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ABSTRACT

Measurement of soil bulk density is important for understanding the physical, chemical, and biological properties of soil. Accurate
and rapid soil bulk density measurement techniques play a significant role in agricultural experimental research. This review is a
comprehensive summary of existing measurement methods and evaluates their advantages, disadvantages, potential sources of error,
and directions for future development. These techniques can be broadly categorised as direct and indirect methods. Direct methods
include core, clod, and excavation sampling, whereas indirect methods include the radiation and regression approaches. The core
method is most widely used, but it is time consuming and difficult to use for sampling multiple soil depths. The size of the coring
cylinder used, operator experience, sampling depth, and in-situ soil moisture content significantly affect its accuracy. The clod method is
suitable for use with heavy clay soils, and its accuracy is dependent on equipment calibration, drying time, and operator experience, but
the process is complicated and time consuming. Excavation techniques are most commonly used to evaluate the bulk density of forest
soils, but have major limitations as they cannot be used in soils with large pores and their measurement accuracy is strongly influenced
by soil texture and the type of analysis selected. The indirect methods appear to have greater accuracy than direct approaches, but
have higher costs, are more complex, and require greater operator experience. One such approach uses gamma radiation, and its
accuracy is strongly influenced by soil depth. Regression methods are economical as they can make indirect measurements, but these
depend on good, quality data of soil texture and organic matter content and geographical and climatic properties. Also, like most of
the other approaches, its accuracy decreases with sampling depth.
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INTRODUCTION

Soil compaction is a major agricultural problem be-
cause of its significant effect on productivity (Keesstra
et al., 2016; Yang et al., 2016). The bulk density (pp)
of soil is regarded as a key factor that is correlated with
soil compaction and many physical, chemical, and bi-
ological properties of soil. It is calculated as the ratio
of the dried mass of soil to its total volume (Han et al.
2016; Walter et al. 2016).

Soil pp, can be determined from measurements of
soil organic carbon using regressions methods, such as
pedotransfer functions (PTFs) (Holmes et al., 2012;
Rudiyanto et al., 2016; Xu et al., 2016; Yi et al.,
2016). Accurate soil p, data is also an indicator of
soil porosity and moisture content as it is dependent
on soil texture and structure (Casanova et al., 2016;
Moret-Fernandez et al., 2016; Han et al., 2017; Lu et

al., 2017). Such data also provide valuable information
on soil compaction stress (Lestariningsih and Hairiah,
2013) and can be used to calculate soil penetration re-
sistance (Gao et al., 2016; Hosseini et al., 2016; da Silva
et al., 2016). Furthermore, some studies (Masseroni et
al., 2014; Al-Shammary and Al-Sadoon, 2014; Russell
et al., 2015; Lu et al., 2017) claim that the py, value of
a soil is an essential characteristic of its thermal pro-
perties. The soil property parameters (soil volumetric
heat capacity, thermal conductivity, and physical and
biological processes) affected by py, are listed in Table
I. Soil depth influences py, value; soil pp, values can be
used to estimate soil productivity, quality, and carbon
storage.

Measurement of soil py, is important for calcula-
ting the physical qualities of soil because many of these
are affected by soil py, while climatic factors and agri-
cultural use have significant effects on soil organic car-

*Corresponding author. E-mail: ahmedabd192000@Qyahoo.com, agatea@deakin.edu.au.
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TABLE 1

Soil properties affected by soil bulk density

A. A. G. AL-SHAMMARY et al.

Soil property Definition

Formula or model®) Reference(s)

Porosity (&, %)

Percentage of the bulk volume not occupied by

P = (1 - g—b> x 100 Casanova et al.

solids p (2016)
Volumetric moisture Ratio between the mass of water and the mass of g = Dwpb Smith (2000)
3 -3 3 dw
content (A, cm® cm™?) dry soil

Thermal conductivity
A Wm—t K™

moisture content

Volumetric heat capa-
city (Cy, Jm™3 K1)
Penetration resistance
(PR, Pa)

ture of a unit volume of soil by 1 K

A property that plays a significant role in calcula-
ting heat transfer at the soil surface under ambi-
ent air conditions and depends on dry density and

Amount of heat needed to increase the tempera- Cy

A property that plays a key role in estimating soil
mechanical properties, which are commonly used

A = 0.1442(0.9logw—
02) 100.01pb

Blazquez et al.
(2017), Al-Sha-
mmary et al.
(2017)

2.01 x 106y,

= =X Rkt et al (2012
2.65 + 4.19 x 1060 vett et al. (2012)

PR = exp(a + bp{ + cSp) Vaz et al. (2013)

to estimate soil strength, and depends on soil bulk
density, soil moisture content, and soil type

a) py, is the soil bulk density (Mg m~3), Dy, is the soil particle density (Mg m™3), pyw is the soil moisture by weight (%), dw is the water
density (Mg m™3), w is the soil weight, a, b, and ¢ are the fitting parameters, and p,,* and Sp are the normalized bulk density and

water content, respectively.

bon (Lobsey and Viscarra Rossel, 2016). In addition,
knowing soil pp, values is important for soil manage-
ment (Ferreira et al., 2015). Therefore, observing the
dynamics of soil py, can elucidate the dynamics of soil
productivity and ecosystem functioning, allowing local
variability in soil quality to be measured.

