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Measurement of Pore-Size Density

Function in Sand

C. H. Juanc anD C. W. LovELL

A study is presented on characterization of sand fabric by
means of the pore-size distribution, which allows the engineer
to indirectly but quantitatively examine the sand fabric. The
term ‘““pore-size distribution” is clarified so that a better link is
established between the terminology used in the literature of
mercury porosimetry and that used in the conventional proba-
bilistic approaches in geotechnical engineering. A technique
has been verified satisfactory for preparation of sand speci-
mens for mercury intrusion tests, which make possible the
measurement and determination of the pore-size distribution
and the density function in sand. Data deduction and typical
pore-size distributions and density functions for the sands
studied are presented and discussed.

The characterization of soil fabric is an important aspect of soil
engineering. It can lead to better understanding and prediction
of engineering properties of soils. The term “soil fabric” is
generally understood as “the physical constitution of a soil
material as expressed by the special arrangement of the solid
particles and associated voids” (Z). Past research has shown
that the fabrics of compacted clayey soils can be characterized
by their pore-size distribution characteristics, and some engi-
neering properties of clayey soils can be quantitatively corre-
lated with their pore-size distribution parameters
(2; 3; 4, pp. 839-856; 5-12). Although engineering properties
of sands are also believed to be strongly affected by their fabric
characteristics (13-16, p. 59) a simple and rational technique to
characterize the sand fabric has not yet been reported. A study
is presented on characterization of the sand fabric by means of
pore-size distribution. The pore-size distributions of the com-
pacted sands studied were measured and determined by using
mercury intrusion porosimetry (MIP).

MERCURY INTRUSION POROSIMETRY

The pore systems of all but the most uniform soils have an
extremely complex geometry. Therefore, to characterize soil
fabric by means of pore size and its distribution is a rather
abstract concept. There are, however, several advantages to the
use of pore-size distribution in soil engineering. For example, it
allows the engineer to quantitatively examine the soil fabric; it
can be measured and determined by a simple, routine labora-
tory test; good correlations have been established between
some engineering properties and pore-size distribution param-
eters (4, 6, 12); it provides an equally good or even better
measure to characterize the soil fabric than its counterpart—
grain-size distribution—does.
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Over the past decade MIP has been shown to be the most
suitable method to measure and determine the pore-size dis-
tributions of the soils. The mercury intrusion technique is based
on the Washbum model (I7):

P = — (4T cos 9/x) @)
where

P = absolute pressure being applied,

T = surface tension of mercury,

8 = contact angle between mercury and the pore wall,

and
size of pores that can be intruded at pressure P,
usually called the apparent pore diameter.

For any pore size that is determined by Equation 1, a corre-
sponding pore volume [F (x)] is intruded and recorded. Hence,
a pore-size distribution [i.e., F,(x) versus x] can be readily
generated in a mercury intrusion test. The measurement of
pore-size distribution with MIP may be as follows. A pore-size
distribution function may be established by repeatedly deter-
mining what fraction of the total pore volume the pores have
for pore sizes ranging between x and infinity. Mathematically
the complementary cumulative distribution function of the pore
size [Fx(x)] may be expressed as

Fy(x) = f - fxx)dx 2

where fy is the probability density function of pore size, and

[y Fdx =1 3)

It may be noted that Fy, defined in Equation 2, expresses the
probability that the random variable takes on realizations x equal to
or greater than X. Although this is in contrast to the conventional
use of the cumulative distribution function in geotechnical engi-
neering, it is better for interpreting the measured pore-size data,
and it does serve the purpose of defining the probability density
function. With this viewpoint, Juang and Holtz (I8) have derived a
volumetric pore-size density function [fj(x)] as follows:

Fy®) = — [V, = V)idx] €Y

where V, is the total volume of pores in a soil, which is a constant,
and V, — V is the volume of pores with pore sizes equal to or
greater than x. Integrating Equation 4 over the range from x to
infinity yields

Fyx) =V, - V (5)
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The function Fy(x) is a complementary cumulative distribution of
the pore size in terms of pore volume, but it is often simply called
the pore-size distribution in the literature of MIP. Because Fy(x) is
generally expressed in terms of pore volume, it is sometimes called
the pore-volume distribution (ASTM D4404). 1t is believed,
however, that the term “pore-volume distribution” could be
misleading for most engineers, who have become increasingly
familiar with the language of probability theory used in geo-
technical engineering: the term could be misunderstood as a
distribution of pore volume when in fact pore size is the
random variable considered. To be consistent with the current
probability terminology used in geotechnical engineering, it is
suggested that the probability density function of the pore size
or, simply, the pore-size density function be used and reported
in the MIP test. The pore-size density function may be obtained
by dividing Equation 4 by the total pore volume (V,), which
yields

fx(x) = AWV) - {= [d(V, - V)/dx]} ©
Because Equation 6 can be deduced directly from the mer-

cury intrusion data and is consistent with the language of

probability theory used in geotechnical engineering, it is sug-

gested that it be used in the presentation of the MIP test data.

