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Peaty soils have an extremely high water content and a low specific gravity of solids (G;) compared with most
inorganic soils. Accurate knowledge of the G value allows void ratio computations for given water contents and
densities. However, G; determinations using the standard pycnometer test are time consuming and pernickety, such
that the G; value is often predicted by way of ignition loss (N) correlations instead. This paper presents original G.—-N
data for 25 peaty soils (N = 23-86%) from the Dian-Chi Lake area, Kunming City, China, along with a data set
assembled from various sources in the literature for 77 peaty clays and peats. The main research aim is to
investigate correlations between G;, natural water content (w,) and N for the standard ignition temperature of
440°C, thereby allowing indirect G5 estimations. For the 102 peaty soils examined, the best-fit G.—-N correlation was
obtained for specific gravities of the inorganic and organic solids fraction values of 2.77 and 1.35, respectively. A
weaker inverse bilinear relationship was found between G5 and w,. To overcome procedural differences between
codes and for previous experimental work, it is recommended that an oven temperature of 105°C be consistently

used for drying peaty soil specimens.

Notation

A, B, C.  coefficients

G, specific gravity of soil solids

Gq(ash) specific gravity of ash residue

Gsm specific gravity of inorganic solids

Gso specific gravity of organic solids

Hn humification number

N ignition loss for a temperature of 440°C
N ignition loss for a temperature of 550°C
P organic matter content

R? coefficient of determination

Tior ignition temperature

Wn natural water content

o standard deviation

Introduction

Surficial peat deposits cover large areas of the world’s land mass,
and peaty soil layers can occur at depth. Compared with most
inorganic soils, these materials generally have an extremely high

water content, a high organic content, a low specific gravity of
solids and hence low bulk and dry density values. For instance,
the natural (in situ) gravimetric water content (w,) typically
ranges from approximately 200 to 2000% (Hobbs, 1986; Mesri
and Ajlouni, 2007; O’Kelly, 2015; O’Kelly and Sivakumar, 2014)
for heavily consolidated decomposed (amorphous) peat deposits
and coarse-fibrous surficial peat deposits, respectively. As an
important physical property, the specific gravity of solids (Gy) is
defined as the ratio of the mass of dry solid particles to the mass
of de-aired distilled water they displace, and its value is usually
referenced to a standard temperature of 20°C (ASTM, 2014a;
BSI, 1990a). Accurate knowledge of the G value allows
the determination of the wvoid ratio (among other basic
parameters) for given soil densities and water contents. The
definitive geotechnical laboratory approach for specific gravity
determinations is the pycnometer method, which is performed on
the soil fraction with particles sizes <2 mm (BS EN 1377-2:1990
(BSI, 1990a)) or <4.75 mm (ASTM D 854-14 (ASTM, 2014a)).
Standard oven temperature ranges of 105-110°C (BSI, 1990a)
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and 110 £ 5°C (ASTM, 2014a) are specified for oven-drying of
the soil material used in performing pycnometer tests.

Total volatile solids (loss on ignition, N), as determined by the
percentage reduction in the mass of an oven-dried test specimen
on ignition in a muffle furnace at a standard temperature of 440 +
40°C (ASTM, 2014b; BSI, 1990b), is used as an indirect measure
of the organic matter content (P). For this ignition temperature
value, the inorganic solids fraction is assumed inert and it remains
as the ash residue in the specimen crucibles, with the N value (as
%) calculated as 100 minus the percentage ash content. It should
be noted that different oven-drying temperature ranges of 110 +
5°C (ASTM, 2014b) and 50.0 + 2.5°C (BSI, 1990b) are specified
for preparing the dried ignition specimens. For peat and other
organic soils, increasing humification levels achieved over time
cause a decrease in the soil’s organic fraction relative to its higher
specific gravity inorganic fraction, such that as the N value
decreases, the specific gravity of soil solids increases. The rate
and extent of this time-dependent process and its various
controlling geoenvironmental factors (pH, carbon (C):nitrogen (N)
ratio, aeration level, temperature) have been investigated for peat
(O’Kelly and Pichan, 2013, 2014; Wardwell et al., 1983) and for
municipal organic sludge and residue materials (O’Kelly, 2008,
2016; Zhan et al., 2014).

The pycnometer method for specific gravity determinations is a
pernickety and time-consuming test to perform, particularly for
peaty soils (O’Kelly, 2018, 2019). In this regard, the loss on
ignition N is a useful index property, serving as a convenient,
quicker and reliable means for specific gravity determination, with
N correlating strongly with G for various organic soils according
to the following (see the Appendix (which also includes Figure 7)
for equation derivation).

