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13-1 GENERAL INTRODUCTION

Soil bulk density, ps, is the ratio of the mass of dry solids to the bulk
volume of the soil. The bulk volume includes the volume of the solids
and of the pore space. The mass is determined after drying to constant
weight at 105 °C, and the volume is that of the sample as taken in the
field.

Bulk density is a widely used value. It is needed for converting water
percentage by weight to content by volume, for calculating porosity and
void ratio when the particle density is known, and for estimating the
weight of a volume of soil too large to weigh conveniently, such as the
weight of a furrow slice or an acre-foot.

Bulk density is not an invariant quantity for a given soil. It varies
'with structural condition of the soil, particularly that related to packing.
‘For this reason it is often used as a measure of soil structure. In swelling
s it varies with the water content (Hartge, 1965, 1968). In such soils,
i¢ bulk density obtained should be accompanied by the water content
the soil at the time of sampling.
\ The determination usually consists of drying and weighing a soil
mple, the volume of which is known (core method) or must be deter-
ed (clod method and excavation method). These methods differ in
ay the soil sample is obtained and its volume determined. A different
iple is employed with the radiation method. Transmitted or scat-
| gamma radiation is measured; and with suitable calibration, the
ty of the combined gaseous-liquid-solid components of a soil mass
f€termined. Correction is then necessary to remove the components
sity attributable to liquid and gas that are present. The radiation
10d 1S an in situ method.

PEr no. 11718 of the Scientific Journal Series, Minnesota Agricultural Experiment
i, St. Paul, MN.

ht 1986 © American Society of Agronomy—Soil Science Society of America, 677
Eoe R(_)ad, Madison, WI 53711, USA. Methods of Soil Analysis, Part 1. Physical
alogical Methods—Agronomy Monograph no. 9 (2nd Edition)
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Clod and core methods have been used for many years. Excavation
methods were developed in recent years, chiefly by soil engineers for
bituminous and gravelly material. More recently the excavation method
has found use in tillage research where surface soil is often too loose to
allow core sampling, or where abundant stones preclude the use of core
samplers. Radiation methods have been used since the 1950s, particularly
in soil engineering.

Bulk density is expressed in SI units or units derived from them. The
most straightforward would be kg m—3. However, derived units such as
tons m—3, g cm—3, or Mg m—3, which are numerically equal to each other,
may be more convenient, as they give values for soils which vary from
about 1.2 to 1.7 (rather than from 1200 to 1700, as when units of kg m—3
are used). Obsolete terms such as “volume weight” (weight . volume™!)
and “bulk specific gravity” or “apparent specific gravity” are sometimes
found in the older literature and in some foreign language literature.
Specific gravity terms are relative densities, i.e. density of a substance
with respect to water at 4°C, and are nearly equal numerically to bulk
density. At standard gravitation (g = 9.8 m s72), kilogram weight and
kilogram mass are equal, and under this condition “volume weight” is
numerically equal to bulk density. In many engineering and commercial
applications, bulk density is expressed in 1b ft=3, which one may convert
to g cm— by dividing by 62.4 (which is the mass, in pounds, of a cubic
foot of a substance whose density is unity, i.e., water at 4 °C).

13-2 CORE METHOD
13-2.1 Introduction

With this method, a cylindrical metal sampler is pressed or driven
into the soil to the desired depth and is carefully removed to preserve a
known volume of sample as it existed in situ. The sample is dried to
105 °C and weighed. The core method is usually unsatisfactory if more
than an occasional stone is present in the soil.