Soil pp, can also be influenced by the efficiency of
agricultural production. To date, various methods have
been developed to measure soil py,, including direct and
indirect methods. Shiri et al. (2017) noted that the
choice of method used for measuring soil p;, strongly
affects estimates of soil organic carbon content. ISO
(2017) and ASTM (2015) state that soil py, can be di-
rectly measured by the core method (in a volumetric
cylinder), via the excavation and clod methods. How-
ever, the core method is expensive, difficult, and time
consuming to perform at multiple soil depths. This
is because the processing of the soil samples removed
requires much time and puts pressure on the opera-
tor; also, this method is destructive (Chai and He,
2016). Measuring soil py, using the clod method is a
complicated process. Drying of soil samples and ca-
Iculating their mass and volume using paraffin wax are
dependent on equilibrium water potential. The perfor-
mance of this method is dependent on the experience of
the operator and calibration of the equipment, as well
as drying time. Studies have indicated that collecting
clods is difficult, and, as a result, clod samples are more
prone to disturbance than those obtained by other me-
thods. This is worthy of note because the volume of a
clod sample has a significant effect on the performance
of the clod method. Increasing the volume of the clod

can lead to greater accuracy when measuring soil pp
in the field (Rossi et al., 2008). The main limitation of
such excavation methods is that they cannot be used
in soil that contains large pores. Furthermore, their
accuracy is influenced by soil texture and analysis pro-
cesses, as well as the calibration of the balance used to
measure mass, because the volume of the soil sample
is estimated by filling the excavated region with sand
or water (McKenzie et al., 2002; Ma et al., 2013). Lob-
sey and Viscarra Rossel (2016) and Vanguelova et al.
(2016) argued that soil pp, can be indirectly measured
using a regression method, such as PTF, or the radi-
ation method (Fig.1). However, a number of studies
have found that these soil p;, measurement techniques
have several limitations, such as being difficult to use,
time consuming, and prone to large errors when sam-
pling different locations (Xu et al., 2016).

The major objective of this review is to evaluate
potential sources of error and uncertainty related to
measurement, of soil p, using the different methods
that exist. This review emphasises why it is imperative
to measure soil p, and which factors affect it. Further-
more, this review aims to provide academic researchers
in the agricultural field with a summary of the key
strengths and weaknesses of soil p;, measurement tech-
niques in terms of their cost effectiveness, measurement
accuracy, spatial scale, and analysis time.

IMPORTANCE OF p, TO SOIL CHARACTERIS-
TICS AND FACTORS AFFECTING SOIL py

Soil py, significantly affects soil health and is influ-
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Methods for measurement
of soil bulk density

Direct measurement

Core method Clod method

Fig. 1 Methods used for measurement of soil bulk density.

enced by several factors, including soil porosity, mi-
neral type, organic matter content (OMC), texture,
structure, and moisture content (Chaudhari et al.,
2013). Therefore, changes in soil p;, can have a signi-
ficant influence on soil thermophysical characteristics
and agricultural production. Soil py, values are key to
estimation of soil moisture content (u), porosity (@),
volumetric moisture content (), and soil thermal pro-
perties (STP) (Usowicz et al., 2013; Al-Shammary and
Al-Sadoon, 2014; Ahad et al., 2015). The STP is de-
pendent on p, (Al-Shammary and Al-Sadoon, 2014;
Russell et al., 2015; Lu et al., 2017). Specifically, Mah-
davi et al. (2016), Alrtimi et al. (2016), and Hu et
al. (2017) observed that soil py, strongly influences soil
thermal conductivity (), because soil A is dependent
on particle arrangement, which is influenced by varia-
tion in soil p,. Zhang et al. (2017) demonstrated that
soil pp, has a significant effect on the thermal resistivi-
ty (p) and A of soil. Soil p decreases with increasing
soil pp, because the improved particle arrangement in
soils with higher py, results in better heat transfer. In
contrast, Arkhangel’skaya et al. (2016) argued that soil
pp significantly influences STP and found that soil py
was correlated with soil thermal diffusivity (K) and
volumetric heat capacity (Cy) because soil py, affects
the particular components of soil thermal balance (A,
p, K, and Cy). Furthermore, Shiri et al. (2017) sta-
ted that soil py, significantly affects land drainage and
reclamation and is an indicator of drainage properties.
Furthermore, in irrigation management, Mohawesh et
al. (2014) and Liu et al. (2016) argued that soil pi, can
be used to calculate the soil §, which is a significant
property used to control irrigation regimes. Jia et al.
(2017) stated that soil py, is an important factor in soil
moisture dynamics. Also, Yang et al. (2016) observed
that soil py, is an indicator of the physical characteris-
tics of soil that affect water transport and found a si-
gnificant correlation between soil p;, and soil moisture
content. This is because soil py, affects the soil water
capacity and available moisture. Wilson et al. (2013)
reported that soil pp, strongly influences soil penetra-

Excavation
method

Indirect measurement

Radiation
method

Regression
method

tion resistance (PR) and shear strength (SS). Mean-
while, Bayat et al. (2017) found that soil py, is the
most dynamic factor for predicting soil PR as soil PR
and py, tend to be correlated.

Soil porosity is strongly influenced by soil p, (Na-
ghdi et al., 2016). Jalabert et al. (2010), Ghehi et
al. (2012), Xu et al. (2016), and Yi et al. (2016) showed
that OMC has a significant influence on soil py, va-
lues. Ahad et al. (2015) indicated that soil p, has a
positive relationship with soil texture, as well as mi-
neral and organic matter, but a negative relationship
with OMC and porosity. Martin et al. (2017) argued
that soil structure and texture could be indicators of
soil p, and found that the sand content of soil affects
soil p, more strongly than clay content and there is a
positive correlation between soil sand content and soil
pp values. Similarly, Al-Qinna and Jaber (2013) repor-
ted that soil sand content has a more significant and
positive correlation with soil py, than soil silt and clay
contents, which is because in arid soil silt and clay
have lower p;, values. Other important influences on
soil pp, come from management factors, such as a his-
tory of compaction. Naderi-Boldaji and Keller (2016)
stated that land use and mechanical stresses strong-
ly affect soil p,, because they influence its dynamics
and degree of compaction. Increased soil py, results
from soil compaction due to anthropogenic mechan-
ical operations, as well as natural processes such as
rain, plant roots, and traffic, which can rearrange the
solid particles of soil (Al-Kaisi et al., 2017; Busse et
al., 2017; Cambi et al., 2017). In contrast, Keesstra et
al. (2016) found that increased vegetation cover can
result in decreased soil py, under various soil manage-
ment techniques. Shete et al. (2016) also showed that
plantations influence soil p,, because groundcover affe-
cts the frequency of soil disturbance. Sequeira et al.
(2014) showed that soil pp has a significant effect on
soil moisture. Furthermore, according to Chaudhari et
al. (2013), soil py, increases with depth because sub-
surface layers are more compacted and have a lower
OMC than surface layers. Their results also indicated
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that soil pp, is negatively related to OMC.