A
G, =—°
1. NB, + C,

where coefficients 4., B. and C, are functions of the specific
gravities of the inorganic and organic solids (Gy, and G,
respectively) — that is, A, = Ggy X Geor Be = Ggn — Gy and C,, = G,

For example, G¢—N relationships of the form given by Equation 1,
with Gy, = 2.7 and G, = 1.4, were employed by Skempton and
Petley (1970), Hobbs (1986) and Den Haan and Kruse (2007) for
peat and organic clay materials. Moo-Young and Zimmie (1996)
employed Gy, = 2.5-2.75 and G, = 1.5 for paper mill sludge, and
O’Kelly (2018) employed Gy, = 2.65 and G, = 1.32 for sewage
sludge and biosolid materials. The dissimilarities in the specific
gravity values for the inorganic and organic fractions of these
materials are simply explained by inherent differences in the nature
(origin) of their inorganic and organic matter fractions resulting in
their different mineralogical and organic compositions (O’Kelly,
2018). The original research in this area was performed by
Skempton and Petley (1970), who investigated the G—N correlation

obtained for 28 samples, comprising 20 peaty clay and peat
(H8-H9; N = 1.9-74.7%) samples from Avonmouth, six fen peat
samples (H5-H7: moderately and slightly fibrous materials; N =
16.2-82.5%) from King’s Lynn and two Sphagnum peat samples
(H3 and HS: fibrous and moderately fibrous; N = 98.7 and 98.8%)
from Cranberry Moss, England. Here, the degree of decomposition
of the organic fraction is categorised by determining its
humification number (Hn) on the von Post classification scale of H1
to H10 (von Post and Granlund (1926) and also described in the
papers by Landva and Pheeney (1980) and Hobbs (1986), to name
a few) — that is, the plant structure can range from easily identifiable
(H1) to not discernible (completely decomposed state (H10)).

In performing ignition loss tests on peaty soils, Hobbs (1986)
followed the British Standard method (BSI, 1990b) — that is,
employing an ignition temperature (7 ;) of 440 + 40°C. Den
Haan and Kruse (2007) reported oven-drying at 105°C for water
content determinations, with Dutch practice prescribing an
ignition temperature of 500°C for a 4h period. Skempton and
Petley (1970) also oven-dried peaty soils at 105°C for water
content determinations and for drying the specimens to a constant
mass in performing the ignition loss tests, but they employed a
higher 71 o; value of 550°C, with the specimen constant mass
condition attained within 3 h.

O’Loughlin and Lehane (2003) reported that for all practical
purposes, N values measured for oven-drying at 110 + 5°C,
followed by ignition at 440 + 40°C, can be taken as equal to the
organic content value. Hobbs (1986) and O’Kelly (2019)
concluded that the measured N values for peaty soils and biosolid
materials, employing an oven-drying temperature of 105°C
followed by ignition testing at 440 + 40°C, are the same as their
organic matter content (P) values for N > 10 wt%. Den Haan and
Kruse (2007) arrived at the same conclusion, but for employing
the higher 77 o; value of 500°C adopted in Dutch practice. On the
other hand, Skempton and Petley (1970) applied a small
correction to the measured ignition loss value for 550°C (i.e. N')
in order to account for physiochemical changes to the inorganic
solids occurring for the higher 71 o; value — that is, according to
Skempton and Petley (1970), the organic content (P = N) value
used in Equation 1 is computed as follows.

2. N=1.04N"-4 (N > 10%)

where N is the ignition loss determined for oven-drying at 105°C
followed by ignition at 550°C.