13-2.2 Method

Core samplers vary in design from a thin-walled metal cylinder to a
cylindrical sleeve with removable sample cylinders that fit inside. Sam-
plers are usually designed not only to remove a relatively undisturbed
sample of soil from a profile, but also to hold the sample during transport
and eventually during further measurements in the laboratory, such as
pore-size distribution or hydraulic conductivity. For the latter measure-
ment it is desirable to have core diameters not less than 75 mm and
preferably 100 mm to minimize the effect of disturbed soil interfacing
the cylinder wall. For the same reason it is desirable that the height of
the cylinder not exceed the diameter.
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idely used and very satisfactory sampler consists of two cylinders
ﬁtteg xg eilzside the othe?., The outer one extends above and below ?he
inner to accept a hammer or press at the: upper end and to form a C}m!gg
1d ¢ at the lower. The inside cylinder is the sample hqlder. The inside
giagmeters of the two cylinders when nested are essentially the same at
the lower end, the inner being fitted against a shoulder cut on the 1nn§a1r
surface of the outside cylinder. Figure 13-1 shows such a sampler (S,V?.l i
able in slightly different design frgczr;ztzl;e Utah State University Technica
i MC 12, Logan, UT .
Servésisérgdensities atg various depths in a _soil proﬁle are to be deter(i
mined, one can obtain samples with a hyflrauhcally dnve_n probe n.lountlel
on a pickup truck, tractor, or other vehicle. The probe is forced into t.de
soil and removed hydraulically. The probe tube has a 2- to 3-cm'w1 r?[
glit running most of the length of_ the tube, through which one cag 1gsed
a rounded knife or spatula to slice off segments of the soil as hesneb.
Segments typically 10 cm in length are cut and removed from td e tube
and placed in containers for transport to the laboratory. Depen 1n§ on
the probe model, samples can be'taken to about 1-m depth, thoug 1ex-
tensions for greater depths are avallgble for many models. Probe sa(l)rlnll)) ers
are available from Giddings Machine Co., P.O. Drawer 2024, 4 ' 211ne
st.. Fort Collins, CO 80522; A. D. Bull Enterprizes, 1904 Sout Iif
Str,eet, Chickasha, OK 73018; or Soiltest Inc., 2205 Lee St., Evanston,

60202.

Fig. 13-1. Typical double-cylinder, hammer-driven core sampler, for obtaining soil samples
for bulk density.
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Numerous hand-driven samplers have been described in the litera-
ture. Some of the more accessible ones are described by Lutz (1947),
Jamison et al. (1950), and U.S. Department of Agriculture (1954, p. 159).
Mclntyre (1974) describes types of core samples and their properties and
gives additional references.

13-2.2.1 PROCEDURE

The exact procedure for obtaining the samples depends on the kind
of sampler used. The following steps apply when the widely known dou-
ble-cylinder sampler is used.

Drive or press the sampler into either a vertical or horizontal soil
surface far enough to fill the sampler, but not so far as to compress the
soil in the confined space of the sampler. Carefully remove the sampler
and its contents so as to preserve the natural structure and packing of
the soil as nearly as possible. A shovel, alongside and under the sampler,
may be needed in some soils to remove the sample without disturbance.
Separate the two cylinders, retaining the undisturbed soil in the inner
cylinder. Trim the soil extending beyond each end of the sample holder
(inner cylinder) flush with each end with a straight-edged knife or sharp
spatula. The soil sample volume is thus established to be the same as
the volume of the sample holder. In some sampler designs, the cutting
edge of the sampler has an inside diameter slightly less than the sample
holder, so as to reduce friction as the soil enters the holder. In these cases,
determine the diameter of the cutting head and use this to calculate the
sample holder volume. Transfer the soil to a container, place it in an
oven at 105 °C until constant weight is reached, and weigh it. The bulk
density is the oven-dry mass of the sample divided by the sample volume.

13-2.2.2 COMMENTS

It is not necessary that soil be kept undisturbed during transport to
the laboratory and drying. A single sample cylinder can be reused if each
sample is transferred to another container. It is often desired, however,
to make other measurements such as pore-size distribution, conductivity,
or water retention in addition to bulk density on the same samples. These
require that they be kept undisturbed, each sample being transported in
the sample cylinder in which it was taken. Thus one must provide for
sufficient cylinders. Frequently other measurements to be made in the
laboratory require that samples be kept at field water-content. In that
case cylinders must be placed in containers that do not permit loss of
water during transport. Waxed paper or plastic containers with lids are
satisfactory for this purpose.

