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Abstract 
 
This paper uses Grid indentation technique to investigate the effect of the addition of Coconut Shell 

Ash (CSA) on the nanomechanical properties of the main phases of the hydrated cement paste. 

Portland cement was partially replaced with 15% CSA at a water-binder ratio of 0.5 and cubes casted 

and cured for 28 days after which they were polished to reduce surface roughness to the barest 

minimum. The result of nanoindentation shows that addition of 15% CSA to cement paste transforms 

portlandite to C-S-H by the pozzolanic reaction. More so, there is reduced porosity and a reduction 

in the volume of CH by the addition of the CSA. Even though the addition of 15% CSA does not 

drastically change the average values of the hardness and elastic modulus of the two phases of the 

C-S-H, it greatly modifies their relative proportions, leading to the production of more HD C-S-H. 

Overall, incorporating 15%CSA to cement mortar improves the Nanomechanical properties of the 

four main phases of the hydrated cement paste 
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1 INTRODUCTION 
 

Sustainability of the construction industry requires 
the use of materials that are not only environmentally 
friendly but also economical and readily available 
(Taku & Amartey 2016). Thus, in a bid to ensure 
sustainability, researches have been on-going on  the 
use of agro-based  secondary  cementatious  materials  
that are  pozzolanic in  nature and  can  thus  be used 
in partial replacement of cement in concrete and 
mortar. Some of the materials that have been used 
successfully in this wise include Rice Husk Ash, Fly 
Ash, Silica Fumes, coconut shell ash, cassava peel 
ash, etc (Metha 2004, Saddique 2008, Amartey & 
Taku 2012, Utsev & Taku 2012, Taku et al. 2015). 
Some agro based wastes currently being investigated 
for their suitability as cementatious materials include 
Soybean Husk Ash (SHA) and Yam  Peel  Ash  
(Mondal 2009; Taku & Amartey 2016).  Most  
research  into  Pozzolanic  concrete  and  mortar  
however  is  limited  to  the  physico- chemical  and  
strength  based  properties.  Little is still known about  
the  micro-structural  and  Nanomechanical properties 
of these pozzolana-portland cement blended 
concretes and mortars - properties that are believed to 

control the overall properties of concrete and mortars 
(Barbhuiya et al. 2014, Jafarbeglou 2015). There is 
thus, a compelling need to investigate the properties 
of pozzolana based concretes and mortars at the 
nanoscale. Nanoscience and technology holds the key 
to this understanding of the properties of the products 
of pozzolanic cements hydration (Constantinides et 
al. 2003). Recent progress made in the areas of 
theoretical and  experimental  nanomechanics  has  
opened  up  new  frontiers  in  materials  sciences  such  
that  cement  based composites can be 
nanoengineered and nanoindentation techniques 
adapted to understanding the nature and form of C-S-
H gels and other hydration products. The possibility 
of using nanotechnology to improve concrete 
performance to  the  next  level  and  also  develop  
cements  based  composites  that  will  save  both  the  
cost  of  construction  and construction safety is 
enough motivation to tailor research in this wise. 
Nanoindentation is an established method for single 
point characterization of hardness and elastic 
modulus of coated and bulk materials and is thus an 
excellent technique for measuring the mechanical 
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properties of homogenous as well as heterogeneous 
materials. Randall (2009) investigated 
nanoindentation as a two dimensional tool for the 
mapping of the mechanical properties of complex 
surfaces and concluded that the method can be used 
to extract the  mean values of hardness and elastic 
modulus as well as volume fraction of individual 
phases of homogenous materials. In a similar vein, 
Muller et al. (2011) and Schlangen et al. (2015) used 
nanoindentation as a means of mapping the 
mechanical properties of cement paste 
Microstructure. 