PORE-SIZE DENSITY FUNCTION OF SAND

Specimen Preparation

The sand tested is a uniform Ottawa sand. The grain-size

distribution is shown in Figure 1. The soil classification of the

sand is SP and A-1-b(0) according to the Unified Soil Classi-
fication and AASHTO systems, respectively.
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FIGURE 1
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Perhaps the most difficult problem in measuring and deter-
mining the pore-size distribution and pore-size density function
in sand is the ‘“sampling,” that is, how to mold the soil
specimen for the MIP test without destroying the sand fabric.
In this study, the problem was solved by using a technique
developed by Juang and Holtz (I9). The technique involves
using a resin as a bonding material. A small amount of Varcum
1364 powdered phenolic resin made by Reichold Chemicals,
Inc., was mixed with sand. Pluviation was used to compact the
sand sample in a standard Proctor compaction mold (ASTM
D698) 102 mm in diameter and 116 mm high. After compaction
the entire sample and the mold were carefully placed in the
oven at a temperature of 170°C for about 1 hr. This time and
temperature were sufficient to melt the resin, which surface
coated the sand grains. The sample was then removed and
placed in a desiccator for several hours until it cooled. The
specimens for the MIP test were then trimmed from resin-
bonded compacted samples. The dimensions of individual
specimens were approximately 12 x 8 X 8 mm. After trimming,
the specimens were placed in an oven for about 5 to 10 min in
order to get rid of moisture, if any, that might have been
absorbed by the specimens during trimming. The specimens
were then kept in glass bottles and placed in the desiccator.

Different statcs of compaction of the sand studied were
obtained by pluvial compaction (14). Figure 2 shows the plu-
viation scheme. The sand-resin mixture was poured from a
1000-ml flask through a nozzle made from a rubber stopper
containing one hole either 6.8 or 3.8 mm in diameter. The sand-
resin mixture was free to fall to the surface of the sample while

Flask

Supporting
/— arm

Nozzle—/
h
s
<Stond
Mold
Sand —p> h
Base Plate ———>— . Py
hb

Height of Drop, h d

hd = hs-hf_hb—hi
Where
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hi = height of sand being filled after
(i—l)"' filling, hi=I=O

h' ,h,_= constants, as shown in figure

b
FIGURE 2 Schematic diagram of pluviation system.
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the flask was rotated at a rate of approximately 15 rpm. The
density of the sample obtained depended on the hole size and
the drop height. In this study, the samples were made in five
layers with drop height for each layer of 108 mm. In order to
keep the same drop height, the flask position was adjusted for
each layer. The choice of the drop height and hole size
depended on the density of the compacted sample desired. For
this study, they were selected by trial and error to produce a
relatively dense and a relatively loose state, respectively. The
results of the pluvial compaction of the sand-resin mixture are
as follows (the results indicate that the desired density can be
replicated by controlling the diameter of the hole and the drop
height):

State of Compaction

Parameter Relatively Loose Relatively Dense
Sample no. 1-6 1-6
Diameter of
hole (mm) 6.8 3.8
Drop height (mm) 108 108
No. of layers 5 5
Achieved dry
density (Mg/m3) 1.62 1.72

The minimum amount of resin that provides sufficient bond-
ing and workability was found to be 0.5 percent by weight of
sand (I8). This percentage was used throughout the entire
testing program. It must be noted that after oven drying, the
compacted samples experienced about 5 percent shrinkage in
volume but virtually no change in total weight. The powdered
phenolic resin acted as a glue when the compacted sand was
placed in the oven, and no chemical reaction between sand and
resin occurred during oven drying (18).

The foregoing procedure has been found to be satisfactory.
The fact that the results of the intrusion tests on specimens
trimmed from the oven-dried samples are reproducible indi-
cates that the procedure is an effective technique of obtaining
sand specimens for the MIP test.