Compared with the standard oven-drying temperature ranges of
105-110°C (BSI, 1990a) and 110 + 5°C (ASTM, 2014a)
employed for performing pycnometer tests on peat and other
highly organic soils, some researchers opt for lower drying
temperatures in the range 60—70°C (Madaschi and Gajo, 2015;
Ng and Eischens, 1983). Also, as described earlier, there are
significant differences in the oven temperatures specified in codes
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for preparing dried test material for ignition loss testing — that is,
oven temperature ranges of 110 + 5°C (ASTM, 2014b) and 50 +
2.5°C (BSI, 1990b). As some organic matter present in peaty soils
may be susceptible to charring/oxidation and (or) vaporisation for
oven temperatures above 80-90°C (Hosang and Locker, 1971;
MacFarlane and Allen, 1965; O’Kelly, 2004, 2005) and with
residual pore water remaining for oven temperatures below
100°C, the disparity in the various oven temperatures employed
for preparing the dried test specimens inevitably has knock-on
effects for the measured G, and N values. After quantifying the
countering effects of organic solids mass loss and residual pore
water mass, O’Kelly (2019) concluded that the measurement of
ignition loss based on the lower oven-drying temperature range
50.0 + 2.5°C should be avoided since it results in an over-
prediction of total volatile solids. In other words, vaporisation of
residual pore water remaining in test specimens oven-dried at
50 + 2.5°C is taken as a loss in dry solids from the point of view
of performing the ignition loss calculations. Further, the 77
value employed can vary from the standard temperature range
440 + 40°C (ASTM, 2014b; BSI, 1990b) to 500°C (Den Haan
and Kruse, 2007), 550°C (Skempton and Petley, 1970) and as
high as 800°C (Yamaguchi et al., 1985). Consequently, this
disparity in ignition temperatures employed also has a knock-on
effect for the measured ignition loss, with (marginally) higher
N values deduced for higher 71 o; values (e.g. see Equation 2 after
Skempton and Petley (1970)) on account of unintended losses in
the inorganic solids mass.

In the present study, the authors explore the G¢—N relationship for
the estimation of the specific gravity of solids for peaty soils from
their measured N values. In the first instance, an original data set
obtained by performing a range of standard index tests (including
natural water content (w,), specific gravity of soil solids (Gs) and
ignition loss (for N = 23-86%)) on 25 peaty soil materials
retrieved from the Dian-Chi Lake area, Kunming City, China, is
presented. This number of different peaty soils is similar to that
employed in the Skempton and Petley (1970) investigation (28
peat and peaty clay samples in total). Measurements of the specific
gravity of the ash residue Gg,gny for organic/peaty soils are rarely
reported. In fact, a review of the pertinent literature revealed only
one instance, after Madaschi and Gajo (2015), who reported G
and Gy, values for three organic soils (VN = 19.9-71.0%). Hence,
as well as the specific gravity of solids (G), the specific gravity of
the ash residue was also measured for the 25 Dian-Chi peaty soils.
Using this data set, the Gs—N expression given by Equation 1 was
examined, back-calculating the values of 4., B. and C. based on
the ‘goodness of fit’ to the experimental data. The Dian-Chi data
set is complemented with a larger data set comprising 77 peaty
soils compiled from various sources in the published literature.
Discrepancies between these data and the deduced G¢N
correlation for the Dian-Chi peaty soils are investigated and
explained in terms of the earlier described differences in standard
oven-drying and ignition temperature values specified in different
codes and also those subjectively chosen values employed by
some researchers. Alternative correlations with the natural water

content for obtaining the specific gravity of solids G, are also
examined. Finally, the research conclusions are presented,
including recommendations on appropriate oven-drying and
ignition temperatures for use in performing routine specific gravity
and ignition loss testing on peats and other highly organic soils in
order to obtain reliable results.

Experimental materials and methods

A total of 25 peaty soil samples were retrieved from depths
between 6.6 and 9.5m below ground level (bgl), with the
groundwater table at approximately 1 m bgl, at a site located on
the north-east shore of Dian-Chi Lake, Kunming City, Yunnan,
China. Sampling in peaty soils is generally a very crucial issue —
for instance, the natural water content of material sampled from
surficial peat deposits could be easily reduced during the sampling
process on account of its highly compressible nature, particularly
for more fibrous peat (O’Kelly, 2006). Since one of the stated
aims of the present research was investigation of the w,—Gg
correlation, undisturbed samples of the Dian-Chi peaty layers
were obtained using a special ring-lined split-barrel sampler with
inner and outer diameters of 96 and 108 mm, respectively (see
Figure 1). On extraction, the soil cores are retained inside two
steel tubes positioned within the splitting tube segment of the
sampling tool. High-quality samples of the Dian-Chi peaty layers
were obtained given the firm consistency of these peat deposits,
their largely amorphous state and the specialised sampling
equipment employed. Figure 2 shows some photographs of the
recovered peaty soils.

As a general comment, the sample quality could be significantly
affected for sampling in fibric peat deposits on account of coarse
peat fibres tending to wrap around the tip edge of the advancing
sampler, interfering with the peat core entry into the relatively
small-diameter sampling tube. This would cause considerable
sample disturbance, including preloading (densification) and a
reduction in water content for the obtained peat core. As such, it
is advised that the amount of peat compression in piston samples
should always be measured. For fibric peat deposits, block
samples are recommended, and if this is not possible, sampling
tubes should have serrated edges and be penetrated into the peat
by combined twisting and pushing (Long and Boylan, 2013).