METHODS FOR MEASUREMENT OF SOIL BULK
DENSITY

Measuring soil pp under different conditions pro-
vides useful information on the physical properties of
soil (Ali, 2010). In recent studies, p, has been measured
using one of two groups of methods: 1) well-established
direct methods, or 2) indirect methods (Campbell,
1994). These two groups differ according to the tech-
nology used, duration of measurement, accuracy, cost,
operator experience, and suitability to different soil ty-
pes and conditions..

Direct methods

Direct methods for measuring soil p;, are often
more practical and, thus, are generally used by agri-
cultural soil scientists and civil engineers (Ma et al.,
2013). They include measurements of the mass and
volume of oven-dried soil samples. The volume of a
soil sample can be obtained by measuring the size
of the sampling cylinder or the quantity of sand or
water (Campbell, 1994). Direct measurements can be
obtained from core, excavation, and clod methods
(Martin et al., 2017). A number of studies have found
that these methods depend on measurements of the
volume and mass of the soil sample because the mass
of a dry soil sample is obtained by weighting, whereas
the total volume of the soil, including air and mois-
ture, is observed by indirect measurement (Ferreira et
al., 2015). The dry soil pp, can be calculated using the
formula:

Pb = Ms/‘/s (1)

where py, is in Mg m™3, M is the weight of the dry
soil sample in Mg, and Vj is the volume of the dry soil
sample in m? (Han et al., 2016).

Core method (volumetric cylinder method).  The
core sampling method is the most common method
used to determine ppin agricultural soils (Casanova et
al., 2016). This method is based on the procedure out-
lined in ISO (2017). This method requires a solid ring
or volumetric cylinder to be hammered or pressed into
the soil (Walter et al., 2016) to take a core sample. The
total volume of the soil is estimated as the internal vo-
lume of the cylinder. Samples are dried at 105 °C for
2-3 d depending on core size and moisture content, and
then the mass of the dry soil sample is measured and
soil py, estimated as shown in Fig. 2 (Ali, 2010; Yang et
al., 2016; Zolfaghari et al., 2016). A calculation sheet
for determining soil py, via the core sampling method

A. A. G. AL-SHAMMARY et al.

is given in Table IT (Ali, 2010). Often, the moisture
conditions in the field at the time of sampling are also
recorded by weighing the wet soil sample prior to oven
drying.

This method is simple and inexpensive and, thus,
has been applied in many practical and investigative
studies. After reviewing the recent literature, Vangue-
lova et al. (2016) found little evidence that the core
diameters used had any significant influence on the
accuracy of soil p, measurement at different depths.
However, they indicated that a 100-cm?® volume steel
core was the most reliable for use at different depths.
Casanova et al. (2016) observed an interesting nega-
tive correlation between the size of the core used and
the value of soil p, obtained, which was due to ex-
treme soil shattering and compaction if the core was
too small. Walter et al. (2016) stated that accurate
and efficient methods of measuring soil py, are impo-
rtant when recording soil organic carbon. They com-
pared soil p;, measurements using three soil core me-
thods and three soil probe types at four locations and
discovered that soil depth, soil type, and systematic
error can all affect soil py, recordings, with inaccura-
cies due to issues with small sample size relative to
aggregate size. Lestariningsih and Hairiah (2013) in-
dicated that the accuracy of soil p, measurements u-
sing the core method is dependent on sampling time
and depth. Additionally, in China, Chai and He (2016)
used 11845 samples to assess soil p,, measurement by
the core method and demonstrated that reproducibili-
ty of measurements in the field was limited. They also
found that a major limitation of the core method is
that it is challenging to control the quality of p;, data
collected. Quraishi and Mouazen (2013) argued that
errors in field measurements may be potentially large
because their accuracy is dependent on the experience
of the operator, soil type, and the field conditions at
the time of sampling. In addition, they found that this
method is time consuming. Lin et al. (2014) studied
a model-based relationship between the core method
and soil py, using dual-sensor penetrometer data. They
found that soil pp, values were influenced by the physi-
cal conditions of the soil. They reported that while the
core method was practical for measuring soil py, it was
difficult and time consuming when multiple soil depths
were sampled. This is because accuracy decreases with
soil depth and is also affected by the sample collection
and drying processes. Furthermore, field conditions can
also have an effect on the values obtained. The per-
formance of the core method is dependent on soil type
and has the most practical application in soft cohesive
soils (loams, silt loams, clay loams, and clays). It has
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Fig. 2 Schematic diagram of the core, clod, and excavation methods for measuring soil bulk density.

TABLE II

Calculation sheet for determining bulk density (pp) for soil using the core method (Ali, 2010)

Sample Weight of Weight of Core size Actual soil Weight of Soil py, value
number  oven-dried core (C2) sample oven-dried soil (C6) (C6 =
soil core Height Diameter  Volume volume (C5) (C5 = C5/C4)
(C1) (h) (d) (rd®h/4) (C3)  (cy) Cl - C2)
g g cm cm cm cm3 g g cm™3
160 25 6 5 117.8 117.8 135 1.15

limited application in measuring the py, of sandy or
gravelly soils (Brahim et al., 2012).

