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Abstract:  This paper presents the results of a study conducted to investigate the flexural behaviour 
of foam concrete containing pulverised bone as partial replacement of cement. A total of sixty     
reinforced beams (150×150×750 mm) were used to investigate the flexural behaviour of the 
specimens. For reinforcement of the beams, hot-rolled, deformed 10-mm-diameter bars with yield 
and ultimate stresses of 478.10 N/mm2 and 710.81 N/mm2 respectively were used. The cement 
constituent of the mix was partly replaced with up to 20% of pulverised bone. The flexural 
parameters investigated are crack formation and its pattern, failure mode, ultimate load, theoretical 
and experimental ultimate moments, deflection and stiffness. From the results of this investigation, it 
is concluded that the provision of the design standard in relation to shear and flexural design of 
beams can be considered as adequate for the design of reinforced foam concrete. It is further 
concluded that the stiffness is not affected by the inclusion of pulverised bone in the mix at up to 
15% cement replacement level, and neither is the deflection pattern of the uncracked sections of the 
specimens affected by the inclusion of pulverised bone. The bending moments of the specimens, 
however, decreased with increase in pulverised bone. 
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INTRODUCTION 
           

Foam concrete is a lightweight concrete that has proved suitable for lightly-loaded structural 
applications and as a weight-reducing measure in structures. It has also made possible the use of 
many industrial and agricultural waste products in its production with attendant environmental 
benefits [1-3].  A waste product suitable for use in foam concrete production, especially for low-cost 
construction, is pulverised bone obtained from cow bones generated from abattoirs [4]. Results of 
our previous investigation [4] conducted on paste and mortar have shown that pulverised bone is 
suitable as a partial replacement of cement because of its pozzolanic properties [5, 6]. Falade et al. 
[7] have demonstrated that using pulverised bone as a partial replacement of cement, at up to 20% 
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replacement level, in the production of foam concrete results in a lightweight concrete material with 
adequate strength (compressive and tensile) for structural applications in line with the 
recommendations for lightweight concrete [8, 9]. Furthermore, the use of pulverised bone was also 
found to be cost-effective when compared with normal concrete of comparable strength [10]. The 
objectives of the present study are to investigate into the flexural characteristic of foam concrete 
containing pulverised bone as a partial replacement of cement. The flexural parameters studied are 
crack formation and propagation, deflection, ultimate moment and stiffness. 
 
MATERIALS AND METHODS  
Materials  
          Ordinary Portland cement produced in accordance with British and Nigerian standards [11, 
12] was used as the main binder. Cow bones from which pulverised bone was produced were 
obtained from Oko-Oba abattoir in Agege local government area of Lagos State.  The bones were 
dried after they had been separated from all the muscles, flesh, tissues, intestines and fat. The dried 
bones were then pulverised with a grinder into powder and the fraction passing through BS sieve 
aperture opening of size 150 µm (0.15 mm) was packaged in bags and stored in a cool dry place. 
Sand from River Ogun at Ibafo town in Ogun State of Nigeria was used for this work. Particles 
passing through 3.35-mm sieve but retained on 0.150-mm sieve were used. Coarser aggregate might 
settle in a lightweight mix and lead to collapse of the foam during mixing. Lithofoam, a protein-based 
foaming agent supplied by Dr Lucas of West Germany, was used in this study. This is in line with the 
findings [13, 14] that protein-based foaming agents produce more stable, smaller and stronger bubble 
structure, resulting in foam concrete with higher strength when compared to foam concrete produced 
by other types of foaming agents. The dilution ratio for the surfactant was one part of surfactant to 
25 parts of water. The water used was potable tap water. This is crucial when using a protein-based 
foaming agent because organic contamination can have an adverse effect on the quality of the foam, 
and hence of the concrete produced.   
 

Mix Proportions 
 
          From available literature [15-17], foam concrete of structural value can be produced at 
densities between 1200-1900 kg/m3. The density being the design criterion in foamed concrete, a mix 
proportion that produces the target plastic density of 1600 kg/m3 (±100 kg/m3) was then developed. 
To achieve the desired design density and workability, trial mixes were carried out. The following 
mix design parameters were adopted: (i) a binder (cement and pulverised bone)/sand ratio of 1: 3, (ii) 
a water/binder ratio of 0.5, and (iii) a foaming agent dilution of 1:25. The mix constituent 
proportions are shown in Table 1. 
 
