

21%                    .                         k                                              

                                                                         .                        

           3                                                                                     ,     

                                     0.11 0.18     1                                          k    

         .                     ff             (15.7  )                                      

(0.3  ),                     k                637 ± 60                               13.0 ± 2.3  /  2 

             ,  x                                               . 
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6 Production of bio-tiles using the pumping technique 
                           fi                                                                       

      q  .                                                 q                                  

    k                      .        ,                                                ,            

                           j                      .          ,              fl           

                ,                   q  ,           .              ,                          ,    

                           x                             3         .                                

                                  3                             3             .     k           

                                q            ff           3                                         , 

                                                                        .      fi    j               

                                  fi                       q                                

         . 

        6                                                                  k, Seeding improves the 

strength of bio-tiles grown with microbially induced calcium carbonate precipitation. 

6.1 Objectives 

    k     j                                       ff                     3                              

                                                    q  .             j                          

            k                                                         q       ff        : 

1.                     ;     

2.                            . 

6.2 Materials and methods 

 Bio-tile pumping technique set up and procedure 

                                          (100 x 100 x 10   )                  z       ,         

                                       fl   (100 x 100   )                   .                    

                    ,  ff                                        (       6.1).              x        , 

                                       0.1              .                                          

          j                                                                                  .  

                               S. pasteurii       x                                               

     (          ,          )                                    z              (   )            

     fi           et al. (2023)              75%                            .                        

   k                                                                       x    (         

     x                                        (2019)                         )     15        k 

    ,                           3 4                                     fi           .         k   

     x                                                  q    x                    tt            

                                                                                  3               

              .  

  4      J     3.4 W                 (J    , Z             ,      )                             

              q         .                                                    110 ± 3       

                  .                                                                 (0.27) (      

 .1)          (0.75) (        &        , 2019).                                     0.3           

                       0.3       .                                                         

              (            )                                              ,                      

       .                                                       x        ,         4     . 
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Figu e 6.1:  )               )                                                (100 x 100   ). 

                                            . 

W             ,                             ,                                   x                    

 ,        ,            .         tt            tt                                                      

                      .                   k  k                                                     . 

 ft                  fi         x      2                                                           

                       ,                                          , 10 16                   x        

                                        . 

                                                                                                         

                                                 (2019).                        ,       x         

                             . 

                ff                                                  k            ,         ff      

                           : 8, 16     40        4  / ·   .        x                           

                                                                        24  .      ff                 

                     k                                         1, 2     4                .       

 x                                                   .  

 Bio-tiles grown with different materials seeded with calcium carbonate and the effect 

of mould inverting 

             x         ,                               ,                                            

                                ,                              .        ,      ff                

                              ft       fi                                                     

                                .               ,       fl                              3        

                         q    fi  .                   x                                    

         x                         3                                  .                        

A B 
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 ft                                                                                  .   x ,        

     x                                                              ft                          

     ff                                 k                         .  x                          

     x                     x                               .1. 

 Bio-tiles grown with geotextiles containing different masses of calcium carbonate 

seeds 

      fl                         3              k                               .                    

                                                                  x                               

                        x                      fl                       .          ,                k 

             100 x 100                            . G    x            ff                    3       

                                                               x    .          x             k   

                                    40        4  / ·                          5                 

     x   .                     x                                                                

       .             ff                     ,              x             j                           

                       .        ff                                  .      x     ,                 

     0.6                                                7.24                  x       0.072   

            2      x   .                     x                        30°                           

                                                                  .                           x     

                                                                     ff                    

    k                 q    fi  . 

              j                   ,                            6.1                    . 

T ble 6.1:                                                                k            . 

     e e  R  ge    i e    i  

                 8, 16, 40        4  / ·    

                                1, 2, 4   

                          1, 24   

                          3    
                  x          

G    x   ,        

            3               x     2.1, 6.9, 7.8, 14.5   

 

 Alternative bio-tile aesthetic 

                                                             (       6.2)          100 x 100    

               fl                            j                            .             x             

                             ft       fi                  .      x                     4     . 
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Figu e 6. :               q                     (100 x 100   )                     .     fl   
                           3                                  fl     .                          . 

6.3 Results and discussion 

 Influence of bacteria activity on bio-tile properties 

                                        fi        ff                                               

                 q   (       5.4)              ,                                                   

      q  .                       ,                                                                

     q      ,       ff      fl                         x                .                            

 x                                              k                                     ,        

                fl                                 k            .          ,                          

     x        ,                                     .  

                  k (     et al., 2023),                                      ,                          

                                                                                 .                  

