
1. Introduction 
 
Drying of clays has been reported [1] to occur in 
three stages: increasing rate, constant and decreasing 
rate. The researcher [1] pointed out that at constant 
rate, the evaporation rate and evaporation surface are 
constant resulting in shrinkage. Similar study [2] on 
this stage of evaporation shows that free water is re-
moved between the particles and the inter-particle 
separation decreases, resulting in shrinkage. During 
the decreasing rate, particles make contacts as water 
is removed, thereby causing shrinkage to cease. 
A model has been derived [3] for calculating the vol-
ume shrinkage resulting from the initial air-drying of 
wet clay. The model: 
   
    θ = γ3–3γ2 + 3γ                                                (1) 
 
calculates the volume shrinkage when the value of 
dried shrinkage g, experienced during air-drying of 
wet clays is known. Mathematical analysis of the 
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model indicates that the model is third-order polyno-
mial in nature. The results of this work [3] indicate 
that of all the clays investigated, Olokoro clay has 
the highest shrinkage during the air drying condi-
tion, followed by Ukpor clay while Otamiri clay has 
the lowest shrinkage. It was also discovered that vol-
ume shrinkage increases with increase in dried 
shrinkage until maximum volume shrinkage was 
reached, hence a direct relationship. 
 Successful attempt [4] has been made to de-
rive a model for the evaluation of overall volume 
shrinkage in molded clay products (from initial air-
drying stage to completion of firing at a temperature 
of 12000C). It was observed that the overall volume 
shrinkage values predicted by the model were in 
agreement with those calculated using conventional 
equations. The model: 
   
 ST = α3+γ3-3(α2+γ2)+3(α+γ)                                 (2) 
 
indicates that the overall volume shrinkage is de-
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pendent on the direct values of the dried g and fired 
shrinkage a for its precision. The overall volume 
shrinkage was found to increase with increase in 
dried and fired shrinkages until overall volume 
shrinkage reaches maximum. 
 Derivation of model for calculating the quan-
tity of water lost by evaporation during oven drying 
of clay at 900C has been carried out [5]. The model: 
 
   γ = exp[(lnt)1.0638- 2.9206]                                  (3) 
 
indicated that the quantity of evaporated water, γ 
during the drying process is dependent on the drying 
time t, the evaporating surface being constant. The 
validity of the model was found to be rooted in the 
expression (Logβ + lnγ)N = lnt. 
 A model [6] has been derived for predictive 
analysis of the quantity of water evaporated during 
the primary-stage processing of a bioceramic mate-
rial sourced from kaolin. The model: 
 
      α = e(lnt/2.1992)                                                                          (4) 
 

 shows that the quantity of water α, evaporated at 
1100C, during the drying process is also dependent 
on the drying time t, where the evaporating surface 
is constant. It was found that the validity of the 
model is rooted on the expression (lnt/lnα)N = Logβ 
where both sides of the expression are correspond-
ingly approximately equal to 3. The respective de-
viation of the model-predicted quantity of evapo-
rated water from the corresponding experimental 
value was found to be less than 22% which is quite 
within the acceptable deviation range of experimen-
tal results.  
 Quantification of the extent and magnitude of 
water evaporation during drying of wet clay has been 
carried out using a model [7]. The model: 
 
        γ = exp((lnt/2.9206)1.4)                                   (5) 
 
indicates that the quantity of evaporated water γ dur-
ing the drying process (at 900C) is dependent on the 
drying time, t the evaporating surface being constant. 
It was found that the validity of the model is 
rooted in the expression: 
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   lnγ = (lnt/Logβ)N.  
 Alumina has been found [8] to be a highly 
stable oxide and traditional bioinert material being 
chemically inert. It has been discovered that alumina 
has low fracture toughness and tensile strength im-
plying that it can be used in compression only. Ap-
plications of alumina were found [10] to include; 
femoral head of total hip replacement 
(polycrystalline) and single crystal (sapphire) in den-
tal implants. It has been found that zirconia com-
bines with a metal oxide dopant (stabilizing oxide- 
magnesia (MgO)) to form a ceramic known as par-
tially stabilized zirconia (PSZ). This ceramic exhib-
its excellent toughness compared to other ceramics. 
This was found to be as result of a process known as 
transformation toughening [9]. This involved an en-
ergy absorbing phase change at the front of propa-
gating crack tip which slows down the advancement 
of cracks. PSZ has been found to be useful in hip 
joint prosthesis. 
 The present work is to derive a model for the 
assessment and computational analysis of the shrink-
age sustained in kaolin based thermoprocessed bio-
ceramic materials. The kaolin is sourced from 
Olokoro (Nigeria).The bioceramic materials shrink 
in the course of heating the clay and this affects the 
mechanical properties of the device eventually pro-
duced with it through initiation of cracks which 
eventually propagates and lead to failure. The need 
for this derivation is to predict the extent of shrink-
age likely to occur during thermoprocessing of the 
kaolin at a particular temperature and grain size 
used. This way provision could be made to ensure 
precise durability of the bio ceramic medical devices 
produced. The need for this is also culled from the 
indispensable role played by alumina as bioinert ce-
ramics for total hip replacement. 
 