Core samples should be taken in soils of medium water content. In
wet soils, friction along the sides of the sampler and vibrations due to
hammering are likely to result in viscous flow of the soil and thus in
compression of the sample. When this occurs the sample obtained is
unrepresentative, being more dense than the body of the soil. Compres-
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sion may occur even in dry soils if they are very loose. Whenever a sample
is taken, one should carefully observe whether the soil elevation inside
the sampler is the same as the undisturbed surface outside the sampler.
One can only roughly estimate in this manner whether the density of the
sample is changing because of sampling.

In dry or hard soils hammering the sampler into the soil often shatters
the sample, and an actual loosening during sampling may occur. Pressing
the sampler into the soil usually avoids the vibration that causes this
shattering. Close examination of the soil sample usually allows one to
estimate whether serious shattering occurs. And, as in the case of wet
soils, soil level inside and outside the sampler must remain the same if
the sample is to be considered satisfactory. (see also Mclntyre, 1974.)

13-3 EXCAVATION METHOD
13-3.1 Introduction

Bulk density is determined in this method by excavating a quantity
of soil, drying and weighing it, and determining the volume of the ex-
cavation. In the sand-funnel method, the volume is determined by filling
the hole with sand, of which the volume per unit mass is known. In the
rubber-balloon method, the volume is determined by inserting a balloon
into the excavation and filling it with water or other fluid until the ex-
cavation is just full. The volume of the excavated soil sample is then
equal to the volume of the fluid dispensed. If the excavation is carefully
done it is possible simply to measure its dimensions and calculate the
volume. Mensuration apparatus is described that enables one to deter-
mine the volume of an irregular excavation.

13-3.2 Method (ASTM, 1958, p. 422-441)

13-3.2.1 SPECIAL APPARATUS

13-3.2.1.1. Sand-Funnel Apparatus (see Fig. 13-2) (Soiltest, Inc.,
2205 Lee Street, Evanston, IL 60202).

1. A metal funnel 15 to 18 cm at its largest diameter, fitted with a valve
on the stem. Attached to the stem when the funnel is inverted is a
sand container.

2. A standard sand thatis clean, dry, and free-flowing. Particle size should
be fairly uniform to avoid possible separation in the dispenser with
consequent error in calibration. Sand particles passing a no. 20 sieve
and retained on a no. 60 sieve are recommended (0.841-0.25 mm).

3. A template consisting of a thin, flat, metal plate approximately 30 cm
square, with a hole 10 to 12 cm in diameter in its center.

4. Scales to weigh to 5 g.
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Fig. 13-2. Apparatus for sand-funnel technique of determining soil bulk density in place.

13-3.2.1.2. Rubber-Balloon Apparatus.

1. A thin-walled rubber balloon (may be purchased from Barr Inc., 1531
First Street, Sandusky, OH 44870, and the Anderson Rubber Co., 310-
T N. Howard Street, P.O. Box 170 Akron, OH 44309).

2. A 1000-cm? graduated cylinder and a water container.

3. A template, described in section 13-3.2.1.1 (3).

Rubber-balloon density apparatus is available from several manu-
facturers supplying soil testing equipment. (One supplier is Soiltest, Inc.,
2205 Lee Street, Evanston, IL 60202.) The apparatus made commercially
has the convenience of a volumetrically calibrated water container-dis-
penser, with suction facilities for returning the water to the container for
re-use (Fig. 13-3).

13-3.2.1.3 Mensuration Apparatus.

1. Tape measure marked in millimeters.

2. Flat metal plate approximately 50 cm square, with 30 to 40 evenly
spaced holes forming a grid through which the tape measure can be
inserted. Alternatively, 3 wooden beams 3 by 3 by 80 cm with 5-cm
markings may be used.