                                                                                           

         ,           .                                                                            , 

                       k           x                           .                     ,              

                        5.0 9.0        4  / ·                                                 

           .                                                                     ,                

    k             (       6.3).                              fi       (       5.4),           ff      

                    3.2 4.0     / ·             fi  ,                                            k    

         .                                                   3                    (W   et al., 2020). 
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                                                                                    (         &       , 

2006),           ,                                               (    x     et al., 2009; Z      et al., 

2021).         (X    et al., 2020; Z     et al., 2020)                                         z     

                                     z ,        ,                                                   

            x          (     et al., 2023)              ,                            fl            

                          .                                                      z ,             

                                                                                                 q   

(       6.3)                         (       5.4).                                           k   

                                                 fi                           . 

 

Figu e 6.3:                                   ff                                    k                 

                                ft                      .                                   

              = 3         .     =                   . 

                                           40        4  / ·                                 

                              q     .          ,                                    40        4 

 / ·                         q      x         .   

                 (       6.3),                         k                                              

            k          9 10   ,                              x           q              .         

                  q                                            k    ,                 x          

                                  fl                                  k                

            .                  ,     k                                                          

               .     k                  k                                                        

                                              .  

 Retention time that produces bio-tiles with the highest breaking strength 

     ff                           k                            .         ff                       

                                        ff                                               . 

 x                                              ,             96, 48     24                         

        1, 2     4  .          ,                                                                 

                                  . W                                                       

                      (72 88%)                   (15 77%)                            (6 47%) 

(        .9),      ff                                   k                             (       6.4). 
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                    (2019)                                                ff                   

         ,                                    86.0%                                   97.3%    

                                . 

 

Figu e 6.4:      ff                                          k                        .            
                           ,  1  = 3,  2  = 6,  4  = 6. 

                                                                       k                        

                 5.4     ,                                              2.8                         

    k             (       6.4).          ,                                                      

                                  x         . 

 Effects of mould inversion and resultant seeding on breaking strength and calcium 

utilisation 

                         x         ,                                                          

                                                24                                             

           ft       fi              (       6.5).        ,                                        fi    

                                                                         .                          

                        ff                                           .          ,                   

24                          ,                                       ,  ft           ,              . 

W                                           ,                                                       

77.4%,             47.0%                  24       (       6.5).                             

                                                   k                  395 ± 51      517 ± 43  ,           

                     fi                ffi          31%,                     k            .          , 

                             ( ft           )                                                  .  

                                                                                     j            

                                   (2014)     W    et al. (2022 ),        ,                         

                q  ,                          3                                              

                         fi                         .  

        3                             x                  fi                                    

                 ,                                    3                      x                        

          .                                        3                                                

0

50

100

150

200

250

300

350

400

450

500

0 1 2 3 4 5

 
  
 k
  
  
  
  
 
  
 
 (
 
)

                       ( )



 

 
 

64 

Manufacturing Bio-tiles 

       fi                                                                                          . 

                                                                  .      ,                  3          

           (      &       , 2016).                        ff       k                                  

                                                         fi                                      x    

                                .             ,                                                

                             ,                       ,                                             

                                             3             .       x                                 

                       (Z      et al., 2021).  

 

Figu e 6. :      ff                                                                     x        . 
                                                                       ,   = 3. 

           ,                          ft   24                  ,                                 

                   (       6.5).                                               k                      

                                                      (       et al., 2004;      et al., 2023;         

et al., 2021).             x                                 (2019),        100%  ffi           

                                         x                ,                                      

                                                          <0.13  .                                

                                                                               (        .9)      

                                                           fi                          (       6.4). 

                    (2019)                                                            ffi         

                                                  . W                                            

   0.13  ,                                                        99%    85%.         fi         

                                                                                     q  ,          

                    .                                                                  0.3  ,    

                                                                             .  

         ,                              k                                  tt                 k 

                                      x                    ,                                   

                                           .          ,                     fi                     

                      (       6.4)                              0.3   (       5.5) ,                 

                                                 x                        k                         

600  . 
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 Impact of pre-seeded materials on breaking strength  

        fi              ff                                                                           

        x                                                                  ffi      .               

                        3                          x                                       

           ffi       (        .10).        ,                       x                               

          x                                                                         (36 54% 

            11%,         .10),     k                            (0%          ).           

        ,                          x                                      ,              10% 

                        x                    (        .10).         k                             x    

                                                                         3                       

                                                                                            . 

       ,      x                                                                                    

     q           tt                  . 

W                                                x           ,         k                         

           q                      600      894 ± 32  ,      517 ± 43                               

              x    (       6.6).                            73%.         fi                       

                        x                                                  ,                     

                               fi                   . 

 

Figu e 6.6:             k                                        24                             

                  x                            .     z                                            

    k                       600  .                                                 = 3         . 

 The effect that mass of calcium carbonate seeds has on breaking strength 

     x                              x     (       6.6)                        k                 

                  .                                               ff                            ,     

                                    x                                x         .                 

                                                                  x                         (       

 .11),         q                 ,      ff                                      k                 

q    fi  .  