Clod method (paraffin-sealed clod).  The clod
method is the second most widely used technique for
measuring soil p, (Casanova et al., 2016) and is labo-
ratory based (Ali, 2010). This method is also based on
the procedures outlined by ISO (2017). In this method,

soil pp, is measured by calculating soil mass and volu-
me using paraffin wax, saran rubber, or wax mixtures
using the following steps. First, a clod is weighed, and
then its volume is estimated by coating it in paraffin
wax, which is done by heating a wax bath to 65-70 °C
and submerging the clod in a cylinder (volumenome-
ter) in the wax bath for approximately 24 h. Alter-
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natively, the waxed clod is weighed in the air. After
this, it is weighed while submerged in a known mass
(volume) of water, as shown in Fig. 2, where the water
temperature is noted and the mass is recorded again.
Table III shows a calculation sheet for determining soil
pb using the clod method (Ali, 2010). Moret-Fernédndez
et al. (2016) reported that one major problem with
this method is that it is time consuming because the
experimental process is complex and slow. The clods
also need to be sufficiently stable for this method to
work; for most soils, this limits the clod size to 4-10
cm in diameter. Furthermore, the process of immer-
sing and weighing a coated clod is challenging and te-
dious, and measurement error can increase during the
immersion process. Casanova et al. (2016) observed
that the clod method can overestimate soil p;, com-
pared to the core sampling and excavation techniques
because it does not account for inter-aggregate pores.
They also found that the structure of the soil and the
sample collection methods result in considerable dif-
ferences in measurements. Rossi et al. (2008) presen-
ted the specifications and cost-effectiveness of the clod
method by comparing it with the non-destructive s-
canning method. Their results showed that the clod
method is more labour intensive than the scanning me-
thod because it requires more complicated calculations
and is dependent on operator experience. In addition,
inconsistencies in paraffin coating may cause errors.
Ali (2010) found that the accuracy of the clod method
depends on user experience, calibration, and soil pro-
perties. Furthermore, a number of soil samples must
be taken at each depth to decrease measurement error.

Ezcavation method (volume replacement).  The
excavation method can be used to measure soil pp in
conditions where the core sampling and clod methods
cannot be applied, such as when there is a high stone
content, a high gravel content, or a sloping topography
(Bauer et al., 2014). However, this method is not sui-
table for measuring py, of soils with large pores (Frisbie
et al., 2014). Instead, the excavation method is appro-

TABLE III

A. A. G. AL-SHAMMARY et al.

priate for soils that have a high proportion of coarse
fragments, such as those in forests. The soil sample
collected should be dried at 105 °C for approximate-
ly 24 h, depending on moisture content. Then, the soil
volume can be determined by filling the excavated hole
with a measured quantity of sand or water, as shown
in Fig.2. The excavated hole is usually about 10 cm
in diameter. This is a time-consuming procedure, with
approximately 30 min needed to estimate the volume
of a single soil sample (Smith, 2000; McKenzie et al.,
2002; Abzalov, 2016). In the case of sand excavation,
the soil p, can be calculated using the following for-
mula (Abzalov, 2016):

Pb = Ms/[(Ms - Msw)/dw} (2)

where py, is in g cm™3, M, is the weight of the soil
sample after being air dried at 105 °C for about 24 h
in g, Mgy is the weight of the sample in water in g,
and d, is the water density (1 g cm™3).

Ali (2010) found that the main advantages of the
excavation method were the ease of use and relative
high accuracy. Recently, Vanguelova et al. (2016) sho-
wed that the excavation method took a greater amount
of time to complete because it needed to fulfil certain
requirements, such as filling an excavated area with
water and polyurethane. They also found that error in
the evaluation of soil volume was high when measu-
ring soil py, on sloped surfaces. McKenzie et al. (2002)
argued that the correction applied for the volume of
polyurethane used has a significant effect on the accu-
racy of the soil p}, value obtained. Furthermore, accu-
racy also increases with increasing size of excavation.

A recent study by Casanova et al. (2016) indica-
ted that the precision of the excavation method is low-
ered by soil texture properties, the analysis process,
and non-uniformity in the original samples. Similarly,
Ma et al. (2013) demonstrated a method for measuring
soil py, that was dependent on volume replacement and
compared this method to the conventional oven-drying

Calculation sheet for determining soil bulk density (pp) using the clod method (Ali, 2010)

Sam- Fresh  Weight Weight Weight of  Weight of Weight of  Tempe- Weight loss in  Volume of Soil py,
ple weight of of dry clod coated coated clod rature  water (i.e., clod (i.e., value (C10)
num- of clod beaker beaker (C4) (C4 = clod in water of water weight of dis- volume of (C10 =
ber (C1) (C2) and dry C3 — C2) (C5) (C6) (C7) placed water) displaced C4/ C9)
clod (C3) (C8) (C8 = water) (C9)
(C5 — C6) (C9 = C8/dyw)®

Mg °C Mg m3 Mg m~3

1 40 20 45 25 29 13 26 16 16.3 1.53

a)d,, = water density at the measured temperature.
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method. The procedure for this measurement is depen-
dent on calculating the volume of soil particles, water,
and sand, and a major problem with the excavation
method is that it is more time consuming and less
convenient under field conditions compared with the
volume replacement method. Furthermore, they con-
cluded that the experimental procedure for the volume
replacement method is more accurate, easy, and time
efficient. Bauer et al. (2014) noted that excavation me-
thod has been widely applied to measure py, of forest
soils. However, they indicated that these methods suf-
fer from some limitations, such as rehabilitation of soil
surface after taking samples, deficient soil sample sizes,
and problems with the measurement of stone-rich soils.
Abzalov (2016) observed that there are several sources
of error when using replacement methods to obtain soil
pp measurements. The main errors are the altered vo-
lume of polyurethane used and the calibration of the
balance used because they strongly influence the accu-
racy of soil py, values.