Reinforced Concrete Beam Details and Instrumentation  

In order to assess the flexural behaviour of the foam concrete, reinforced foam concrete 
beams were designed in accordance with British Standard [18], the current code of practice in use in 
Nigeria.  Details of the beam are shown in Figure 1.  
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Table 1.  Mix constituent proportions for foam concrete mixes  
 

   PB* 

 
Binder (kg) Sand 

(kg) 
Water for base 

mix (kg) 
Foam concentration 

Cement PB* Mixing water (kg) Foam agent (g) 
0% 25.00 0.00 75 12.50 4.688 187.5 
5% 23.75 1.25 75 12.50 4.688  187.5 
10% 22.50 2.50 75 12.50 4.688 187.5 
15% 21.25 3.75 75 12.50 4.688 187.5 
20% 20.00 5.00 75 12.50 4.688 187.5 

 
* PB = Pulverised bone                                                                               
 

 
 
 
 
                    

      
                

            
          
             
 
                  
                                                                                                                                                              
        
                                                                                                                                                                                                    
  
         
 
Figure 1.  Details of reinforced foam concrete beam and loading arrangement. All dimensions are in 
millimetres. High yield steel is indicated by Y and the number following Y represents the diameter. 
The number before Y indicates the number of either tension or compression reinforcements while the 
symbol @ represents the spacing of links. The applied load is represented by P. Line X-X indicates 
the point of cross-section.  
        
          The beams (150×150×750 mm) were reinforced with minimum area of reinforcement (0.13% 
bh, b = breadth of beam, h = depth of beam) in accordance with British Standard [18]. The 
reinforcement for the beams consisted of two 10-mm-diameter hot-rolled, deformed bars with yield 
and ultimate stresses of 478.10 N/mm2 and 710.81 N/mm2 respectively. For shear reinforcement, 8-
mm-diameter hot-rolled, deformed bars with yield and ultimate stresses of 475.42 N/mm2 and 666.90 
N/mm2 respectively were used. The cover was 30 mm while the spacing for shear reinforcement was 
75 mm to satisfy the requirement of British Standard [18], limiting the spacing for shear 
reinforcement to a value less than 0.75 of the effective depth (0.75 x 107 = 80.75 mm).  
           The replacement of cement with pulverised bone in the beams was varied from 0 to 20% at 
5% increment (based on preliminary findings). Beams without pulverised bone served as control. 
Beam specimens were produced and tested under the third point loading (Figure 2) in accordance 

X 

X 

30 30 90 

15
0 

   

0.5P 0.5P 

2Y8 2Y10 

50 216.45 216.45 216.45 50 

P 

Y8@75 
x– x   cross section 



23 
Maejo Int. J. Sci. Technol.  2014, 8(01), 20-31 
 

 

with British Standard [19].  A dial gauge was placed under the beam at the mid-span to measure the 
deflection at regular interval of loading. The load at which the first visible crack was noticed was 
recorded; so was the load at which failure occurred. The test was terminated when a little increase in 
load led to a very large deflection. A total number of 60 beams were cast and tested at 28-day curing 
age [20]. 
 

               
           Figure 2.  Testing arrangement of beam specimens 

 
RESULTS AND DISCUSSION  
Crack Formation, Its Pattern and Failure Mode 

    For all the beams, both with and without pulverised bone, the typical crack patterns formation 
is shown in Figure 3.  The crack usually started at the support followed by a tiny one adjacent to it. 
These cracks gradually widened, so that at failure another crack parallel to the previous one 
developed as well as a tiny vertical one at the centre. 