  

Coconut  shell  Ash  (CSA)  has  been  used 
successfully by the author in an earlier work to  
replace  concrete  with  15%  replacement being the 
optimal replacement level and  the  physico-chemical 
and strength properties investigated (Utsev & Taku 
2012). Little is, however, still known about what 
happens at the micro and nano level during the 
hydration of the CSA blended cements. 
Nanoindentation techniques provide an insight into 
the reactions that take place during the hydration of 
cement and into the various phases of the cement 
microstructure (Constantinides et al. 2006, Mondal et 
al. 2015). 

 

Theoretical framework of nanoindentation 

The  working  principle  is  such  that,  as  a  load  is  
applied  to  an  indenter  in  contact  with  a  specimen  
surface,  an impression or indent is produced. The 
indents are plotted by means of a computer program 
to produce an indentation load-depth hysterisis curve. 
This consists of permanent (plastic) deformations and 
temporary (elastic) deformations which are obtained 
during the loading. During unloading, recovery of the 

elastic deformation occurs. Analysis of the initial part 
of the unloading data according to a model for the 
elastic contact problem is used to determine a 
solution for calculating the elastic modulus E and 
hardness H of the test area (Barbhuiya et al. 2014). 
Fig. 1 shows a typical indentation load-depth 
hysteresis curve plotted for both the loading and 
unloading of the specimen. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1: Indentation load-depth hysteresis curve. 

Source: Mondal (2009) 

 
The major assumption made in using this method is that 

the distribution of the mechanical properties (say 

hardness or elastic modulus) of each phase follows a 

normal distribution. Thus, if y (a random variable) 

denotes one of the mechanical properties, then 

𝜙𝑖(𝑦) =
1

√2𝜋𝛿𝑖
𝑒

(− 
1

2𝛿2 − µ𝑖)2

 ---------------------------------
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Where 𝜙𝑖(𝑦) =
𝑝𝑟𝑜𝑏𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑜𝑓 𝑦 𝑖𝑛 𝑝ℎ𝑎𝑠𝑒 𝑖 
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𝑖
 𝑎𝑟𝑒 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑎𝑛𝑑 𝑚𝑒𝑎𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑑𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑟𝑒𝑠𝑝𝑒𝑐𝑡𝑖𝑣𝑒𝑙𝑦 

 

 

This research used the principle of nanoindentation to 

study the effect of the partial replacement of Portland 

Limestone Cement (PLC) with 15% of CSA on the 

Nanomechanical properties of the C-S-H gel and other 

phases. 

. 

2. MATERIALS AND METHODS 

 

2.1 Materials Characterization 

 
A Limestone-Portland cement (Dangote grade 42.5R 
cement) manufactured by Dangote cement industries 
Gboko plant was used in this research. The fine 

aggregate used was river sand obtained from river 
Benue at Makurdi, while the coconut shells were 
sources locally in Makurdi and calcined for 2 hours 
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at 600
o
C to obtain the Coconut Ash (CSA). Table 1 

and 2 give the properties of the cement, CSA and fine 

aggregates while fig. 2 shows the particle size 
gradation of the fine aggregates using Sieve analysis. 
 

.  

Table 1: Materials properties Characterization 

 

S/No. 

 

Property tested 

Material tested 

PLC Sand CSA 

1 Specific Gravity 3.19 2.01 2.32 

2 Setting Times (Mins.) Initial (Final) 90(148) - - 

3 Moisture content (%) - 1.03 - 

4 Standard consistency 28 - - 

5 Soundness (mm) 1.0 - - 

6 Clay and silt content (%) - 2.1 - 

7 Bulking (%) - 2.6 - 

8 Fineness 0.04 - - 

 

 

Table 2: Chemical Characterization of PLC and CSA 

 

Oxide CaO Fe2O3 Al2O3 SiO2 MgO K2O Na2O SO3 P2O5 LOI 

CSA 4.98 15.48 24.12 37.97 1.89 0.83 3.95 0.71 0.32 9.75 

PLC 65.60 6.83 5.60 16.20 2.30 0.48 0.78 2.15 nd 0.09 

 
 
 

 
 

 

   Fig. 1: particle size distribution for sand 

 
 

The  physico-chemical  characterization  of  the  

materials  meets  the  standards  specified  in  ASTM  

C  618,  COREN manual for Limestone-portland 

cements and BS 12 (1996) for pozzolana, cement and 

aggregates. 