Soil sample Soil sample
(Units in mm) (bottom one) (top one)
Thin steel tube Sampler Thin steel tube

(bottom one) (top one)

200 200

Figure 1. Ring-lined split-barrel sampler used to retrieve the
largely amorphous peaty soil cores (Li et al., 2020)
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(a)

(b)

Figure 2. Sampled largely amorphous peaty soils retrieved from 8.4 m depth at the Dian-Chi Lake area using the sampler shown in
Figure 1: (a) recovered core (W, = 142%, N = 23.5%); (b) sample trimmings (w,, = 192%, N = 34.8%)

The sequence of laboratory testing and associated specimen
preparation methods performed for the obtained Dian-Chi peaty
soils are explained using the flow chart presented in Figure 3. To
investigate the specific gravity of the organic and inorganic solids
fractions separately, a series of pycnometer tests was performed
following ASTM D 854-14 (ASTM, 2014a). Based on the
research findings and recommendations of Li et al. (2020),
O’Kelly (2014), O’Kelly and Li (2018), O’Kelly and Sivakumar

[ Retrieved test material from site ]

A

'd Y
[ Oven-dried at 105°C Water content, wp
A\ J
N4 p
p Specific gravity of
ycnometer test soil solids, G,
.
\2
~\ 4 ~\
[ Ignited at 440°C > Loss on ignition, N
J A J
- N\ (
Pycnometer test to Specific gravity of
measure Gg(ugh “|  inorganic solids, G,

Figure 3. Flow chart for testing programme on deep peaty soils
retrieved from the Dian-Chi Lake area, China

(2014) and Skempton and Petley (1970), an oven-drying
temperature of 105°C was employed for all water content
determinations and in oven-drying the test materials for both
specific gravity and ignition loss testing. As described earlier,
peaty soils regularly contain organic fibrous material, some of
which may be susceptible to charring/oxidation for temperatures
above 80-90°C. Residual pore water remaining in the dried test
specimen for oven temperatures below 100°C also introduces
errors for water content determinations. When these counteracting
effects were examined, the previously mentioned researchers
concluded that an oven-drying temperature of 105°C is acceptable
for routing water content determinations on (fibrous) peats and
other highly organic soils. Hobbs (1986) is also of the same view.

For each peaty soil sample, the oven-dried material was divided
into two portions. One portion was used for pycnometer testing to
measure the specific gravity of soil solids G (i.e. for the
combined organic and inorganic solids fractions). For inorganic
soils, apart from those containing soluble salts, demineralised
water is employed as the liquid in the density bottles.
Demineralised water has also been used for specific gravity
testing of peat materials (Ng and Eischens, 1983), but kerosene is
often used instead (e.g. Hobbs, 1986; Skempton and Petley,
1970), with a separate experiment performed to determine the
density of the kerosene at the temperature of the test. Compared
with water, the lower density kerosene avoids floatation of
lightweight organic solids and prevents possible biodegradation of
susceptible organic matter present in the test specimens during the
course of the pycnometer testing (O’Kelly, 2018, 2019). Hence,
kerosene was used as the liquid in the density bottles for the
present investigation.
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The second portion of each oven-dried sample was ignited in a
muffle furnace at 440°C (ASTM, 2014b; BSI, 1990b) for the
determination of its ignition loss value. Pycnometer tests were
subsequently performed on the ash residue for determination of its
specific gravity, in this case employing distilled water as the
density liquid since the ash residue is inert and has a much higher
specific gravity compared with water.

The widely used von Post hand-squeeze test (von Post and
Granlund, 1926) was performed on representative subsamples.
This test examines the peaty soil in the hand regarding its
wetness, level of decay and its fibre and shrub constituents, with
the degree of decomposition of the organic fraction categorised by
determining its humification number (Hn) in the range of H1 to
H10. The determination of the fibre content of the sampled
materials was deemed not necessary given their
amorphous states.

largely

Experimental results and analysis

Table 1 lists the values of natural water content (w,), specific
gravity of soil solids (Gy), ignition loss (N) and specific gravity of
the ash residue (Gi(asny) measured for the 25 Dian-Chi peaty soil
samples retrieved from various depths, with w, ranging
142-392%, N = 23-86%, G =1.43-2.23 and G(en) = 2.74-3.30.
On the von Post humification scale, the organic fractions of these
were classified as highly decomposed, with
humification numbers ranging H7-H10. The parent organic
material from which the peaty soil layers were formed was mainly

peaty soils

Table 1. Some physical properties of retrieved samples from the
Dian-Chi Lake area, China