                                                                  x                             

        ,                                            3                     ff           k             
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(       6.7). W                                      q         ,                           

                               (K   et al., 2020),                            3              

     x                                                   k             . G        ,                 

                                                       z                                                   

                                                                                        (  ï    

               et al., 2004;          &     , 2017).                       fi                       

                                       z ,         0.4                                              

1            (  ï                   et al., 2004).                        z                         

                                   ,                                                        ,            

(Z              &        z              , 2023).  

 

Figu e 6.7:      ff                            3                             x                k    
                    ,                                       x           .                          

                       = 3         . 

                x                                      0.021               2         x                

      k                628 ± 18  .       k                940 ± 92                           x     

                                  (0.072               2      x   ). G                           

  q              k                                600  ,                                             

        ,        ,                                        fl                                         

                   .  

 Bio-tiles produced with a vertically-oriented mould 

                                       q                                                  

         ,              100 x 100          fl                     x                   k              

   326 ± 58  ,                     ft   1                (                 ).                     

               j                                      48      ,                              483 ± 

41  .                     x               ff                                 x                       

        x        100 x 10     ,         ,                               fl     tt                 

  k                           k                                          . W         k              

          q    ,       fl                                     (       6.8)                   
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Figu e 6.8:  x                   (100 x 100   )                                                  
           fl         fl                                                . 

 Summary of bio-tiles produced and adherence to standards 

                           6.9                                           x                    

0.021  /  2              k                                                 x                         

                          10%    628 ± 18       10.5 ± 1.1  /  2 (                = 11.5%).       

                                                               10%                               x  

                         (6 10%)                 k               q            750          

                               9  /  2.                                 0.072  /  2      x         

                                          8.7%.      ,                                                 

        x        0.02  /  2         x                                                            

             >10%.        ,                                   6 10%            ,                    

                       x        0.07  /  2      x                   .                          

    k                                      x           q         ,                                  

                                                   q                                             6 

10%.  

         ,                                                 q                                       

                                                                                       k        

                 q   (     et al., 2023)                                         >10%             . 

                                                           q                                          

     x                                                                    z   .                

                                                    .            ,                               

                                                                                           ff  

                                       .                                                 

  q                                                                              fl     ,         

                                                                               k        (        & 

       , 2019)                (K      et al., 2020). 

A B 
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Figu e 6.9:                                 ff                              ,                      

        k                    x    .                                       k                         

                                                                               10%.    k         

                                                                        6 10%.                  

                   6 10%                ,                                       >10%.            

                                                        ,   = 3,  x                           

              x                  = 6.    =     k            ;     =                   ; W  = 

               . 

                                                               ( . . ± 98           “            x   ” 

 x        ,  . . 12%                         862  ).                                              

     x                                        q                             2 27% (   et al., 2020) 

    2 25% (Z    et al., 2014 ),      x     .              ,                            15%       

          .       q                                                                                 

100                         . W                                             ,                             

                                                                                             

                                                      .            ,                              

                                                     (   et al., 2018; K   et al., 2022)           

              3                                ,                             .                  

    k                                       x                             .4.                            

                        x           x       15%,                    (  = 6         )         

                                 . W              ,                                              

                                      k                                      (140       73  , 

           )                                 x         (395  ).            ,                   

                       x                k                                                       

                                   .                                                            

      ,                      fi             ,             3   k                                     

                                k                        fi                     fl                    

              . W                   ,                                                                 

                                                   fi              3. 
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6.4 Conclusions 

                                        k                                                         

                  3                 fi       .             fi                                     

       (40        4  / ·   )                                            k                            

                q  .                                                         k             ,          

                                                                                    ff     . 

             fi                                         k                21 82%,                  

            .                     k                940 ± 92                               16.4 ± 1.7 

 /  2 (                   8.7%)                                      0.072  /  2,        

                          x                                           6 10%. W                      

0.021  /  2                 ,                                                            >10%      

            628 ± 18       10.5 ± 1.1  /  2      11.5%                .  
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7 Production of bio-tiles using an automated binder jet 3D printing 

technique 
                         fi                                                                j   3  

                 .                                               fi      tt                    

                             q   .                                                            

fl                                        q  .     k                                           

                                                                     q                              

      q                                                                        .             , 

                                          ff                                           ff      

                      .                               q            ff                               

                                                                     q           z            

      .             ,                    ,     3                                                  . 

        7                                  tt                           , Supplementation of bio-tile 

production with magnesium, calcium carbonate seeds and nutrient broth for an automated, modular 

microbially induced calcium carbonate precipitation process.  

7.1 Objectives 

    k     j                                                                    q               

                                        k                             :  

1.                 3      ;  

2.                                                                             ;     

3.                       . 

7.2 Materials and methods 

 Preparation of the urease active bio-slurry powder 

           12 15 fl  k                                                                 .           

                      ,                                (1.17 1.47  )               k            .     

                                                   z                                          

 ft     x                                              3                             .      