 

                         

 

      
(a) Initial crack pattern   

 
 

 

 

(b)  Crack pattern at failure 
 

      Figure 3.  Crack development of beams 
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The angle of inclination of the cracks to the horizontal varied between 41.8-49o as the 
percentage of cement replacement with pulverised bone increased (Table 2), the average being 
44.95o. In the design of links for beams with normal concrete, it is assumed [18] that the diagonal 
crack is generated at an angle of 45o to the tension reinforcement (i.e. to the horizontal) for normal 
concrete. 

 

       Table 2.  Angle of inclination of the cracks to the horizontal 
 
% 

PB* 
Angle (degree) of  

crack from horizontal 
Deviation from 45o  % Deviation 

0 41.80 ± 0.20 - 3.20 - 7.11 

5 42.00  ± 0.90 - 3.00 - 6.67 

10 43.95  ± 0.22 - 1.05 - 2.23 

15 46.97  ± 1.26 +1.97 + 4.38 

20 49.00  ± 0.78 +4.00 + 8.89         
        * Pulverised bone 

 
          From the above values of angle of inclination in Table 2, the numerical variation was less than 
10%. Thus, the equations developed for the calculation of area of shear reinforcement for beams of 
normal concrete (equation 1), according to British Standard [18], can be considered valid for 
reinforced foam concrete beam with and without pulverised bone. These equations, on the basis of 
shear stress value, are given as [18]:   
   

             or nominal links   (for v < 0.5vc)    

       (for 0.5vc < v (vc + 0.4)   (1) 

        (for vc + 0.4 < v < 0.8√fcu or 5N/mm2)  

           where:  
  Asc = area of shear reinforcement 
  sv = spacing of shear reinforcement 
  fyv = characteristic strength of shear reinforcement 
  b = breath of the beam section 
  v = shear stress due to ultimate loads 
  vc = shear resistance of the concrete                     
 
          The failure mode for all the specimens irrespective of the content of the pulverised bone was 
in the form of inclined cracks that developed at  the edge of the support, extending to the direction of 
the loading point as the load was increased, thus resulting in the splitting of the beam. This can be 
seen in Figure 3.  This mode of failure is described as the diagonal tension failure [2].  

 



25 
Maejo Int. J. Sci. Technol.  2014, 8(01), 20-31 
 

 

Effect of Pulverised Bone on Failure Load and Failure Moment  
          The theoretical bending moment was calculated for each of the beam specimens from equation 
(2), derived by assuming the idealisation of rectangular stress block and using an average stress of 
0.67 fcu (N/mm2)  over 0.9 time of the neutral axis depth, i.e. the stress block contained in British 
Standard [18]  as suggested by Regan and Arasteh [21]: 
 

  Mu = 0.156fcubd2 ………..     (2)  

where: 
fcu = compressive strength of specimen for each cement replacement  
     level with pulverised bone (N/mm2) 
b = width of beam specimen (mm) 
d = effective depth (mm)  

 
The experimental bending moment (MEXP) was calculated by using the equation for the 

structural form that is compatible with the third point loading configuration as shown in Figure 4. 

 

 

 

 

 

                 

                                                

 

 

           
        Figure 4.  Structural configuration for third point loading (P = applied load, l = span of beam) 
 

The bending moment equation [22] is: 

M = 0.167Pl ………..     (3) 
 where: 

  M   =   maximum bending moment 
P    =   failure load (KN) 

   L   =   span of beam specimen (m) 
 
The failure load, the theoretical ultimate moment (MBS) and the experimental ultimate 

moment (MEXP) computed from equations (2) and (3) are shown in Table 3. It is noted, however, 
that in computing MEXP, the service load was obtained by dividing the load at the first visible crack 
by 1.6. This presupposes that flexural failure by the load has already occurred at the first visible 
crack, and this load was thus used to calculate the experimental ultimate moment. From the Table, 
the following observations can be made. 
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 Table 3.  Comparison between experimental and theoretical bending moments  
 

% 
PB 

Load at 
first crack 

(KN)  

Failure 
load (KN) 

% 
Decrease 
in failure 

load 

Service 
load 
(KN) 

Theoretical 
(BS 8110) 

design 
moment 

(KN.m), MBS   

Experimental 
ultimate 
moment 

(KN.m), MEXP 

 

 
 