Indirect methods

Radiation method. Soil pp, can be determined in-
directly by using radiation techniques (Smith, 2000).
The main principle of the radiation method is that
gamma-ray attenuation is used to measure soil py,
(Sowerby and Rogers, 2005) and moisture content (Fer-
ronsky, 2015). The gamma-ray attenuation through
soil is defined by Beer-Lambert’s law (Smith, 2000;
Lobsey and Viscarra Rossel, 2016) as follows:

b exploe(uap)] 3)

o

where [ is the detected photon count rate, [y is the ra-
diation count rate of the source, x is the thickness of
the soil sample in cm, pg is the coefficient of mass at-

L and py, is in g cm™3. The theory

tenuation in cm? g~
behind this method assumes that radiation scattering
and absorption are related with the soil chemical com-
position (Un et al., 2011). The gamma-ray transmis-
sion method can be utilized accurately for the study of
soil physical properties. Using the radiation method,
it is possible to identify soil py, with high accuracy be-
cause the transmission of gamma radiation does not
have profound consequences on the physical structure
of the soil. Being a non-destructive method, this re-
duces time and labour in the characterisation of soil
composition. However, the accuracy of the composi-
tion measurement decreases with soil depth (Alam et
al., 2001) because the attenuation coefficient is related
to soil pp, (Smith, 2000).

Lobsey and Viscarra Rossel (2016) used ps and
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visible-near infrared spectroscopy for measuring soil
pb. They demonstrated that pg is a function of soil
Pb, and its value is influenced by soil minerals and tex-
ture. Furthermore, soil p;, measurement by ug is fast
and accurate: the process takes approximately 15 min
and is verifiable under field conditions.

Moret-Ferndndez et al. (2016) used photogramme-
try to measure soil p, values at two locations with
different tillage systems. Their results demonstrated
that this technique had good performance in measuring
soils containing rough stones. However, the procedures
involved are difficult and require calibration. Segnini
et al. (2014) investigated different measurement me-
thods and compared estimates of py, for soils of diffe-
rent textures using X-ray computerised tomography.
They then compared these data to those obtained u-
sing the direct methods, core and clod sampling. Their
results indicated that the accuracy of soil py, values is
influenced by beam hardening and polychromatics in
X-ray microtomography.

The radiation method is the most readily availa-
ble for measuring soil p, and uses gamma backscat-
ter density gauges and transmission gauges, as shown
in Fig.3a, b. Tominaga et al. (2002) stated that the
backscatter gauge (BG) is one of the most widely used
instruments, and it is used by civil engineers for mea-
suring soil py, below foundations and in road construc-
tion work. The BG method is dependent on photons
being scattered within the soil. Figure 3c shows the
mechanisms of a nuclear density gauge (gamma-ray
gauge), including the gamma-ray source, detector, and
shielding. This can prevent the diversion of transmit-
ted photons, making BG a rapid, economical, easy,
and accurate method for measuring soil p,. Timm et
al. (2005) measured and compared soil py, values ob-
tained by different methods in thin soil. They used the
BG method to measure the py, of a clay soil. They dis-
covered that the BG method is non-destructive because
the soil py, measurement can be obtained without ha-
ving to collect any soil samples. Consequently, there is
no damage to the soil physical structure. It was also
found that the time required to use BG was minimal
although it is still dependent on operator experience,
soil depth, and the test site. Soil p;, measurements can
be taken using this method within a soil layer appro-
ximately 0-15 cm thick.

Khater and Ebaid (2008), Pires et al. (2009), and
Beamish (2015) showed that the transmission densi-
ty gauge (TDGQG) is an important tool for estimating
soil pp, which is dependent on gamma photons and
chemical properties. Costa et al. (2014) found that py
evaluation of sand and clay soils could be influenced
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Fig. 3 Direct transmission (a) and backscatter (b) modes of nuclear gauges and a schematic diagram of the basic components of a

nuclear gauge (c) (Cooper, 2016).

by the geometry of the TDG and the collimator size.
Moreover, soil pp, measurements are also influenced by
the absorbent thickness of the TDG, which is measured
by '¥7Cs and 2*'Am gamma rays. Through this study,
they demonstrated that the thicknesses of both soil ty-
pes had a strong effect on the soil p, measurements
obtained from each source. The radiation method was
shown to have many benefits in comparison to other
methods. For example, it is non-destructive, which re-
duces time and labour requirements.

Ferronsky (2015) argued that the gamma rays used
to measure soil p, can also ascertain further informa-
tion on soil properties, such as its mineralogical and
chemical compositions, aggregate state, structure, and
texture. Moreover, this study indicated that one of the
advantages of using this method is that soil p,, mea-
surements can be taken indirectly in the field with low
labour costs. Additionally, gamma rays can estimate
the py, values of soil and rock materials of any consis-
tency and soil type (e.g., quicksand, water-saturated

sand, and clay). Another study by Tominaga et al.
(2002) determined soil py, values and the moisture con-
tent of surface layers using a neutron gamma gauge.
This study found that the radiation method is useful
for obtaining information on the hydrological proper-
ties of field sites.

Beamish (2015) and Islam et al. (2015) reported
that the nuclear gauge is a widely available tool for py,
measurement in wet soils, which is also easy and conve-
nient to use. The aim of that study was to investigate
the experimental and theoretical computation of wet
soil density using a nuclear gauge. A positive correla-
tion was established between experimental and theo-
retical estimates of soil py,, and it was found that wet
soil pp, values increased with soil depth when a nucle-
ar gauge was used. In contrast, the radiation method
had expansion limitations and was difficult to use un-
der field conditions. Campbell (1994) found that high
cost, complex methodology, and operator experience
requirements seriously limited the utility of the radia-
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tion method. Furthermore, they reported that soil type
and instrument calibration also had strong influences
on the accuracy of measurements. This is because the
requirements for measuring soil p, can be broad and
varied. To obtain better accuracy, this method should
be replicated with a large number of soil samples and
use a set sampling time period. In addition, Chen et
al. (2016) found that the accuracy of nuclear gauge
testing is strongly influenced by the calibration equa-
tion used, which depends on the engineering conditi-
ons, various requirements of the technique, and the soil
physical properties. Beamish (2015) studied the rela-
tionship between the gamma-ray attenuation method
and soil properties in England and found a nonlinear
correlation between the mechanism of attenuation and
soil pp. Un et al. (2011) investigated measurement of
soil p, values using the gamma-ray transmission me-
thod. Their study, conducted in Turkey, showed that
the ps values increased with water concentration and
decreased with gamma-ray energy. They reported that
the gamma-ray transmission method for measuring soil
pp is practical, inexpensive, and fast.