          ,                                                                3      . 

     k                ,                                                 7.9      85%  3  4 (        

et al., 2020).                                        5       tt   tt                            

  ffi       x                             .                                                        

(    2·2 2 ; ≥99.1%       , K   x,          ,             )             0.4                 (      

et al., 2020;         et al., 2020)                                               x   .                

  tt                         .                           60%           6                           

(        5250,             q       ,        ,             ).                                    

             tt       14       (        et al., 2020).              ,                               

              x                                                                   .                

             z        (       801,                    ,          ,             )     72          

450            33 ̊.                                                                        ,          

                             20 ̊ (        et al., 2020).       46                               1   

                   . 
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    q                                          z                  ,                              q    

                            1                                           15                          

              fl  k       x        15       1               ,     fl  k                   k      

120         30        .                                                                . 

                                                  ,                                              

                                                        x                            (        et 

al., 2020)                                                                                        . 

                                                  ,                                              

                 . 

 Design of the 3D printer 

    3                                                                j   3         .               

                          (            )                           .                        

                                     q                 ,                                          

                               (          ). 

                                         , J           ,             .                          

                                                             7.1.                                    

                          .12            .15.                                                   ,    

               ,                                                   ,        ,         ,                     

                   .     3                                                                   

fi      ,                G        .  

                                    q        tf    (100 x 100   )                                    

    ,                  tf                                                           .                     

                                                                         , k                        

                          . 

W           tf                           ,                         tf                             

                                     tf   .                       ,        tf                     

                         ,     k                                                 .                   

                                                        3              .                            

                             3              . 

                    (200        k ,      z   ,   z   ,       )                                  

          tf                                                                              tf         

                                           .                                         80 k          . 

                                                                        (600 800  / , 

           W500 , Q                        .,         ,      ),              3          

           (                      90 x 90   ),           k                                        

                 .                     (0.02 0.8    ,        ,    q        ,      )                  

          ,                                                                     k .             

                                      3                     .                (    17)           

                                                                                                      

             . 
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Figu e 7.1:       ( )              ( )                                       . 

 Additive manufacturing process 

                    100 x 100 x 10   ,     z                   (3   %, 3.28  )                 x        

      q                                  5         (        et al., 2020),                             

                                                             x    .                                    

               j                                                                                      

B 

A 
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                           .                                               x              

                         tf                           ,                                         

   tf         .                                      k                tf   , fl tt                    

              .        x                                                 ,                               

                                                                                              . 

       k                                                 tt        G      fi  ,                     

     3                  ft     (     W          ,        K      ),                            

(     3            6X ,     3 ,             ,        K      ).                              

                                                                          (                    , 

       ,      ,      )                           .                                                  

3.5          q         84 ± 2.5   ,                           15                                    

           .                   8     ,                                                              

    45        ,               15                                          .                 

           ft                                  fi                                . 

        ,                       x                                     ,                                

                               .        ,                                                  

         ,                 fi                                             (84   )                      

                  ,                                                                   .       ft  , 

                                                                                                   

                                 . 

7.3 Results and discussion 

                                                                fi      tt                    

                             q                     .                                           

                                                                                  k                 

                          . 

 Comparison of the urease-active bio-slurry powder to conventional liquid bacteria 

solution 

               z                                                 ,                                 

          .                                                 x                           ,             

                                     3                                       x    .                  

             ,     fi                                          33.3   /  ,                          

                                                               (2016)       x   5              (      

15%              )      15    3                    10                   ,           fi    

                25.6                     /  . W            et al. (2020)                   , 540 µ  

                z                                60 µ  0.1               ,           fi               

                       1.17   /  .                                                               

       z                                            (       7.2).                                     

                                           q                    .  

        et al. (2020)                                                                 

                       x                                                                         

          . W                                      ,                                           

                                                                           ,        ,         

                            29%           ,             (       7.2).                               

                     fi                                                                         
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                                      .      ,                                                    

                     . 

 

Figu e 7. :                                                                    ,               
                                                                  . 

 Supplementation with calcium carbonate seeds, magnesium and nutrient broth  

                                               q                              k                 

                                                                     ,               k             

                        .                        ,       fi                                       

            k                          ,                                            .           

                                                      10.3 ± 0.9% (  = 5,         .16),     

         ,         k                                                 600       8  /  2, 

           .      ff                     3              (                                        

      ),                                                                                    

                              7.3.                         k                                    

                             ,           x       .            k      fl                            

         x    ,     fl                                                              ft    ,          

                                     k                                             .          

        (     et al., 2024;    et al., 2020)                                                        

                               2 27%,                                    . 

        k                                                             (       7.3).             

                                ,         k                 188 ± 60                (  = 8),            

                     .                           32%                    k            ,             

                                                     ,                                .            , 

                                   ,                       k                198  . W               

               ,         k                                                                         tt   

 ff                   k                                                         . W                 

                                   0.3            ,                                                
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                                                (498     715  ),                                

      tt    ff                                                         q  . 