 
2.2 Sample Preparation for grid indentation 

50 cubic millimetres mortar cubes were cast and 
cured in water for 28 days using CSA blended 
Limestone-portland cement (LPC) at 15% 
replacement of LPC with CSA as binder using a water 
binder ratio of 0,5. Samples for the nanoindentation 
were prepared by cutting, grinding and polishing 
samples cut from cement mortar cubes into cubes of 
size 10 cubic millimetres. A two-step procedure was 

used to achieve this, namely; larger cuts were made 
using a tile cutter until the sample was small enough 
to be placed in the IsoMet 1000 Precision Saw which 
was used in the second step to get the finer cuts. The 
procedure set out by [12] for surface polishing was 
employed to achieve a polished surface. 

 

 

 

2.3 Experimental program 
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The  nanoindentation  apparatus  used  in  this  study  
was  Nanoindenter  XP  and  the  grid  indentation  
technique  was employed.  In  this technique,  SEM 
imaging is used to select  a representative area  on the 
sample surface  and 350 indents  performed  on  the  
selected  area  with  a  selected  indent  spacing  of  20  
μm  and  the data  collected  analyzed statistically. 
Since the sample in this experimentation is 
multiphased, statistical analysis of this huge data 
obtained was  used  to  get  information  on  the  
mechanical  properties  as  well  as  the  volume  

fractions  of  the  various  phases present in the 
sample. 

The testing was programmed in such a way that the 
loading started at the same time the indenter came 
into contact with the test surface and the load 
maintained for 30 seconds at the pre-specified 
maximum value before unloading. The  modulus  and  
hardness  values  of the  indentation  point  were  
obtained  using  the  unloading  data  for  the  lower 
indentation depth. 

The micro-mechanical properties of specific 
individual phases were extracted by statistically 
analysing all the test results, using a method similar 
to that presented by (Barbhuiya et al. 2014, 
Jafarbeglou et. al. 2015, Mondal et al. 2015); the 
basic principle being that experimental data (i.e. 
modulus and hardness values) obtained are analysed 
statistically to produce a frequency histogram and the 
best fit model to the experimental results with 
multimodal normal distribution curves produced 
using nonlinear least squares method. The mean 
value μ and standard deviation σ of the distribution 
were extracted from each model. The area under the 

normal distribution curve provides an estimate of the 
volume fraction for each hydrate/mineral phase it is 
associated with within the area of the sample covered 
by indents. 

An  algorithm  was  used  to obtain  the maximum 
likelihood estimates  of the parameters  in  a Gaussian  
distribution model  using  the  Solver  program  and  
spreadsheet.  Four  phases  were  used  for  the  
analysis,  one  for  each  phase assumed to be within 
the cement paste, porous phase, LD C-S-H phase, HD 
C-S-H phase and the CH phase. 

 

3. RESULTS AND DISCUSSION 

Table 3 gives a summary of the results of the fraction 

volumes calculated using the model distribution curves 

in combination with the theoretical line of best fit by 

calculating the area under each distribution

. 

 

Table 3: Nano-mechanical properties of the phases studied 

 

Binder Phase studied Mean of the 

modulus of 

Elasticity 

(GPa) 

SD of the 

modulus  

of 

Elasticity 

(GPa) 

Mean of 

the  

Hardness 

(GPa) 

SD of the  

Hardness 

(GPa) 

Fraction 

Volume 

Control 

(LPC 

only) 

Porous Phase 

LD C-S-H 

HD C-S-H 

CH 

10.0 

16.5 

27.1 

36.9 

3.79 

4.26 

4.54 

5.20 

0.22 

0.43 

0.97 

1.32 

0.15 

0.13 

0.26 

0.25 

12 

63 

17 

8 

15%CSA-

85%LPC 

Porous Phase 

LD C-S-H 

HD C-S-H 

CH 

9.2 

17.5 

26.0 

31.8 

3.27 

2.95 

3.31 

2.49 

0.17 

0.49 

0.92 

0.99 

0.13 

0.17 

0.14 

0.08 

9 

60 

26 

5 

  