MIP Test

The apparatus and procedures used in this study were similar to
those used by Garcia-Bengochea et al. (4) and ASTM D4404,
However, the freeze-drying procedure was not used because
the specimens had already been dried by using the specimen
preparation technique described in the foregoing section. In
addition, the penetrometer with intrusion capacity of 1.2 ml
instead of 0.2 ml was used during the low-pressure intrusion
period, because it was expected that a larger pore volume exists
in sand than in clay. The low-pressure intrusion was mainly to
measure the distribution of the large pores (20 to 500 m). The
use of a large penetrometer (with a capacity of 1.2 mL)
enhances the precision of the measurement of the distribution
of the large pores. To extend the distribution curve to the range
of the smaller pore size, a small penetrometer (with a capacity
of 0.2 mL) was also used and the high-pressure intrusion was
carried out for a separate specimen of the same sand. Thus, a
combination of data measured by both penetrometers was used
to obtain the distribution of the entire range of pore sizes.
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RESULTS AND DISCUSSION

As mentioned earlier, the absolute applied pressures recorded
in the MIP test can be used to calculate the apparent pore
diameters on the basis of Equation 1. However, this step
requires that the surface tension and contact angle be known.
For the sand tested, the surface tension was judged to be 484
dynes/cm on the basis of Kemball’s data (20). The contact
angle of mercury on melted phenolic resin was determined to
be 154 degrees following the method suggested by Winslow
(21). Because the surface tension of phenolic resin is much
lower than that of sand, the contact angle of mercury on sand
was judged to be 154 degrees (D. N. Winslow, private com-
munication). Once the two foregoing parameters have been
determined, the rest of the data reduction procedures are more
or less routine computations (e.g., 2, 3, 4, ASTM D4404).

A graphical presentation of the complementary cumulative
distribution with the intruded pore volumes per gram of speci-
men on the ordinate to an arithmetic scale and the apparent
pore diameters on the abscissa to a logarithmic scale is a
conventional way to present the MIP test data (2, ASTM
D4404). Figure 3 shows the measured pore-size distributions of
the sands at different states of compaction.
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FIGURE 3 Pore-size distributions of sands tested
in terms of cumulative intrusion.
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As mentioned earlier, it may be desirable to present the
measured data in terms of pore-size density function according
to Equation 6. The pore-size density function may be obtained
by using the finite difference approximation method (79) or by
direct differentiation of a curve-fitted cumulative distribution
function. The two methods generally yield approximately the
same results (6). Figure 4 shows the pore-size density function
of the sands tested.

In general, the replication of the MIP tests was satisfactory.
Because of the relatively insignificant variation in the test
results, Figure 4 actually represents an average of 12 data sets
measured for each sand.

Finally, it has to be pointed out that in Equation 4 or 5, the
term V, implies the total pore volume that can be intruded by
pressured mercury. Theoretically, it is equal to the total pore
volume that exists in the soil specimen. In reality, however, a
significant unintruded pore space is not unusual in an MIP test
(22, 23). For the sand specimens tested, however, the unin-
truded pore space is generally less than 5 percent. Thus, no
correction measure (24) was taken, and the former definition
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FIGURE 4 Pore-size density functions of sands tested.

was assumed in the calculation of the pore-size density func-
tion for the sands tested.

The pore-size density function curve provides some useful
qualitative characteristics of the sand fabric. The curves in
Figure 4 show a single mode characteristic around 200 m. As
the state of compaction changes, so do the mode and its
probability density (see Figure 4). This indicates that the pore-
size density function may be used to characterize the soil
fabric. In addition, the pore-size density function has been
successfully used in, and is the core of the development of, a
theoretical permeability model (I9), which indicates that the
pore-size density function is a useful quantitative measure of
the sand fabric.

CONCLUSIONS

1. A technique has been verified to be satisfactory for the
preparation of sand specimens for the MIP tests, which enables
the measurement of the pore-size distribution and pore-size
density function in sand.

2. A clarification of “pore-size distribution’” has been given
to provide a better link between the terminology used in the
literature of mercury porosimetry and that used in the conven-
tional probabilistic approaches in geotechnical engineering.

3. The pore-size density functions of the sands studied were
found to be singly modal on a log-diameter scale. The mode
occurred around 200 m, but the mode and its probability
density changed as the compactive effort varied.

4. The results of this study have provided a basis for further
research to investigate the sand fabric through variation in the
pore-size density function. It is believed that such study could
lead to better understanding or prediction of some engineering
properties (compressibility, liquefaction potential, etc.) of
sands.
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