 

Figu e 7.3:   fl                                     ,     3                                
                                                     q  .                                         
               3                                              .            k                     

                       k                                                                   
                                                                .                         
                                                                                              . 

                  3.28                 (~3   %           ),                     3      ,               

       .                                                    x                                ff       

                                                                                                     

(K   et al., 2020;         et al., 2007)                                 .              ,                  

                                                           .        ,            (       6.7)          

                                  14.5                      (0.07  /  2      x   )                  

                   k            ,                          .              ,     x        36.5      

                (0.18  /  2)                                             x    ,                   

         tt    ff           k            .                                            ff                   

    k                                                                        .                      

             x                               ,                                                    

                  x    ,                         q   (        .1).            ,                  

                          ,               20°          ,                                      fi . 

                                                                                                   

    k                            . W                                                         

                                                                                 (            et al., 

2021),                                                                                              

                                           (        &        , 2019).      q      ,         

                3  /                                                                                

                ff                                  .                                       k    

                         fi                                      (        .17). W        fi          

          ft          k                      x         ,                                         

0
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    k            .        ,                                                                        

               (  = 2)         k                        100%                                       

                     (  = 8)                                              (  = 2),    

               12%           (       7.3).        ,                          ff       (139     231 

 ,            )        k                                                                          

                            . 

     ff                                                0.3                               

     k                             .           ,                                                  

                           k                 622 ± 84                        (  = 7).               

            13%                    k                                                ,           

                                                                  .                                    

        k                                                 3.3     .                                    

                                                  q   (13%,        5.8)                         

                                                                   j            q   (X  et al., 

2020).                                                             3,                              

  z  (      et al., 2016 )                                                                    

(           et al., 2019; X  et al., 2020).                                                      

                 3            ’                3            3.5 (       &      j   , 2018).         3 

                                                                        (        .16)     

                  (39.7±1.8%)                                                   (35.7±1.3%).      

                            3                                                   q   (36.7 ± 2.8%). 

                                                        ff                                    

     . 

 Performance of the prototype automated system 

                                                                                    fi     

                                            q   .        ,                   q           

                                                           :                                          

                    .                                                                              

                      fi                                         ,                                   

      q  .                                                             q  ,              

                q                                     k                                     .    

          ,                                            q                         j    4.2   

(0.021  /  2      x   )                  3                                      (       6.9). 

         ,                                                                                      . 

                           7.4                                                                  

     ,               3                           ,              k                            

                     x                                                   10%. W                  

              fi              x                             10%,               6 10%,         3 6% 

                                              3%.                         ff                 .     

 x     ,             q                                        ,              fi       .             

                                                      x        9.6%,                                

                     q   (9.7 13 7%),                                                             

                       q   (       6.9).                                           fl                 

                          ,                       k                                              

           . 
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Figu e 7.4:                             fl                       3      ,                      
                                                    0.3            .     =            

       ; W  =                ;    =     k            .                                    fi   (     
                      q                                  )                     k               
   k                                        ,                                        z        

                  . 

                               fi                                                    fi     ,      

  q                                     ,                                                           

                                    (       7.5 ). W                                  ff           

    k                                                    ,             ,                         

      fi                                     3                         .        7.5 ,                  

                x                  .        ,                                           

            q                                            q       (       7.5 ),                   

                                q  .           ,                 x                              

                                                q  .                                                  

                                                       tt                                         

                                  x                                                   3         . 
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Figu e 7. :          (        100 x 100   )              q                     ( )                

      ,                                                                3       (       )          

                                                           ( ),                                   

                                        ( ).                      k                           

  k    ft                       k            . 

 Conceptualising scalability 

                                                      . W                                         

       ,                                       fi                                                     

                                                                                                   

      (       7.6).                                                     ‘    ’.             fi   

     ,        tf                                 ,          .                                      

 ffi      .                                                    ,             ,        ,                   

                                    .                                                              

                                        . 

B CA 
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Figu e 7.6:                   fi                                           ,          ( )          
     ( ).                     x                  z                                               . 

7.4 Conclusions 

             3                                                                                  

                                    k                                                            

          z                                        fi       .      ff                          

q    fi       0.3                                                              k                

                                    3                q  .                                    

        k                          3.3         622 ± 84  .                            3              

                tt    ff           k            ,        ,                                       fi      

                                        .                                                      

                                   12 100%         .                                     

                                                                          k                   

 x                       ,      x     , 681, 671     702                              13.1, 12.6 

    11.9  /  2                                          10%. 
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8 Concluding remarks 
8.1 Key findings 

                                                                              ,     3        ,     

                                                                                              . 

    fi                             q    x                                q  .             