3. Four wood stakes approximately 10 cm long, one end sharpened.

4. Scales to weigh to approximately 10 g.

13-3.2.2. PROCEDURE

13-3.2.2.1. Sand-Funnel Procedure. Level the soil surface and re-
move loose soil at the test site. Place the template on the soil. Excavate
a soil sample through the center hole of the template, leaving a hole with
a diameter of approximately 12 cm and a depth of approximately 12 cm,
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. ——

Eﬂ
Fig. 13-3. Apparatus for determining soil bulk density in place by the rubber-balloon tech-
nique.

or other value as desired. A large spoon is convenient for excavating.
Recover all evacuated soil in a container, being careful to include any
loose soil that has fallen in from the sides of the excavation. Determine
the oven-dry soil mass including stones by drying the soil to 105 °C and
weighing it.

Determine the volume of the test hole by filling it with sand to the
level of the bottom of the template. Level the sand with a spatula if
necessary, but disturb it as little as possible to avoid packing the free-
flowing sand. (Dispensing the sand through a funnel placed on the tem-
plate, as is done with commercially available equipment, avoids the prob-
lem of leveling the sand. The excavation as well as the funnel is filled by
free flow of sand, the predetermined weight required to fill the funnel
being subtracted as a tare.)

Determine the weight of sand required to fill the test excavation by
weighing it to the nearest 5 g. Precalibrate the mass-to-volume ratio of
sand by letting sand fall from a similar height and at a similar rate of
flow as in the test procedure. Using the calibration curve or values derived
from it, determine the volume of the excavation from the measured mass
of sand dispensed.

13-3.2.2.2. Rubber-Balloon Procedure. Level the soil surface, place
the template on the surface, and excavate a soil sample as described in
the preceding section. Place the rubber balloon in the test hole and fill
the balloon with water to the bottom of the template. Determine the
volume of water required to the nearest 2 cm?>. (A 1000-cm3 graduate has
markings to 10 cm?, but one can estimate to 2 cm? if the graduate is
placed on a horizontal surface.)
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Calculate bulk densit
y from the oven-
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Bulk i ;
ried out cg::fsﬂly CEII_III be estimated accurately by excavation methods
stones should bY-_ oles shguld have smooth, rounded walls Protru(;:i?lr-
smooth the are: flrnduded. in the sample, care being used to round a g
can be used to cutoigo";vhwh ;tones are taken. A heavy pair of SCiSS(?rS
undisturbed. S at the wall surface so the surrounding soil is
Th i .
cm depetlf iztslze\lr)(l)llarge sample (a cylinder of 12-cm diameter and of 12
ume of 1357 cm?) has the advantage that small errors
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Table 13-1. Comparison of surface nuclear gauge and sand-cone method for
determining soil bulk density (Mintzer, 1961).
Number of Mean Extreme
Soil material comparisons difference difference
%t
Wet bulk density, pow
Brown sand, trace silt ) 2.03 —0.25-4.28
Brown silt and clay 4 0.89 —0.64-1.87
Brown sand and gravel,
gome silt, trace clay 6 1.01 —2.27-7.75
Brown till 4 -1.19 —-3.97-1.60
Dry bulk density, po
Brown sand, trace silt 9 2.05 -1.21-4.98
Brown silt and clay 4 7.21 5.51-9.27
Brown sand and gravel,
some silt, trace clay 6 1.48 —1.71-8.32
Brown till 4 —-0.38 —4.53-3.21
ulk density value.

+ A positive value indicates nuclear method gave higher b

ater volumes or sand weights are insignificant. The dis-
rimination to a localized horizon. An error
of 5 cm? in liquid volume will give an error of 0.005 in a sample having
abulk density of 1.36 gcm ™ 3 Though one determines the water dispensed
to perhaps 2 cm’, a much greater source of error in water measurement
arises in determining when the water in the excavation is level with the
bottom of the template. Extreme care and judgment are required in this.
The volume of the balloon itself, being of the order of 2 cm3, will give
a considerably smaller error than the volume measurement, and can be

neglected.
An error of 7 g in wi
bulk density is 1.36 g cm™

in measuring w.
advantage is the lack of disc

eighing the sand gives an error of 0.005 if the
3. As in the balloon technique, greater error is
likely to result in the precision with which one can determine the sand
level at the bottom of the template. An error of 1 mm in this level will
result in an error of 0.01 in the bulk density. Extreme care is therefore
required to assure that the sand level is at the template bottom. The need
for the dispensing funnel in reducing this error is obvious.