Depth: m bgl Wy % N: % G Gi(ash)
6.6 383 83.0 1.51 3.30
6.7 364 78.0 1.49 3.20
6.8 365 73.4 1.60 2.95
6.9 340 74.5 1.63 2.96
71 392 86.1 1.43 3.25
7.2 350 76.4 1.50 3.12
7.4 321 71.0 1.57 3.00
7.6 238 42.0 1.81 2.88
7.8 208 44.0 1.83 2.86
8.0 191 35.5 2.05 2.82
8.0 177 33.9 2.06 2.79
8.2 216 42.7 1.95 2.85
8.2 191 34.6 2.05 2.78
8.2 185 32.5 2.09 2.76
8.3 187 31.7 2.05 2.78
8.4 192 34.8 2.09 2.76
8.4 142 235 2.21 2.78
8.7 143 26.8 2.23 2.77
9.0 200 36.0 2.00 2.77
9.0 177 30.6 2.09 2.74
9.1 195 36.3 2.02 2.77
9.2 253 479 1.88 2.84
9.2 206 38.8 1.86 2.78
9.3 177 32.9 2.12 2.76
9.5 217 37.8 1.94 2.77

Phragmites plants. No information was gathered on the chemical
and mineralogical properties of these soils.

Specific gravity of ash residue, Gy(sh)

Figure 4 presents the measured specific gravity against ignition
loss data for the 25 Dian-Chi peaty soils investigated. Referring to
Figure 4(a) and considering Gy, =~ 2.60-2.80 (Huat et al., 2014)
for most inorganic fine-grained soils, it is concluded that
excessively high Ggueny values between 2.84 and 3.30 were
measured for N > 40%, which comprised 11 of the 25 peaty soils
investigated. This was not expected. Again, referring to this
figure, the Ggeny increases in value with increasing N for N >
40%. The reason for this is not clear, although it is not thought to
be procedurally related, since all soil samples investigated were
retrieved from the same geographic location and then tested using
the same experimental procedures. It is hypothesised that for N >
40%, the Tpo; value of 440°C used brought about significant
physico-chemical changes for the ash material. As such, these
Gi(ashy values are not regarded as credible measures of Gy,

As evident from Figure 4(a), for the 14 soils (with N =
23.5-38.8%), the measured value of Gy(,sny Was independent of N
for practical purposes, with the mean value of Gyueny = 2.77
(standard deviation of ¢ = 0.02) falling within the generally
accepted range of G5 = 2.60-2.80 for inorganic fine-grained soils.
The narrow standard deviation value of 0.02 obtained for G
with N < 40% is also consistent with the likely similar mineralogy
of the various samples retrieved from the same Dian-Chi
sampling location. Based on the above observations, the G
value of 2.77 was taken as representative of the specific gravity of
the inorganic solids (Ggy,) for the 25 peaty soils.

Specific gravity of organic fraction, G,

With the value of Gy, taken as 2.77, Equation 1 was fitted to the
measured G—N data presented for the 25 peaty soils in Figure
4(b), producing best-fit coefficient values of 4. = 3.74, B. = 1.42
and C. = 1.35. This fitting has a coefficient of determination (R
of 0.96 and a root-mean-squared error of 0.052. In other words,
the Gy, value of 2.77 implies a G, (=C,) value of 1.35 for these
25 peaty soils. Taking a different approach, values of Gy, were
also determined by back-calculation using Equation 1 for each of
the 25 peaty soils, employing inputs of measured G5 and N (=P)
values and assuming that G, equals the mean G,gny value of
2.77 for N < 40%. The deduced G, values ranged 1.22-1.45
(mean of 1.35 and o = 0.06) and are plotted against their
measured N values in Figure 4(c). Both of these analysis
approaches produced the same mean G, value (1.35). Included in
Figure 4(c) are the Gy, values for three organic soils investigated
in the paper by Madaschi and Gajo (2015). These G, values were
computed as part of the present investigation from their reported
measured N and G, values using Equation 11 reported in the
Appendix. As evident from this figure, the deduced G, values for
the present and Madaschi and Gajo (2015) investigations are in
good agreement and practically independent of the N value, which
ranged from 20 to 86%.
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Figure 4. Specific gravity against ignition loss: (a) specific gravity of ash residue; (b) specific gravity of soil solids; (c) calculated specific

gravity of organic solids

Comparison of Dian-Chi G,-N correlation with existing
relationships for peaty soils