         ,                                                   k                                    

                                       10%.     q                                         (0.3  ) 

                                           ffi                7                 .                 

             z     469 µ                                        k             (489 ± 6  )             

           (9.3 ± 0.3  /  ²),                                                  .                    

                                   ff                                 k                            

       .                                    (    k                546 ± 38  ,                    

   11.6 ± 1.8  /  ²)                                             (15.7              14  ),        

                                ffi      .                          (0.3  )              k    

            620 ± 112                                                                           . 

             k   fi                         3                    (0.11–0.18    ⁻¹)             

                 ,                                                      ,       k                

637 ± 60                               13.0 ± 2.3  /  ²            ,                            

         . 

W                      q                                           ,         fi       ,          

                                          k                                                  

          .      ,                                                       (40        ₄  / ·   ) 

                                 (288 ± 35  )                            q               ,          

             z         fi                            q  .                          (         

                            4            )   x           k             (395 ± 51  ),           

                         x                  k                21–82%,                          . 

                              0.072  /  ²              k                940 ± 92                  

           16.4 ± 1.7  /  ²,                       x                 6–10%                .   

                0.021  /  ²                            k                628 ± 18                  

           10.5 ± 1.1  /  ²,                                                                       

10%. 

                                                             ,                                  

        k                                                                                    10%. 

W                                3                     ff          k            ,             

      fi                          .         k                    fl                            

       ,        ,                                      ,        ,                          k       

                            k                             k                                      

    3      .                          (0.3  )      fi                    k             (622 ± 

84  ),               3.3                                                          .                

                                                                      12–100%.          

                                                                                k    

             681, 671,     702                                    13.1, 12.6,     11.9  /  ², 

                                                               10%. 

           ,       fi                                                                   ,            

                        ,                            fi                                        
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           .                                                                                    

  q         ,                                                                   ,                  

                  .       fi                                                                        

                                    ,                                                       

       . 

8.2 Implications of this work 

W              G      k                                              ,                        q     

                 .      x     ,      et al. (2022)                                                   

              fl     ,                                      x                                        

       . W    et al. (2022 )                                            z  0.18 0.5               

       .                                                                                 

                     ,               fi                                                       

           . W                                              ,  tt                                 

         fi                                                      k                         

                                        .                ,                                        

           .                                                                                         

                                              .   ff                                                 

                                                    .  

              fi                                                                          q          

      k                                            k    fi        .                                 

                                                            .                                   

                                   ff             z      q        (         )              (100 x 100 

  ).        ,                  q                                                          q      

      x    (20.9 W)                  x        4497 W             q                             k    

                 (       et al., 2019).            ,                                     q         2 

                                                      16.42 k       2      2         (     et al., 

2012)              x,   x       ,                             .            ,                      

                         (70 83%)                                              ffi            

                               ,              x                                                          

                             (     et al., 2019). 

          ffi                                                                 .                     

                            q                              k                                         

         10%                                          k  (     et al., 2019).                       

                                             .          ,                          ffi      

                 ,             ,                                     q     ,                     

                                                                      (     et al., 2019).         

                                                                           (    )                      

fi                       (     ),                                k  . 

                                                                                              

            (        k et al., 2010),                                                                 

                                               (        et al., 2017),                    .            

  k                                                                                            

                                  (        &        , 2019). 
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             ,                                                               ,                       

            ,                            (        &        , 2019)                     (         & 

       , 2022).                                               ‘     ’       ,                         . 

                                         k    k                                                         

                                         (    k ,       ,          ,    .)       ff                 

         . 

W                                             ,                                                     

              .                                            x                               

                     ,       ff                                             ,                    

     ffi      ,                                                                            

                     . 
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“The more our world functions like the natural world, the more 

likely we are to endure on this home that is ours, but not ours 

alone.”  
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9 Appendices 
                                         ,            fi                                         . 

9.1 Materials and methods 

 Submersion technique experimental set up 

                                                          fi    fl tt                               

                  .                   10     ,          k   k                                

                         fi               .                         q   z                    fl tt     

    .                                                               q                                 

                . 

 Appearance of seeded geotextile and foam 

 x                               x                                                                 

                .1. 

 

Figu e A.1:                                   x         .  )           )      x                   
                  x         .  ) G    x                   ,  x                              . 

A B C
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9.2 Submersion technique 

 Effect of particle size on bio-tile properties 

                  z                                  ff               k                        .     

          z              (   )                                            z                      

                        .1          10,  50      90              ,                                   

         (  )        .  

T ble A.1: K             z             (μ )                                                   z  
            (   )      .                   (  )                       = 3. 

 ieve  ize  1       9       i      

75 150 92 139 209 0.50 0.020 

212 300 241 331 457 0.45 0.007 

              304 469 707 0.40 0.036 

425 600 456 641 919 0.43 0.007 

600 900 633 978 1474 0.42 0.008 

1:1*      fi    423 810 1428 0.28 0.002 

1:1*      fi    393 825 1465 0.32 0.017 

*    :G      k            

              tt                                                       (  1377, 1990),              

                       (2019)                   .     fl , 10                                     

                 tt    ft            ( 1)                             ( 2).                           