Regression methods (PTFs).  Use of regression
methods, or PTFs, is a fundamental technique in mo-
delling flow and can be used indirectly to estimate soil
pb according to the available data including those of
soil organic carbon content, texture, structure, depth,
and water content and field and climatic conditions
(Al-Qinna and Jaber, 2013; Keesstra et al., 2016; Yi
et al., 2016; Ghanbarian et al., 2017). Teixeira et
al. (2014) reported that soil organic carbon content
negatively affects soil pp and soil clay content is posi-
tively influenced by soil p, because of the moisture
content. Their study provided an equation and tech-
niques for improving indirect evaluations of soil com-
position. When obtaining soil p}, estimates in the field,
regression methods are time consuming (Martin et al.,
2009; Taalab et al., 2013). Furthermore, Vasiliniuc and
Patriche (2015) and Walter et al. (2016) found that
field and climatic conditions have a strong influence
on PTFs, and this could possibly result in substantial
systematic errors. Both physical and experimental ty-
pes of PTF's have been employed for estimating soil py,
(Beutler et al., 2017). The PTFs are dependent on the
mass transfer rate that is responsible for changes in the
organic and mineral fractions of the soil.

The PTFs for calculating soil pp, have been im-
proved by various techniques, such as multiple linear
regression (Beutler et al., 2017), artificial neural net-
works (Yi et al., 2016), genetic programming, decision
tree analysis, grouping methods of data handling, sup-
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port vector machines, contrast pattern-aided regres-
sion, and heuristic gene expression programming. Esti-
mates from these techniques have been compared with
experimental measurements (Sequeira et al., 2014). In
contrast, experimental PTFs are influenced by soil
organic matter, soil texture, field conditions, and the
soil databases used (which contain information on sand
content, silt content, temperature, rainfall, and ele-
vation). They have been improved by many resear-
chers in several regions, and can be utilised to estimate
soil p, according to soil organic matter (Hollis et al.,
2012). Table IV shows studies using different regression
methods for the estimation of soil py,.

Nanko et al. (2014) estimated the p}, values of fo-
rest soils in Japan employing the PTF method and
used these data to improve both physical and expe-
rimental aspects of the PTF method. Their results
demonstrated that soil organic matter, soil texture,
and field conditions of forest significantly influence soil
pb estimates. They derived an equation for the climate
conditions of forest soils in Japan as follows:

pn = 100/[OM/0.140 + (100 — OM)/1.152] (4)

where py, is in Mg m~3 and OM is the mass fraction of
organic matter in Mg kg~3.

Akpa et al. (2016) used multiple linear regression
and the random forest model to estimate soil py, at
three depths using PTFs. They employed different in-
formation sets: soil information (PTF-1), environmen-
tal information (PTF-2), as well as the interaction be-
tween soil and environmental information (PTF-3) for
improving PTF estimation. The results of their study
indicate that PTF-3 significantly outperforms PTF-1
and PTF-2 in estimating soil py,. Another important
finding is that soil databases containing information
such as sand, silt, temperature, rainfall, elevation, nor-
malised difference vegetation index, and enhanced ve-
getation index are strong predictors of soil p,. Akpa
et al. (2016) applied equations for predicting soil p}, of
PTF-1, PTF-2, and PTF-3 as follows:

pp = 1.177 4 0.002 63Sand — 0.043 9logSilt +
0.002 08Silt (5)

for PTF-1,

pb = 0.903 4+ 0.002 83 — 0.095 8logEL — 0.001 84SPI —
1.355NDVI + 1.451EVI — 0.025 1logFLACC +
0.008 53TWI — 0.000 14Asp (6)

for PTF-2, and
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TABLE IV

Studies using regression methods for estimation of soil bulk density

A. A. G. AL-SHAMMARY et al.

Study Method(s)®) Soil type(s) Country or region  Other soil properties used”)
Jalabert et al. (2010) GBM Forest soils France OC and ST
Ghehi et al. (2012) k-NN, BRT Various soils Rwanda SPS (sand, silt, and clay),
OC, pH, CEC, and SD
Al-Qinna and SLR, NLR, SWR, Various soils Jordan ST and OC
Jaber (2013) PLS, ANNs
Yi et al. (2016) MLR, ANNs Alpine steppe soils and  China OC, ST, and SD
alpine desert soils
Nanko et al. (2014) MLR Forest soils Japan ST, SS, MC, &, SD, and OC

Botula et al. (2015) MLR, k-NN Various soils

Rodriguez-Lado et Acid soils
al. (2015)
Akpa et al. (2016)

MLR, RF, NNs

MLR, RFM Various soils
Xu et al. (2016) MLR Various soils
Shiri et al. (2017) GEP, NN, RF, SVM, BT Various soils
de Souza et al. (2016) MLR, RF Various soils
Martin et al. (2017) MLR Various soils
Beutler et al. (2017) MLR Various soils

Central Africa SPS (sand, silt, and clay), OC,
pH, CEC, DCB-Fe, and DCB-Al
Spain OC and ST

Nigeria SOC, pH, and SPS (sand,
silt, and clay)

China SOC, ST, and SD
Southwestern Iran ST, OC, CEC, and pH
Southeastern Brazil CEC, OC, pH, and ST
USA ST, OC, and SD

Brazil ST and OC

2)GBM: generalised boosted regression modelling; k-NN: k-nearest neighbour; BRT: boosted regression tree; SLR: simple linear
regression; NLR: multiple non-linear regression; SWR: stepwise multiple linear regression; PLS: partial least-squares; ANNs: artificial
neural networks; MLR: multiple linear regression; RF: random forest; NNs: neural networks; REM: random forest model; GEP: gene
expression programming; SVM: support vector machine; BT: boosted regression trees.