Included in Figure 4(b) is the G¢N correlation plotted for
previously reported values of G, = 2.7 and Gy, = 1.4 (Den Haan
and Kruse, 2007; Hobbs, 1986; Skempton and Petley, 1970) for
peat and organic clay materials. Den Haan and Kruse (2007)
adopted a Ty o value of 500°C and assumed P = N (the present
investigation took P = N for Ty o; = 440°C). On the other hand,
Skempton and Petley (1970) employed a higher 77 o; value of
550°C for their investigation, applying Equation 2 to determine
the N (=P) value from the measured N’ value. As such, for T} o; =
440°C, the Den Haan and Kruse (2007) and Skempton and Petley
(1970) correlations produce practically identical results. As
evident from Figure 4(b), the best-fit curve deduced in the present
investigation for the 25 Dian-Chi peaty soils, with experimentally
derived Gy, and G, values of 2.77 and 1.35, respectively, is
almost identical to the Den Haan and Kruse (2007) and Skempton
and Petley (1970) approaches.

Wider validation of the G.—N correlation for peaty soils
In order to validate the wider application of the deduced G—N
correlation for the Dian-Chi peaty soils, a database comprising

another 77 peaty soils investigated in eight countries around the
world was assembled from 13 published research papers (see
Table 2). From the available information reported, it should be
noted from Table 2 that these materials had widely different
humification levels, with von Post Hn ranging between H4 and
H9, along with a single H3 peat material. Further, different oven
temperatures in the range 60-110°C were employed for
performing the water content determinations, as well as in drying
the specimens for specific gravity and ignition loss testing.
Similarly, different 77 o; values in the range 440-800°C were
employed for performing the ignition tests, although 440°C was
the one most commonly used ignition temperature in these
investigations. Also included in Table 2 are the pH ranges, where
available, for the various peaty soils investigated in the referenced
studies. The pH gives an insight into the nature of the peat. As a
rough general rule, blanket and raised bog peats in which the
acidulous Sphagnum moss is the predominant plant have pH
values ranging from 3.3 to 4.5, the pH of fen peat tends to be
greater than about 5, whereas transitional peats fall in the pH
range from 4 to 6 (Hobbs, 1986). However, a considerable degree
of overlapping can occur depending on local influences — for
instance, acid fen peat will have a pH < 5. Apart from oxygen
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Table 2. G—N data set compiled from the existing literature

Count Number of Oven-drying Ignition von Post H Reference
v test samples temperature: °C temperature: °C number P
Canada 2 nr, nr, nr nr nr 4.8-6.7 Adams (1965)
China, Dian-Chi 25 105, 110+ 5, 110+ 5 440 H7-H10 nr Present investigation
Ireland 1 80, nr, nr 440 H4.5 nr Long and Boylan (2013)
2 nr, nr, nr nr H4-H6 nr O’Kelly (2007)
3 105, 105, nr 440 H4-H7 3.6-5.4 O'Kelly and Sivakumar (2014)
I[taly B 60, 60, 60 440 + 40 nr nr Madaschi and Gajo (2015)
Japan 19 nr, nr, nr 800 nr 5-7 Yamaguchi et al. (1985)
Netherlands 6 60, 110 £ 5, nr 500 nr nr Jommi et al. (2019)
4 80, nr, nr 440 H5.5-H6.5 nr Long and Boylan (2013)
5 nr, 110 £ 5, 105-110 500 nr nr Papadaki (2013)
Malaysia 8 105, 110 £ 5, 105-110 440 H3-H7 3.85-6.18 Kolay and Rahman (2016)
USA 4 nr, nr, nr nr nr 6.2-7.3 Dhowian and Edil (1980)
3 60-70, 80, 60-70 550 nr 5.4-6.9 Ng and Eischens (1983)
UK 17 105, nr, 105-110 550 H5-H9 nr Skempton and Petley (1970)

nr, not reported; oven-drying temperature data are reported oven temperatures for water content, ignition loss and specific gravity of solids testing, respectively

supply, metabolic activity is greatly influenced by temperature,
acidity and the availability of nitrogen, such that usually the lower
the temperature and pH (higher acidity), the slower the
decomposition (Hobbs, 1986; Pankratov et al., 2011; Pichan and
O’Kelly, 2012, 2013). Hence, some similarities between peat
materials could potentially be drawn based on their pH, ignition
loss and/or von Post Hn values. Unfortunately, the available data
presented in Table 2 are too patchy for performing such analysis.