2. Model Formulation 
 
Results of the experiment previously carried out [10] 
were used for the model derivation. These results as 
shown in Table 1 indicate that: 
             

           lnSN   ≈ eγ                                                       (6) 
 



 Introducing the value of N in to equation (6) 
and taking exponential of both sides reduced it to: 
 
       S1.16 = exp(eγ)                                                 (7) 
 
 Dividing the indices of both sides of equation 
(7) by 1.16 reduces it to: 
 
      S = exp(eγ)1/1.16                                                (8) 
 
      ie. S = exp(eγ)0.8621                                            (9) 
 
where  
N = 1.16; Particle packing index for Olokoro clay at 
12000C (determined in the experiment [10]) 
γ = Resultant fired bulk density of the clay material 
at 12000C (g/cm2) 
S = Shrinkage sustained in the dried clay material at 
12000C (%) 
 Equation (9) is the derived model 

 
3. Boundary and Initial Conditions 
 
Consider a rectangular shaped clay product of length 
70mm, width 17mm, and breadth 9mm exposed to 
drying in the furnace while it was in wet condition. 
Initially, atmospheric levels of oxygen are assumed. 
Atmospheric pressure was assumed to be acting on 
the clay samples during the drying process (since the 
furnace is not air-tight). The grain sizes for the clay 
materials used are, <100µm, 100-300µm, 300-
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1000µm and their respective mixtures. Firing tem-
perature; 12000C,  exposure time of clay body dur-
ing firing; 18hrs, range of apparent porosity and wa-
ter content of  the clay body following firing; 21.90-
24.46% and 16.68-17.29% respectively. The bound-
ary conditions are: atmospheric levels of oxygen at 
the top and bottom of the clay samples since they are 
dried under the atmospheric condition. No external 
force due to compression or tension was applied to 
the drying clays. The sides of the particles and the 
rectangular shaped clay products are taken to be 
symmetries. 
 
4. Model Validation 
 
The formulated model was validated by comparison 
of the model-predicted S values and those from the 
experiment [10] for equality.  
 Analysis and comparison between these S 
values reveal deviations of model-predicted S from 
those of the experimental values. This is believed to 
be due to the fact that the surface properties of the 
clay and the physiochemical interactions between 
the clay and binder, which were expected to have 
played vital role during the evaporation of water 
were not considered during the model formulation. 
This necessitated the introduction of correction fac-
tor, to bring the model-predicted S value to that of 
the corresponding experimental value. 
 Deviation (Dv) (%) of model-predicted val-
ues of S from the experimental values is given by 

  
  (10) 

                         
 
where 
  SM  =  Shrinkage sustained in clay body as pre-
dicted by derived model 
  Sexp =   Shrinkage sustained in clay body as ob-
tained from experiment [10] 
 Correction factor (Cf) is the negative of the 
deviation  
 i.e.             Cf  =  -Dv                   (11) 
  
Therefore                                                                
                       

Grain size (µm)       γ       S (%) 

 (A)  <100 

 (B) 100-300 

 (C) 300-1000 

       A + B 

       A + C 

        B +C 

    A + B + C 

  1.39 

  1.34 

  1.32 

  1.32 

  1.31 

  1.32 

  1.32 

      25.63 

      25.07 

      24.82 

      25.35 

      25.24 

      24.96 

      25.17 

Table1: Variation of fired bulk density and volume shrink-
age with grain size of Olokoro clay fired at 12000C as ob-
tained from experiment [10] 

Dv =   SM - Sexp    x  100 
               Sexp 

Cf = -100   SM - Sexp                   
          Sexp 

(12) 



 Introduction of the value of Cf from equation 
(12) into the model gives exactly the corresponding 
experimental value Sexp. 
 