b)OC: organic carbon content; ST: soil texture; SPS: soil particle size; CEC: cation exchange capacity; SD: sampling depth; SS: soil
structure; MC: soil moisture content; @: soil porosity; DCB-Fe: dithionite-citrate bicarbonate-extractable Fe; DCB-Al: dithionite-

citrate-bicarbonate-extractable Al.

pb = 1.440 + 0.000 499 Temp + 0.002 56Sand —
0.071 4logSL — 0.112logEL — 0.017 41ogFLACC —
0.000 11Asp — 1.331NDVI + 1.429EVT +
3.330ProfC — 0.003 31SPI (7)

for PTF-3, where py, is in Mg m~3, Sand and Silt are
the sand and silt contents in %, EL is the elevation,
SPI is the stream power index, NDVI is the normalised
difference vegetation index, EVI is the enhanced vege-
tation index, FLACC is the flow accumulation, TWI is
the topographic wetness index, Asp is the aspect (°),
Temp is the temperature (°C), SL is the slope gradient,
and ProfC is the profile curvature.

Shiri et al. (2017) studied the possibility of extrapo-
lating PTF's for soil p,, estimation from soil data using
various techniques, such as heuristic gene expression
programming (GEP), neural networks, support vector
machines, boosted regression trees, and random forest
techniques. Their study demonstrated that the heuris-
tic GEP technique strongly outperforms the other tech-
niques. Furthermore, GEP is more accurate than the
other functional PTFs. Shiri et al. (2017) suggested
that there is a relationship between soil py, and various
soil parameters such as soil components and carbon
content. They derived a GEP-based model for predic-
ting pp, of soils of southwestern Iran as follows:

pp = —0.2470Carctg[Clay /(CCE + 7.002 16)] +
OCarctgpH/(CCE + 10.505) + 1.534 33 ®)

where py, is in g cm ™3, OC is the mass fraction of the
soil organic carbon in %, Clay is the clay content in %,
and CCE is the calcium carbonate equivalent in %.
Yi et al. (2016), among others, applied multiple
linear regression (MLR) and artificial neural networks
(ANNs) in using the PTF method (MLR-PTF and
ANNSs-PTF, respectively) to forecast py, from data of
soil texture, depth, and organic carbon content in the
three-river headwater region of China. Their study pre-
sented a comprehensive outlook of the grouping strate-
gies, and suggested that the type of statistical analy-
sis used had strong effects on predictive performance
of PTFs. Additionally, they suggested that the MLR-
PTF and ANNs-PTF methods could be used to esti-
mate soil pp and the performance of ANNs-PTF was
better than that of MLR-PTF, but was influenced by
soil texture and depth. They showed that the accu-
racy of the PTFs in estimating soil p, was dependent
on soil depth, soil properties, and other environmental
variables. Xu et al. (2016) used the PTF method to es-
timate soil p,, and examined the relationship between
soil py, and soil properties. Their results showed that
the performance of PTF evaluation decreased with
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increasing soil depth. de Souza et al. (2016) repor-
ted an improvement in region-specific PTFs for esti-
mating soil p, from soil properties and environmen-
tal variables using MLR and random forest (RF) tech-
niques. The performance of the PTFs was evaluated
with data grouped according to soil conditions. Their
findings showed that data concerning soil properties
was more relevant than data concerning environmen-
tal variables for estimating soil p,, and the behaviour
of PTF's was affected by soil variables and the type of
techniques implemented. The PTF method with RF
technique (RF-PTF), however, demonstrated perfect
performance with environmental variables because it
allowed direct prediction of location representation of
soil pp, measurements. de Souza et al. (2016) derived
an MLR-based model for predicting soil py, in south-
eastern Brazil as follows:

pp = 0.9039322 — 0.004401 7Clay — 0.069 520 10C +

0.124 922 8pH 9)
where py, is in Mg m ™3 and Clay and OC are in g kg™ !.
Jalabert et al. (2010) used generalised boosted re-
gression modelling to estimate forest soil py, and found
that variables for the scales of forest soil p, were
strongly influenced by soil organic carbon content and
texture, tree species, and soil sampling depth. Ghehi
et al. (2012) established k-nearest neighbour and boos-
ted regression tree techniques for estimating the py, of
equatorial mountain soils in Rwanda. They found that
soil organic content had a significant influence on soil
pb and the k-nearest neighbour and boosted regression
tree methods depended on local information and did
not measure soil py, in equatorial forests as accurately
as MLR models. Al-Qinna and Jaber (2013) improved
and compared PTFs for predicting soil p,, in North
Jordan using ANNs, linear regression, multiple non-
linear regression, and partial least-squares techniques.
Their results indicated that ANNs were much more ac-
curate than the other methods and showed that there
were positive correlations between soil p, and sand and
organic carbon contents. These were found to have a
significant influence on estimates of soil py, using PTF
techniques.

Botula et al. (2015) studied and developed the
MLR-PTF technique in addition to a pattern-reco-
gnition approach (technique) k-nearest neighbour for
pb estimation of 196 soil samples from Central Africa.
They utilised data of various soil properties to impro-
ve their techniques and found significant differences
between the observed and predicted pp values. This
finding suggests that soil py, is a difficult characteris-
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tic for PTF techniques to predict accurately because
it is dependent on the agro-pedo-climatic conditions
prevailing at the study site.

Rodriguez-Lado et al. (2015) compared MLR, RF,
and ANNs for estimating soil p,. They discovered that
the accuracy of the RF technique was higher than that
of the other techniques. Their results also showed that
soil pp at the study site was strongly affected by the
organic content of the soil.

Martin et al. (2017) used MLR to predict soil py
values using data such as soil texture, organic carbon
content, and depth in Florida. They found that the
soil texture and sampling depth had significant influ-
ences on soil py, predictions. Abdelbaki (2016) reported
that accurate and efficient PTF methods for estimating
soil p, were important when recording soil properties.
They applied new PTF techniques for estimating soil
pb based on soil organic carbon content.