If one assumes an excavation of 30 by 30 by 10 cm in the mensuration
method and measures depth 36 times on 2 5-cm grid, assuming a cu-
mulative error of 1 mm in each of the depth measurements the error in

volume measurement is 1%.
A comparison of the sand-funnel and radiation methods was made

by Mintzer (1961), and the results are summarized in Table 13-1.

13-4 CLOD METHOD
13-4.1 Introduction

The bulk density of clods, or coarse peds, can be calculated from
their mass and volume. The volume may be determined by coating a
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g:lod of known weight with a water-repellent substance and by weighing
it ﬁr§t in air, then again while immersed in a liquid of known density
making use of Archimedes’ principle. The clod or ped must be suﬁ‘icientl};
stable to cohere during coating, weighing and handling.

13-4.2 Method

13-4.2.1 SPECIAL APPARATUS

1. A balance, modified to accept the clod suspended below the balance
arm by means of a nylon thread or thin wire, to allow weighing the
clod when it is suspended in a container of liquid.

2. A fine nylon thread or 28 to 30 gauge wire, to attach the clod to the
balance. A fine nylon hairnet makes a good container for the clod.

3. Saran solution. Dissolve 1 part by weight of Saran resin (Dow Saran
F-310; Dow Chemical Co., Suite 500/ Tower No. 2, 1701 West Golf
Road, Rolling Meadows, IL 60008) in 7 parts by weight of methylethyl
ke_tone in a 1-gallon container in sufficient quantities to fill the con-
tainer about three-quarters full. Manufacturer’s instructions for safe
handling of solvents should be carefully followed. Dissolution requires
about an hour, with vigorous stirring. Since the solvent is flammable
and explosive when its vapors are mixed with air, either hand-stirring
or use of an air-driven stirrer should be employed in a well ventilated
hood. The solution can be stored for long periods if kept in a tightly
closed container to prevent evaporation of the solvent.

13-4.2.2 PROCEDURE

' Secure the clod with two loops of the thread or wire, loops being at
right angles to one another, leaving sufficient thread or wire to connect
to the balance arm. Weigh the clod and thread. Holding it by the thread,
dip the clod into the saran solution. Suspend it in air under a hood for
15 to 30 min to allow the solvent to evaporate. Repeat dipping and drying
one or more times as needed, to waterproof the clod. Weigh the clod,
with its coating and the thread. Weigh it again when it is suspended in
water and note the water temperature. Determine the tare weight of the
thread or wire. To obtain a correction for water content of the soil, break
open the clod, remove an aliquot of soil, and weigh the aliquot before
and after oven-drying it at 105 °C.

Calculate the oven-dry mass of the soil sample W4 as follows, from
the w:;(ter content of the aliquot removed from the clod after other weights
are taken:

Wods = Wsa/(l + Bw)
where 6 = water content of the subsample in g/g and W,, = net weight

of clod or ped in air at its original water content.
Calculate bulk density as follows:
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Py = prods/[ Wsa - Wspw + Wpa - (Wpapw/pp)]

pw» = density of water at temperature of determination,
W.as = oven-dry weight of soil sample (clod or ped),
W, = net weight of clod or ped in air,
W, = net weight of soil sample plus saran in water,
W, = weight of saran coating in air, and
pp = density of saran.

13-4.2.3 COMMENTS

The clod method usually gives higher bulk-density values than do
other methods (Tisdall, 1951). One reason is that the clod method does
not take the interclod spaces into account.

Extreme care should be exercised to get naturally occurring masses
of soil. Clods on or near the soil surface are likely to be unrepresentative,
for these are often formed by packing with tillage implements. Natural
soil masses, or coarse peds, that are more representative should be sought.

If bubbles appear on the saran when the sample is weighed in water
or if the weight in water increases with time, water is penetrating the
clod, and the sample must be discarded. )

Brasher et al. (1966) first proposed use of saran coating. They sug-
gested that for clods with large pores, a more viscous saran solution of
1 part resin to as little as 4 parts methylethyl ketone could be used. They
gave the density of saran to be 1.3 g cm 3.