5. Results and discussions 
 
The model is equation (9). The model shows that 
shrinkage is dependent on the resultant bulk density 
of the fired clay materials. The validity of the model 
was found to be rooted in the expression:  
  ln[(S)1.16] = eγ  
where both sides of the expression are correspond-
ingly approximately equal to 4.  
 Table 2 also agrees with equation (6) follow-
ing the values of ln[(S)1.16] and eγ evaluated from 
Table 1 as a result of corresponding computational 
analysis. 

 An ideal comparison of the shrinkage (sustained in 
the dried clay) as obtained from experiment [10] and as 
predicted by the model for the purpose of testing the 
validity of the model is achieved by considering the R2 
values. The values of the correlation coefficient, R calcu-
lated from the equation: 
 
 R = √R2      (13) 
 
 using the r-squared values (coefficient of determina-
tion) from figures 1 and 2 show a better correlation 
(0.9992) for model-predicted shrinkage compared to 
that obtained from the experiment (0.6624). This is 
indicative of the fact that the model is realistic and 
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reliable for assessing and computing the shrinkage 
sustained in the dried clay. 

 Figure 3 shows very close alignment of the 
curves from model-predicted shrinkage (Smod) and 
that from the corresponding experimental values 
(Sexp). The degree of alignment of these curves is 
indicative of the proximate agreement between both 
experimental [10] and model-predicted shrinkage 
sustained in the clay material. 

         S1.16          ln[S1.16]            eγ 

      43.0674 

      41.9777 

      41.4925 

      42.5221 

      42.3081 

      41.7642 

      42.1720 

         3.7628 

         3.7371 

         3.7255 

         3.7500 

         3.7450 

         3.7320 

         3.7418 

      4.0149 

      3.8190 

      3.7434 

      3.7434 

      3.7062 

      3.7434 

      3.7434 

Table 2: Variation of ln[(S)1.16] with eγ   

R 2  = 0 .9985
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Figure 1: Variation of the shrinkage with fired bulk density 
(as derived by model) 
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  Figure 2: Variation of the shrinkage with fired bulk density 
(as obtained from experiment [10]) 



 Figure 4 shows that the maximum deviation 
of values of the model-predicted shrinkage (from 
those of the experiment) is less than 25% which is 
quite within the acceptable deviation limit of experi-
mental results. Figure 4 also indicates that the devia-
tion (of the model-predicted shrinkage) from the ac-
tual experimental values show highest and least val-
ues at +24.29 and +0.15 % respectively. These de-
viation values (as shown in figure 4) correspond to 
model-predicted shrinkage: 31.8566 and 25.2086 % 
respectively. Comparison of Figure 4 and Table 1 
shows that these marked deviation values in associa-
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tion with the respective shrinkages sustained corre-
spond to fired bulk densities: 1.39 and 1.32 respec-
tively. 
 Correction factor to the model-predicted 
shrinkage (shown in figure 5) gives highest and least 
values; -24.29 and -0.15 % respectively (negative) to 
the deviations in figure 4. These correction factors 
(as shown in figure 5) also correspond to model-
predicted shrinkage: 31.8566 and 25.2086 %  and 
fired bulk densities: 1.39 and 1.32 respectively. 

  Furthermore, the orientation of this curve is 
opposite that of the deviation of model-predicted 
shrinkage in figure 4. This is because correction fac-
tor is the negative of the deviation as shown in equa-
tions (11) and (12). It is believed that the correction 
factor takes care of the effects of the surface proper-
ties of the clay and the physiochemical interaction 
between the clay and the binder which (affected ex-
perimental results) were not considered during the 
model formulation. 
                                            
6. Conclusion 
 
The model assesses and computes the shrinkage sus-
tained in fired clay materials based on the resultant 
fired bulk density. The model is dependent on the 

     
Figure 3: Comparison of the shrinkages (as obtained from 
experiment [10] and derived model) 
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Figure 4: Variation of model-predicted shrinkage with its as-
sociated deviation (from the corresponding experimental val-
ues) 
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Figure 5: Variation of model-predicted shrinkage with its 
associated correction factor 



fired bulk density, which resulted from the firing of 
the clay material. The validity of the model is rooted 
on the expression:  
  ln [(S)1.16] = eγ  
where both sides of the expression are correspond-
ingly approximately equal to 4. The maximum de-
viation of the model-predicted shrinkage from the 
corresponding experimental values is less than 25% 
which is within the acceptable range of deviation 
limit for experimental results. 
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