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Several equations representing the relation between the pressure and the apparent volume of
a powdered mass under compression, as proposed by various authors, sometimes have essentially the 
same form as one other, and sometimes have contradictory characters. Various equations can
be modified so as to be a function of the porosity and thus compared with each other. As a 
result, they can be classified into two types by means of the gradient of the porosity with the 
pressure (-dn/dP, n=porosity). One is -dn/dP=knx (Athy: x=1, Kawakita: x=2), and the
other is-dn/dP=k(1-n)y/Pz (Smith: y=0, z=2/3, Nutting: y=1, z≒1, Balshin: y=2, z～1,

Terzaghi: y=2, z～1,Jones: y=3, z=1), where k is a constaht and x,y and z are parameters.

In Kawakita's equation the rate of the decrease of the porosity is considerably larger in an early 

period of compaction than in Athy's equation. The second type of equation indicates that a 
major part of the porosity disappears at lower pressures.

The compacting behavior of a powdered mass 

was previously analyzed by Kawakita,1-2) one of

the present authors. He proposed an empirical 

Eq. 1:

(1)

where G=the relative reduction of the volume by

compression; Va=the initial apparent volume; 

V=the volume under the applied pressure P, 

and a and b=constants. 

The constant a corresponds to the limiting value

of the relative reduction of the volume by com-

pression: it should be equal to the initial porosity 
of a powdered mass, as expressed by Eq. 2:

(2)

where V∞ is the net volume of the powder. The

b constant should be equal to the reciprocal of the 

pressure when the value, G, reaches one-half of
the limiting value (G=G∞/2).

Several equations of other types have also been

proposed for the powder compression by various
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TABLE I. POWDER COMPRESSION EQUATIONS

Equations from Balshin's to Konopicky's are from Ref. 11, Jones' and Burr's are from Ref. 12, Athy's, 
Nutting's, Tanimoto's, Terzaghi's and Cooper's are from Refs. 13, 14, 15, 16 and 18 respectively.

investigators, and some of them have been used in 

practice, though only in a few cases. This paper 
will deal with our attempt to compare these equa-
tions. 

Powder Compression Equations. So far as 
we are aware, the following equations have been
reported (Table I11-18)). 

In order to make a comparison of these equations, 
each of them should be rewritten by the same nota-
tions (Table II). 

Burr's equation was not evaluated since no re-

presentation was given for the pressure functions.

As for Nutting's equation, which includes a time-

dependent factor, the measuring time was taken as 

a constant. In Athy's equation we substituted 

the depth of burial, x, with a pressure term, P. 

Murray's, Konopicky's and Tanimoto's 

Equations. Murray's equation is rather com-

plicated:

However, if the first term of the right side is the 
constant (k), we find:

which is the same in form as Athy's equation. It 

is possible, therefore, to say that Murray's equation 

is a sort of modification of Athy's. 

The equations of Balshin, Smith, Murray, 

Ballhausen and Konopicky were evaluated in 

the light of experimental data provided by 

Heckel.11) He concluded that Konopicky's equa-

tion agreed best with the data. We have pre-

viously stated9) that Konopicky's equation could 

be regarded as the same as that of Athy. 

Tanimoto's equation may be rewritten as follows:
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TABLE II. VARIOUS EQUATIONS REPRESENTED BY 

THE SAME NOTATIONS

V0=initial apparent volume of powder 
V=volume of powder under the aDDlied pressure P
V∞=net volume of powder

c1 c15 are the constants.

where α, β and γ are the constants. This equation

contains the self-contradiction that the volume of 

powder, V, should approach -co at the region of

large pressure as a result of the γP2 term. Our

experimental data10) of the tablet compression of 

many kinds of powder were applied to this equation,

and the coefficients, α, β and γ, were calculated

by the method of least squares. As a result, the

value of γ was smaller than one several thousandth

of the value of either α or β on every occasion.

Practically, then, the value of γ can be regarded

as zero. If the constant γ is zero, Tanimoto's

equation should be the same in form as Kawakita's 

equation. 