0% 75.00 ± 0.50 92.50 ± 0.96 - 46.88 4.13 4.40 1.07 

5% 70.00 ± 1.50 87.50 ± 1.32 5.4 43.75 3.88 4.10 1.06 

10% 70.00 ± 0.87 85.00 ± 1.31 8.1 43.75 3.75 4.10 1.09 

15% 65.00 ± 0.50 80.00 ± 0.87 13.5 40.63 3.55 3.81 1.07 

20% 62.50 ± 0.50 72.50 ± 0.87 21.6 39.06 3.48 3.66 1.05 

  * PB = pulverised bone 
 
Effect of pulverised bone on failure load 

          It is observed from Table 3 that the failure load decreases with increasing pulverised bone 
content. The load at which the first crack occurred follows the same trend. This can be attributed to  
a lowering of density with increase in pulverised bone content as a result of lower specific gravity of 
pulverised bone (2.22) in relation to that of cement (2.92). On average the cracking load is about 
82% of the failure load (81.1%, 80.0%, 82.4%, 81.3% and 86.2% for 0%, 5%, 10%, 15% and 20% 
respectively of cement replacement with pulverised bone). 
 
Effect of pulverised bone on ultimate moment 

           The effects of pulverised bone on the flexural strength can be seen in Table 3.  The bending 
moments (both theoretical and experimental) decrease with increasing pulverised bone content, 
probably as a result of reduced density [7], with consequent reduction in compressive strength. The 
bending moments are calculated on the assumption that failure takes place at the onset of the first 
visible crack. The values of the experimental bending moments are consistently higher than those of 
the theoretical ones calculated using equation (2), although the difference can be considered 
insignificant (generally less than 10%), considering the fact that aerated concrete is a variable 
material. Thus equation (2) developed on the basis of rectangular stress idealisation can be 
considered to be valid for foam concrete with and without pulverised bone.  
 
Effect of Reinforcement on Failure Load  
          The failure loads for the beam specimens are shown in Table 4. It can be seen that the addition 
of reinforcement significantly improves the flexural performance of the foam concrete at all 
replacement levels.  The failure loads for reinforced beam specimens are multiples of those of 
unreinforced specimens. This is an indication that the inclusion of reinforcement inhibits the 
propagation of cracks in foam concrete and thus enhances its bending resistance. 
 
Effect of Pulverised Bone on Load Deflection  
          The mid-span load-deflection curves for the foam concrete with and without pulverised bone 
are presented in Figure 5. The curves are characterised by three distinctly different segments 
separated by three significant events that took place during the process of loading until failure.  
Using the 0% replacement (Figure 5b) as representative,  these  regions  are  AB,  BC and CD.  In the 
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        Table 4.  Effect of reinforcement on failure load 
  

% PB* Failure load (KN) of beam 
without reinforcement,      

PWOR  

Failure load (KN) of 
beam with reinforcement, 

PWR 

PWR/ P WOR 

0% 15.0 ± 1.80 92.50  ± 1.96 6.17 

5% 15.0  ± 0.87 87.50  ± 1.32 5.83 

10% 12.5  ± 1.32 85.00  ± 1.31 6.80 

15% 12.5 ± 0.00 80.00  ± 0.87 6.80 

20% 10.0  ± 0.50 72.50  ± 0.87 7.25 
         * PB = pulverised bone 

 

 

                      
                            (a) Load deflection for all cement replacements with pulverised bone 

 

   
                              (b) Load deflection for 0% replacement of cement with pulverised bone  

 
Figure 5.  Load-deflection curves for foam concrete  
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first region (AB), deflection can be considered to be directly proportional to the applied load until 
the first visible crack appears. This region terminates at the load at which the first visible crack 
occurs. The relationship between load and deflection of the material can be described as linear in this 
region. The second region (BC) represents that between the load at first crack and the load at failure. 
A relatively larger deflection results from load increase until complete failure. Also, the cracks 
become wider and the load deflection cannot be considered to be linear. The last is the failure region 
(CD) where sustained load results in a large deflection. 