                                                                                             (         

       ).                   25°                           ,                                       

  tt               25°                                                  .       tt            ,     

                  fi                      tt                        ( 3).       tt               

          , fi                             25° ,                                  ( 4).            

            ,          fi         ,                                          z                       

(       .2). 

T ble A. :               ,                                                   tt         . 

   Parameter value Standard deviation 
D50 µm 139 331 469 641 825 139 331 469 641 825 

G1  1 1 1 1 1 0 0 0 0 0 

Vt mL 10 10 10 10 10 0 0 0 0 0 

M1 g 36.7 34.5 34.5 34.4 35.8 0.28 0.29 0.21 0.48 1.13 

M2 g 50.0 49.0 50.4 49.8 54.2 0.42 0.39 0.31 0.48 0.84 

M3 g 96.6 93.6 94.3 93.8 98.4 0.35 0.25 0.35 0.63 1.60 

M4 g 88.3 84.6 84.2 84.1 86.8 0.26 0.20 0.59 0.63 1.66 

M g 13.3 14.5 15.8 15.4 18.4 0.16 0.11 0.12 0.040 0.44 

Gs g/mL 2.65 2.65 2.78 2.68 2.72 0.081 0.018 0.16 0.002 0.007 

Vs mL 5.02 5.47 5.72 5.73 6.77 0.20 0.066 0.36 0.017 0.17 

e  0.99 0.83 0.76 0.75 0.48 0.079 0.022 0.11 0.005 0.038 

n  0.50 0.45 0.43 0.43 0.32 0.020 0.007 0.036 0.002 0.017 

     ff       fi                                                           ff            ,          

                   fi          110 μ                                      fi          400 μ      



 

 
 

88 

Manufacturing Bio-tiles 

                 103 μ .                                                          .2              k    

                              .  

 

Figu e A. :           z                        1:1         G      k                   fi            
                  k            .                                       ,   = 4.            

                                              400 µ . 

                                           ,                     z     2000 µ                          

            z                       2000 μ               ,                   ff      .         1:1 

                         fi   ,                          2000 µ                        24.9%     

18.4%                  ,            . 

 Impact of cementation solution volume on breaking strength 

                                                                  ffi                             

           ,                       ff                        k                            . W    

                           ,                ffi                . G        ,                           

                                    ,   k                                  k.        ,                   

        k                                                                        .                   

                                            0.2     0.3 ,                               ( 0.48 

     0.38,            )                         k                                                    

                         (        .3). 
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Figu e A.3:                         k             (                                ,   = 3    4) 

                                  ff                                                      0.2   

    0.3  .                                 x                                  . 

 Water absorption of the bio-tiles produced with the submersion technique 

                                            9.7 13 7%.                               x          

(15.7  )                                       10%,    fi              k                            

                    600       8  /  2.                                                           

                (12.3 ± 1.1%,   = 17)                                                              

                            (10.5 ± 0.7%,   = 17). 

 Comparison of bio-tiles with and without magnesium 

                                                    ,         ,   x                         

                          k             (       &      j   , 2018).     X                       

                                                                              (        .4).         

X     ff                                .5. 
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Figu e A.4: X                                                          15.7                     

( )                          0.3             ( ),                                    ,             

q    z. 

 

A 

B 
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Figu e A. :     X     ff                                                         15.7           

          ( )                          0.3             ( ). 

           .6,                           ff                                                          

                 .         .6                                                                    

 .6                           k            .         fi                                          

        3       ft                                    . 

 

A 

B 
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Figu e A.6:                                         ,      ( )            ( )                     

   0.3            ,      ( )            ( ). 

 Rate constants of calcium carbonate precipitation for different parameters 

                                                                                                     

                                          k                                           ff   ffi       

(   )           .                                                 k                                   

                 .7                  .7                                            .3. 

A B

C  
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Figu e A.7:                   3                                    k             (           
                           ,   = 3    4)                                      ( ),             

                                   0.3   ( )                            ( ). 
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T ble A.3:                                                               ,    ,            
                                                                .                            
                               ,                                                          
                                                   . 