The G—N data for the 25 Dian-Chi peaty soils and for the 77 peaty
soils summarised in Table 2 are all presented in Figure 5. Included in

this figure is the Gi—N correlation given by Equation 1, with input
2.77 and G, = 1.35, which were deduced in the
present investigation for the 25 Dian-Chi peaty soils. It is evident that

values of Gy, =

there are varying degrees of scatter between the data sets for the
various research investigations and the presented G—N correlation.
Major contributing factors are the previously mentioned procedural
differences between the various experimental investigations. For
instance, compared with the 440-550°C ignition temperature range
employed for all other investigations considered, the significantly
higher 71 o value of 800°C adopted in the Yamaguchi ez al. (1985)
study could cause some mass loss for the oven-dried inorganic

30T
] o Adams (1965) } Canada
1 Equation 1, with G, = 2.77 and G,, = 1.35 & Long and Boylan (2013)
” -}.. deduced in this investigation for 9 Y
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Figure 5. Specific gravity of soil solids plotted against ignition loss
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solids. This would manifest as erroneously higher measured N
values — that is, over-predicting the actual organic content — such that
the Yamaguchi ez al. (1985) data points shown in Figure 5 generally
plot above the presented G—N correlation. Another factor is that the
wood and leaf remnants in peaty soils from different parts of the
world, and even for closely spaced sampling points within the same
peat deposit, can have different botanical origins and hence slightly
different physiochemical properties (Den Haan and Kruse, 2007;
O’Kelly, 2017). Similarly, the specific gravity of the inorganic solids
fraction depends on its mineralogical composition. However, since
sufficient details on botanical origin and mineralogical composition
were not reported in the research papers, it is not possible to establish
the relative significance of their effects as part of the present
investigation. Overall, however, the goodness of fit of the correlation
curve confirms that Equation 1, with input values of Gy, = 2.77 and
Gy, = 1.35 (deduced for an oven temperature of 105°C used in
drying specimens for specific gravity and ignition loss testing and
adopting the standard ignition temperature of 440°C (ASTM, 2014b;
BSIL, 1990b)), is appropriate for peaty soils.

Investigating w,,—G; correlation for peaty soils

Figure 6(a) shows the relationship between the measured specific
gravity of solids and natural water content values for the 25 Dian-
Chi H7-H10 peaty soils, with a trend of decreasing G for
increasing water content from 142 to 392%, according to the
strong correlation given by Equation 3. The form of this equation
was inspired by the correlation relating dry density to water
content for organic soils presented by Al-Raziqi et al. (2003) and
cited by Huat et al. (2014).

G, = 5.974(w, +2.058) "7 for w,

3. <400% (n = 25, R* = 0.95)

The relationship given by Equation 3 for these strongly to
completely decomposed peaty soils and peats can be explained as
follows. The Dian-Chi peaty soils were sampled at the same test

- N N w
(o3 N} o o
— b

iN
.

Specific gravity of soil solids, Gg

1.0 + + +

100 200 300 400 500

Natural water content, w,,: %

(a)

site from depths ranging between 6.6 and 9.5m bgl (refer to
Table 1). Samples retrieved from greater depths experienced
greater overburden pressure and hence had undergone greater
compression, such that they had lower in-situ natural water
content (void ratio) values. Further, these samples would typically
have higher humification levels and lower organic content, simply
because deeper organic deposits had longer periods for
decomposition to occur in situ, meaning that they would generally
have higher G, values. In other words, the depositional and stress
histories are significant factors affecting the w,—G;
interrelationship, with both of them generally heavily site specific.
This point is highlighted by considering the combined data for the
25 Dian-Chi peaty soils and the very diverse peaty soils listed in
Table 2, which include surficial, normally and over-consolidated
peaty deposits for w, ranging between 20 and 1300% and von
Post Hn essentially ranging H4 to H9. As evident from
Figure 6(b), an entirely different and weaker correlation, given by
Equation 4, is obtained for the combined data sets (excluding the
five soils investigated by Papadaki (2013) since their water
content values were not reported in the original paper).

G, = 2.267(w, + 0.080) " for 400% < w,
4. < 1300% (n =97, R* = 0.72)

Overall, compared with other possible relationships and
considering all 97 data points for the essentially H4 to H10 peaty
soils and peats, the fitted bilinear relationship given by Equations
5 and 6 produces the strongest correlation based on having the

highest R? value of 0.81.

5. G, = —0.3453w, 4+ 2.738 for w, < 326%

6. G, =—0.0082w, + 1.643 for w, >326%

s =

3.0 . _—
o Present investigation e  [taly
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e Ireland e Canada
261V e UK e Japan,
IR e Malaysia Equation 3
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Figure 6. Correlation between specific gravity of soil solids and natural water content: (a) Dian-Chi peaty soils in present investigation;

(b) combined data sets in Tables 1 and 2

141

Downloaded by [] on [21/09/20]. Published with permission by the ICE under the CC-BY license



Geotechnical Research
Volume 7 Issue 3

Briefing: Specific gravity of solids
relationship with ignition loss for
peaty soils

Li, O'Kelly, Yang et al.