A Comparison of Equations Expressed in 

Terms of Porosity. Excepting the equations 

of Murray, Konopicky and Tanimoto, each equa-

tion shown in Table II was modified so as to include 

the same porosity term as a scale. 

The apparent compacting volume, V, can be 

derived from each equation; this volume is used to

express the porosity term, (V-V∞/V. The results

obtained are given in Table III. In Cooper's 
equation, we considered only the first term in the 
right side. 

As is demonstrated in Table III, Balshin's and 

Jones' equations can only be applied in some limited 
ranges of pressure, because the degree of porosity 
must assume an unreasonable value, 100%, if the
compacting pressure is either very low or very high. 
Similarly, Smith's, Nutting's, Terzaghi's and 
Cooper's equations cannot be applied to the higher 

pressure range. Thus, concerning the change in 
porosity, it is shown that only Ballhausen's, Athy's 
and Kawakita's equations are applicable over 
the entire range of pressure. 

Porosity Gradient with Applied Pressure. 
With regard to the rate of porosity change as a
function of the pressure, some differences exist 
among the equations in question, as is shown below.

TABLE III. COMPARISON OP POROSITIES DERIVED PROM VARIOUS EQUATIONS

n=porosity, n0=initial porosity
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where n is the porosity at the applied pressure, P; 
n0, the initial porosity, and a, b, c, d, e, f, g and h 
are the constants. According to Neumann,17) the
c13 value in Nutting's equation is very small, that 
is, the order of 0.1. Furthermore, Terzaghi's 
equation becomes identical with Balshin's if the 
c18 and c19 constants are very small. 

Thus, these equations may be represented by 
two different types of equations:

(I): 

(II):

where k is a proportional constant. Ballhausen's 
equation is a multiplication of the types I and II 

(x=1, y=1, z=0). Cooper's equation is the sum
of the type II and the type I×II.

From these equations we note that the rate of 
the change in porosity due to the pressure is related 
to the ratio of the void to the volume of powder 
in Athy's and Kawakita's equations, while it is
related to the applied pressure and the ratio of 
the net volume in the other equations. 

Figures 1(A) and (B) illustrate the porosity change 
as a function of the pressure. In these figures we 
picked out Athy's (x=1) and Kawakita's (x=2) 
equations from the type I, Smith's (y=0), Nutting's 
(y=1), Balshin's (y=2) andJones' (y=3) equations 
from the type II, and Ballhausen's from the type
I×II.

The initial porosity was taken to be 80 and 40%

for A and B respectively, while at 3000 kg./cm2
it was taken to be 10% in both cases. Even if 
these percentages are taken otherwise, the general 
trend of the curves should be the same. 

When we made Fig. 1, we used the value of 0.1 
for c13 in Nutting's equation. In the case of 
Balshin's and Jones' equations, we constructed the 
curves for the pressure higher than 0.001 kg./cm2, 
because in both equations the porosity become 100% 
when the pressure was zero.

(A)

(B)

Fig. 1 (A), (B). Comparison of various equations 
using the term of porosity. 

It may, thus, be concluded from Fig. 1 that. 
Ballhausen's equation predicts the most gradual
decrease in porosity as the pressure increases, and 
that the next most gradual decrease is in Athy's. 
equation. Kawakita's equation indicates a con-
siderable decrease in porosity in an early period 
of compaction. The other equations show that-
a major portion of the porosity disappears at lower 
pressures. 

According to our experiments on tablet com--
pression,10) powder of common nonspherical par-
ticles changed its porosity largely in an early period 
of compaction; its compacting behavior was inn 
good agreement with Kawakita's equation. On 
the other hand, powder of spherical glass or metal 
particles did not change its porosity appreciably-
as a result of the pressure; therefore, Athy's equation 
became applicable. 

Finally, the compacting behavior of powder-
depends remarkably on the experimental condi-
tions and on the physical properties of particles;
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therefore, it is difficult to find a single equation 

which is in exact accord with the experimental data 

on different kinds of powder and different ex-

perimental conditions.
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