LD C-S-H and HD C-S-H are the products of hydration 

while the porous phase denotes the porosity of the 

sample being studied. The reduction of the porous phase 

in cement pastes containing CSA is due to the reduced 

amount of voids within the cement matrix as a result of 

the very fine CSA particles filling the empty voids 

between the hydrated cement particles. It could also be 

due to the filling of the voids by the additional products 

of hydration arising from the formation of addition C-

S-H due to the pozzolanic reaction (Barbhuiya et al. 

2015). It is therefore no wonder that there is a reduction 

of the porous phase with the addition of 15% CSA by 

25% after 28 days of curing. 

Furthermore, the inclusion of 15% CSA in the cement 
paste produces a pozzolanic reaction, turning calcium 
hydroxide into additional C-S-H, which has a much 
greater volume than the calcium hydroxide phase that 
it replaces.  There is a decrease in the volume of CH 
by 37.5% with the addition of the CSA. This reduction 
in volume of the CH produces evidence of pozzolanic 
activity as the CH is used up by the pozzolanic reaction 
of CSA. This is confirmed by an increased in total 
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volume of C-S-H by about 10%. This suggests that the 
pozzolanic reaction either forms more C-S-H or 
improved packing in the sample containing CSA 
facilitates formation of more HD C-S-H thereby 
greatly improving the HD C-S-H to LD C-S-H ratio. 
Since the volume of the cement paste itself does not 
change, the increased volume of C-S-H gel should 

reduce the porosity of the cement matrix. This result 
agrees with what is obtainable in literature as presented 
in Constantinides & Ulm 2004, Mondal et al. 2007 and 
Barbhuiya et al. 2015. Addition of 15% CSA increases 
both the general volume of C-S-H present in the 
sample (7.0%) and that of HD C-S-H (34.6%). 

 

 
 
 
Figs. 3 & 4 presents the probability density function, PDF for modulus of elasticity of the four phases studied for cement 

paste and cement paste containing 15% CSA respectively. 

                                                        15%CPA                                                                                    100%LPC 

 

 

 

 

 

 
Fig.3: Indentation Modulus of Paste with 15% CSA           Fig.4: Indentation Modulus of LPC Paste 

 

Figs 5 and 6 give the indentation modulus and hardness for OPC – CSA blended mortars.  

  

 

 

 

 

 

         →100%OPC 0%CPA; →15%CSA, 85%OPC 
    →100%OPC 0%CPA; →15%CSA, 85%OPC 

 
Fig 5: Indentation Modulus of Paste with 15% CSA                 Fig 6: Indentation hardness of Paste with 15% CSA 

Literature gives the average value of hardness of 

cement paste phases of porous, LD C-S-H, HD C-

SH, and CH as 0.17, 0.45, 0.83, and 1.31GPa 

respectively. The results reported here correlate 

closely with that given in literature as seen in 

Constantinides et al. 2006. . The increased hardness 

of the cement paste at the macro level could be 

related to the increased volume of the harder phases 

present in the sample, rather than the increase in the 

hardness of the individual phases. 

  

4.   Conclusions 
The following conclusions are drawn from the 

findings of this research work. 

1. The materials used in this research, namely; 
LPC, CSA and Sand, meet the requirements of 
the various standards guiding their use in 
concrete and mortar. 

2. The addition of 15% CSA to cement paste 
transforms portlandite into C–S–H by means of 
pozzolanic reaction. 

3. There is a reduction in the porosity of the 
cement paste at 28 days of curing with the 
incorporation 15% CSA in cement paste. 

4. Even though the addition of CSA does not 
drastically change the average values of the 
hardness and modulus of any of the phases of  
C–S–H gel, it does modifies their relative 
proportions
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