C   e        ( )  .   .3  .4  .   .7  1 

              (    1) 0.452 0.241 0.114 0.080 0.050 0.026 

    0.935 0.860 0.829 0.934 0.746 0.725 

 50 (μ ) 469 469 469 469 469 469 

       ( ) 14 14 14 14 14 14 

   ,     (μ ) 139 331 469 641 978  
              (    1) 0.066 0.112 0.241 0.073 0.049  
    0.794 0.847 0.860 0.953 0.794  
             ( ) 0.3 0.3 0.3 0.3 0.3  

       ( ) 14 14 14 14 14  

V lu e (L) 11.8 14 1 .7 17 18  
              (    1) 0.208 0.241 0.150 0.179 0.155  
    0.900 0.860 0.966 0.953 0.794  
             ( ) 0.3 0.3 0.3 0.3 0.3  

 50 (μ ) 469 469 469 469 469  

  g e iu  ( )  .1  .   .3  .4  .   
              (    1) 0.135 0.181 0.116 0.049 0.124  
    0.951 0.981 0.993 0.970 0.995  
             ( ) 0.3 0.3 0.3 0.3 0.3  

 50 (μ ) 469 469 469 469 469  

       ( ) 14 14 14 14 14  

    =            ff   ffi      ,     =           z              

              x                          15.7                                   0.3         

                 0.112     1               0.912. 
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 Finished bio-tile product 

                        k                                     .      x     ,                         

     (        .8)                                             .  

Figu e A.8:  x                      ,       ( )      ft       k                  ( ),                

                 q                             . 

 

9.3 Pumping technique 

 Utilisation of calcium depending on retention time and inversion 

    x      ,                                                   ,                              

        (        .9).              ,                                                                

    k                                            . W                                             

        .9,                                         2,                                           

                                                                               (2%     5%, 

           ).                                                                  ,                

                                                                              .            ,     

                                           ,                                                       

   .        ,                                                        .                            

                            fi                         fi    ,                                         

     . 

A B
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Figu e A.9:                                                                   1, 2,     4            

     x         .                                                           ,   = 3. 

 Utilisation of calcium for different inversion times, seeded materials and seed 

loadings 

                       x                                                             (       

 .10).                                                            (                          )    

              54%                 x   ,                                                              

             fi                          ffi      . 

 

Figu e A.1 :       fl         ( )                                                                 

 ft               3  ,        ( )               x                1                   x         

            3       1  .                                                 = 3         . 

 Analysis of the mass of calcium carbonate seeds contained in the geotextile and foam 

                 fi                            x             ,                                   

q    fi  .             fi                 x                                                       
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         x                      tt   (        .11),   k                 x          ff         

                                                                                               

     .                                      x              (2.59 ± 0.18  )                       

(3.66 ± 0.21  ),                                             x             ff                         

             . 

 

Figu e A.11:                 3                                  x              ft       
               .                                                 = 3      x                   . 

 Discussion of errors 

                                                               k                                   

          ,        ,                                  11%.                               ’             

   ffi         0.44,                                    fi               . 

W                       ,                                                                ,     

                            ,                       x               z             ,                  

                                     x                      x                              

                       k                 .                                      fl             fi    

    k                   .        .4                                 x        . 
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T ble A.4:                    k                                        x                            
                                           .                          x        15%                 . 

Experiment Sample Breaking strength Average Standard deviation  Error 

   (N) (N) (N)  

Activity 
(mmol/L·min) 

8 

A 178 

150 19 12.9% B 134 

C 140 

24 

A 180 

172 23 13.5% B 195 

C 140 

40 

A 338 

288 35 12.3% B 262 

C 264 

Treatment 
cycle length 

(h) 

1 

A 326 

395 51 12.8% 
B 368 

C 439 

D 448 

2 

A 109 

140 43 30.9% 

B 70 

C 165 

D 172 

E 300 

F 183 

4 

A 50 

73 15 20.2% 

B 92 

C 86 

D 59 

E 78 

F 74 

Reactor 
seeded 

  A 862 

827 98 11.8%   B 694 

  C 926 

Pre-seeded: 
seed loading 

of the 
geotextiles 

(g/cm2) 

0 

A 551 

517 43 8.4% B 456 

C 544 

0.021 

A 634 

628 19 2.9% B 603 

C 647 

0.035 

A 696 

659 49 7.5% B 589 

C 691 

0.039 

A 999 

836 117 13.9% B 733 

C 776 

0.072 

A 1065 

940 92 9.8% B 906 

C 847 
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9.4 Automated technique 

 Diagrams of the prototype 

 
Figu e A.1 :                                                              .                 .  
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Figu e A.13:                 z                                                .     z             

              ,            ,                                 tt  ,        tf               . 

                . 
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Figu e A.14:                                                                                . 

                . 
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Figu e A.1 :                                                             .                 .   



 

 
 

103 

Manufacturing Bio-tiles 

 Calcium carbonate content and water absorption of the best performing bio-tiles 

produced with the automated technique 

                                                                                             

                                                     ,                               .         

                                       3                                                

                  (        .16). 

 

Figu e A.16:     3         ( )                     ( )                                         

                                                          . 

 Effect of nutrient broth prior to methodology finalisation 

                                                                fi                             

                                                    3         .                    ,                  

                                                                      .                             

                                  fi             fi                k                                  

         3          (        .17).        ,        x                                       . 
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Figu e A.17:                ff                                                                         

                         fi         . 
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