Table 5 compares the cracking load to the failure load for all the mixes. The cracking load 
decreases with increasing pulverised bone content. This can be attributed to a decrease in density and 
consequent decrease in compressive strength. The failure load also follows the same trend. The 
cracking load is 82% of the failure load on the average. The effect of pulverised bone on the 
deflection is presented in Table 6. It can be seen that the deflection at first crack of the foam concrete 
with 5-20% pulverised bone in relation to the control (0%) does not differ significantly. In other 
words, the addition of pulverised bone has no effect on the specimens up to initial cracking, although 
the same cannot be said of the behaviour after the appearance of first crack and at failure. At failure, 
the final deflection of the foam concrete with 15-20% pulverised bone becomes significant in relation 
to the control.  

 
        Table 5.  Comparison between cracking and failure loads 
 

% PB* 
 

Cracking load 
 (KN) 

 
Failure load  

(KN) 

 
% Cracking load in relation 

to failure load  

0% 75.00  ± 0.00 92.50  ± 0.00 81.1 

5% 70.00  ± 5.00 87.50  ± 5.00 80.0 

10% 70.00  ± 5.00 85.00  ± 5.00 82.4 

15% 65.00  ± 0.00 80.00  ± 0.00 81.3 

20% 62.50  ± 0.00 72.50  ± 0.00 86.2 
       * PB = pulverised bone 

 

  Table 6.  Effect of pulverised bone on deflection of foam concrete 
 

 % PB* 
 
Deflection at 
crack (mm) 

 

 
% Difference 
from control 

 
Deflection at 
failure (mm) 

 
% Difference 
from control 

0 125  ± 0.00 - 260  ± 5.00 - 

5 125  ± 5.00 0 280  ± 0.00 7.7 

10 130  ± 5.00 4 280  ± 5.00 7.7 

15 130  ± 0.00 4 300  ± 5.00 15.4 

20 135  ± 0.00 8 300  ± 0.00 15.4 
   * PB = Pulverised bone 
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Stiffness  
 

Sin [23] reported that the gradient of the load-deflection curve is an indication of beam 
stiffness. The  stiffness computed from load-deflection curves in Figure 5 is shown in Table 7. Prior 
to cracking, the stiffness values are not affected significantly by the inclusion of pulverised bone up 
to 15% replacement, the difference being less than 10%. It only becomes significant at 20% 
replacement.  However, after cracking, the stiffness is affected by inclusion of pulverised bone at all 
replacement levels.  The loss of stiffness after cracking is a consequence of the reduction in cross-
sectional area of the concrete. The stiffness of the control is not affected by cracking.  

 
 Table 7.  Stiffness of foam concrete beam specimens    
  

% PB * 
 

Pre-crack 
stiffness 

 
% Variation 
from control 

 
Post-crack 

stiffness 

 
% Variation 
from control 

0% 1.09  ± 0.00 -- 1.09  ± 0.01 -- 

5% 1.12  ± 0.01 + 2.75 1.40  ± 0.02 28.40 

10% 1.08  ± 0.00 - 0.91 1.50  ± 0.04 37.62 

15% 1.00  ± 0.00 - 8.25 1.50  ± 0.02 37.62 

20% 0.89  ± 0.02 - 18.35 2.00  ± 0.05 83.50 
   
       * PB = Pulverised bone  
    

CONCLUSIONS 
 

From the results of this investigation, the followings conclusions can be made: 
1) The equation developed for the calculation of shear reinforcement for beams in normal 

concrete can be considered valid for reinforced foam concrete beam with and without 
pulverised bone. 

2) Increase in pulverised bone does not have an effect on crack formation and propagation, and 
neither does it have any effect on the mode of failure. 

3) Deflection of beam specimens increases as the quantity of pulverised bone in the mix 
increases. 

4) Increase in the dosage of pulverised bone brings about the reduction in bending moment. 
5) Equation (2), developed on the basis of rectangular stress idealisation for normal concrete,  

can be considered to be valid for foam concrete with and without pulverised bone.  
6) The stiffness of foam concrete is not affected by the inclusion of pulverised bone up to 15% 

replacement level. 
7) The use of reinforcement significantly improves the flexural performance of foam concrete. 
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