Precision in calculating the bulk density would require a correction
for the difference of the weight of the wire in air and in water. However,
the error is negligible with thread or a 28-gauge wire.

Using clods as small as 40 g oven-dry weight and weighing to 10 mg
gives a standard deviation in the bulk density with 25 replications of a
single measurement of 0.07 g cm ™3 (Hartge, 1965). This can be reduced
by using larger clods or by weighing to 1 mg or both. Obviously, using
a greater number of samples for a determination would also reduce the
standard deviation.

Several other substances have been used to seal the clod against water,
including paraffin, rubber, wax mixtures, and oils.

13-5 RADIATION METHODS
13-5.1 Introduction
The transmission of gamma radiation through soil or scattering within
soil varies with soil properties, including bulk density. By suitable cali-

bration, measurements of either transmission or scattering of gamma
radiation can be used to estimate bulk density.
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11_1 the tran§mission technique, two probes at a fixed spacing are low-

ered .lnto previously prepared openings in the soil. One probe containg
a Geiger tube, which detects the radiation transmitted through the soil
frpm the gamma source located in the second probe. The scattering tech-
nique employs a single probe containing both gamma source and detector
separated l_)y shielding in the probe. It can be used either at the soil surface
or place(‘i ina hole, depending on design of the equipment.
. Rad!atlon methods have several advantages, among which are min-
imum disturbance of the soil, short time required for sampling, acces-
s;bgl;ty to subsoil measurement with minimum excavation, and t,he pos-
sibility of continpous or repeated measurements at the sar,ne point

Both transmission and scattering techniques measure the bulk de‘nsity
pf gll components combined. The densities of gaseous components are
insignificant in comparison to those of the solid or liquid components
and can therefore be ignored. It is necessary, however, to determine thé
water content of the soil at sampling time and to apply a correction to
obtain bulk density on a dry soil basis.

13-5.2 Methods

13-5.2.1 SPECIAL APPARATUS

Transmission apparatus is supplied b i
. y Troxler Electronics Labora-
tories, P.O. Bpx 12057_, Cornwallis Road, Research Triangle Park, NC
277Q9, following a design by Vomocil (1954). A design, including a dis-
cussion of the theory of the method, calibration, and methods of making
measurements was included in the first edition of Meth ] -
ysis, Part 1 (Blake, 1965). eihods of Soil fneg
Scattering apparatus is supplied b i i

y Troxler Electronic Laboratories
P.O. Box }2057, Cornwallis Road, Research Triangle Park, NC 2770§
and by Soiltest Inc., 2205 Lee Street, Evanston, IL 60202.

13-5.2.2 PROCEDURE

Itis recommended that the instructions suppli i i

pplied with the commercial
apparatus be fqllowed. One may also wish to refer to the first edition of
Methods of Soil Analysis, Part 1 (Blake, 1965).

13-5.2.3 COMMENTS

There is some radiation hazard with these methods. Gamma photons
are hlgh-eqergy radiation. Some will pass through several centimeters of
leafi shle?ldlng. Commercially available equipment, as well as designs de-
scribed in the literature, reduce the hazard to safe levels. But it is im-
portapt to adhere strictly to time limits, distances, and other conditions
described ‘by the manufacturers. One should be equipped for and knowl-
edgeable in means of checking the equipment for radiation levels ac-
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cording to the way it is handled in actual sampling. If there is doubt, the
equipment should be checked for safety by a competent testing laboratory.

Since radiation transmitted from a source to a detector is dependent
on probe spacing or sample thickness, care must be exercised with the
two-probe sampler to assure that access holes are parallel and spaced

exactly as in the calibration.
Mintzer (1961) reported comparisons of the surface-density probe

and the sand-cone method on four sngineering projects. He reported his
comparisons on both the wet and dry bulk-density bases. He used a
surface neutron meter for water content where the surface-density probe
was used. His results are summarized in Table 13-1.
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