Beutler et al. (2017) evaluated two PTFs (PTF 1
and PTF 2) for estimating soil p;, from Brazilian soil
data and compared their accuracy to nine other py
PTFs. They found that PTF 1 and PTF 2 performed
the best and observed that total organic carbon and
clay content of a soil strongly influenced predicted py,
of the soil. They derived multiple linear stepwise re-
gression models for predicting soil py:

pp = [1.6179 — 0.018 0(Clay + 1)0.46 .
0.039 8TOC°-55]1~33 (10)

for PTF 1 and

py = (4.0899 — 2.3978TOC6)3:85 (11)

for PTF 2, where py, is in Mg m—2, Clay is in g kg™,

and TOC is the mass fraction of total organic carbon
in g kg3,

Comparison of the methods for measuring soil bulk
density based on criteria identified in this review

Numerous research articles have described a variety
of methods for measuring soil py,, which is a key phy-
sical property of soil. It is related to many of the soil
chemical and biological properties and can be used as
an indicator of soil thermal properties (Table I). There-
fore, soil py, significantly affects soil health and is influ-
enced by several factors including soil porosity, mine-
ral type, organic matter content, texture, structure,
and moisture content. Furthermore, tillage manage-
ment, soil compaction and crop growth are strongly
influenced by soil p. This review focuses on methods
utilised to estimate soil py,, their potential sources of
error, and factors that can influence soil p;, estimates.
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The advantages and disadvantages of each method are
discussed, and their key strengths and weaknesses exa-
mined. Selection of the most appropriate method is
dependent on the measurement objectives and logisti-
cal constraints of a study, such as the time available,
the required regulations, whether sample replicates are
required, measurement expenses, operator experience,
and equipment availability.

Depending on the measurements taken, time fac-
tors, accuracy requirements, soil type, cost, operator
experience, and the apparatus required, the methods
for measuring soil py, classified into direct and indirect
methods are compared as shown in Table V. Among
direct methods, the core method is most commonly
and widely used for soil p;, evaluation. Nevertheless,
the core method is expensive, difficult, and time con-
suming to use at different soil depths because the spa-
tial variability of soil requires that a large number of
samples be taken to adequately represent a large area,
sample collection is further complicated by extremely
dry field conditions, and it is destructive as well (Chai
and He, 2016). The diameter of the volumetric cylin-
der, the experience of the operator, and the soil depths
sampled using the core method influence the accuracy
of soil p, measurements. The accuracy of soil p;, va-
lues is also dependent on soil moisture content, and
therefore, the soil moisture should be measured at the
time of sampling. The clod method is more appropri-
ate for measurement of the py, of heavy clay soils as it
can estimate soil py, at any depth. Nevertheless, it has
been argued that sample collection strongly influences
error in soil p;, estimates. Furthermore, the clod me-
thod is complicated. The excavation method is one of
the most widely used approaches for estimating the py,
of forest soils. It can be used to measure py, in high-
stone content soils, for which the core and clod me-
thods are unsuitable. However, the main limitations
to this approach are that it cannot be used in soils
containing large pores and its accuracy is influenced
by soil texture, the analysis process, and calibration
of the balance used to measure mass. This is because
the volume of the soil sample is estimated by filling in
the excavation with sand or water. In addition, stu-
dies (Ma et al., 2013; Abzalov, 2016; Vanguelova et
al., 2016) have noted that there should be corrections
made for the volume of polyurethane used because it
strongly influences the accuracy of pp values. It was
also noted that the correlation between the water level
and the diameter of the hole has a significant effect on

A. A. G. AL-SHAMMARY et al.

the accuracy of soil py, estimates. The time required to
take these measurements is high because there are cer-
tain requirements, such as filling in the excavated areas
with water and polyurethane, that take much time to
complete (Vanguelovaet al., 2016).

Indirect methods include the radiation and regres-
sion methods. The radiation method is a field-based
method that measures gamma radiation, which can
be transmitted or scattered. The radiation method is
rapid and provides results in approximately 15 min.
Nevertheless, it suffers from some serious drawbacks,
such as high cost and complexity, and it needs high
operator experience as the requirements for measu-
ring soil p, can be broad and variable under field
conditions. In addition, soil p;, measurement accuracy
with this method decreases with soil depth (Campbell,
1994). Regression methods are economical, as they can
make indirect measurements based on available proper-
ty data, such as texture and pH; however, these depend
heavily on good-quality data of soil texture and organic
matter content and geographical and climatic proper-
ties. Like most of the other approaches, their accuracy
also decreases with soil sampling depth (Casanova et
al., 2016).

CONCLUSIONS

Soil pp is a fundamental property of soil that can
be measured by two types of methods: direct and indi-
rect methods. In agricultural experiments, direct me-
thods have been more widely used over a longer peri-
od of time than indirect methods. The core method is
one of the more practical ways of measuring soil py.
However, it is difficult and time consuming to sample
multiple soil depths. Measurement accuracy is depen-
dent on the size of the volumetric cylinder used, the
experience of the operator, and sampling depth. The
core method may be prone to larger errors than ot-
her methods. The clod method has limited usefulness
because it is expensive and difficult to conduct and its
performance is dependent on the experience of the ope-
rator. The excavation method is also widely used to
estimate the py, of forest soils. However, its accuracy
is strongly affected by soil texture. The radiation me-
thod has far greater accuracy and is, therefore, better
suited to measuring soil py,. However, it is costly, and
its accuracy is dependent on operator experience and
soil depth. A strong relationship between soil depth
and the performance of the radiation method has been
demonstrated. In addition, the regression method can
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be used to indirectly estimate soil py. It is economical,
but its performance depends on the statistical analy-
sis applied and the type of soil sampled. This method
has limited spatial applicability. This systematic re-
view of soil p, measurement methods provides useful
information to academic researchers in soil research. It
highlights the key strengths and weaknesses of soil py,
measurement methods, such as their cost effectiveness,
measurement accuracy, spatial scale, and time required
for analysis.
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