Discussion

For the Dian-Chi H7-H10 peaty soils, employing 105°C for oven-
drying and an ignition temperature of 440°C, the measured value of
Gi(ashy Was independent of N for N = 23.5-38.8%, with the mean
Giashy value of 2.77 (o = 0.02), such that G, = 2.77. Then, using
Equation 1, G, was deduced as 1.35 (o = 0.06), which is very close
to the commonly assumed specific gravity value of 1.4 for the
organic solids fraction in (fibrous) peaty soils (Den Haan and Kruse,
2007; Hobbs, 1986; O’Kelly and Pichan, 2013; Skempton and
Petley, 1970) and almost identical to the mean Gy, value of 1.36, for
N =19.9-71.0%, computed from the data reported by Madaschi and
Gajo (2015). The best-fit correlation curve given by Equation 1, with
the Dian-Chi deduced Gy, = 2.77 and G, = 1.35 values as inputs, is
practically identical to the Den Haan and Kruse (2007) and
Skempton and Petley (1970) approaches using Gy, = 2.7 and G, =
1.4 (Figure 4(b)). When the Dian-Chi peaty soil results were
combined with data for another 77 peaty soils reported in the
literature (i.e. 102 peaty soils in total, with von Post Hn essentially
ranging H4 to H10), varying degrees of data scatter occurred for the
various experimental investigations on account of material-specific as
well as procedural differences between them. Material differences
arise from different mineralogical compositions and botanical origins
for the inorganic and organic solids fractions, such that it would not
be surprising for peaty soils from different parts of the world, and
even for those from closely spaced sampling points within the same
peat deposit, to have some variations in their respective Gy, and Gy,
different oven-drying
temperatures in the range 60-110°C employed for water content
determinations and in drying specimens for ignition loss and specific
gravity testing, as well as different 77 o; values in the range of 440
and 800°C employed for the ignition tests, although 440°C is now
typically the norm. To overcome discrepancies in experimental
results arising from these procedural differences, it is the authors’
contention that an oven temperature of 105°C be consistently used in
drying peaty specimens for specific gravity and ignition loss testing,
employing the standard ignition temperature of 440°C. Overall, the
GN correlation for Gg,, = 2.77 and Gy, = 1.35 values deduced in
the present study produces a good fit to the data points for the 102
peaty soils, providing further validation of the G¢N correlation/
relationship originally proposed by Skempton and Petley (1970)
based on data for only 28 peaty soils (H3 to H9).

values. Procedural differences include

A weaker inverse relationship was found between the natural water
content and specific gravity of solids, the basis of which is that
samples retrieved from greater depths
(overburden pressure) would have experienced higher compression
(consolidation) and humification levels and hence have lower water
and organic contents but higher specific gravities of soil solids. Two
inverse power w,—G; correlations were presented: Equation 3 for
heavily consolidated and largely amorphous peaty soil deposits (i.e.
Wy < 400% and von Post H7-H10) and Equation 4 for surficial and
lightly consolidated peaty soil deposits (i.e. 400% < w, < 1300%).
Overall, considering all entries in the database, the strongest
correlation covering the full water content range investigated was
achieved with the bilinear relationship given by Equations 5 and 6

lower-water-content

(R? = 0.81). As such, with due consideration of the field context and
using an appropriate retrieval method for obtaining good-quality
samples, an initial guesstimate of the specific gravity of solids (G)
could be gleaned from the measured natural water content (w,,) value.
As mentioned earlier, Equations 4-6 relate to peaty soils and peats
with von Post Hn essentially ranging H4 to H10. It would be
interesting for future research to compile an even larger database, to
also include fibric (H1 to H3) peaty soils and peats, for investigation
of the correlation G, = f,(w,, Hn).

Conclusions and recommendations

This study used original G.—N data obtained for 25 peaty soils (N =
23-86%) retrieved from the Dian-Chi Lake area, Kunming City,
China, along with a larger data set comprising 77 peaty clays and
peats compiled from various sources in the literature to investigate
the G—N relationship for estimations of the specific gravity of
solids. The following conclusions are drawn from this investigation.

For the total of 102 peaty soils examined with von Post Hn
essentially ranging H4 to H10, the best-fit Gi—N correlation given
by Equation 1, with G, = 2.77 and Gy, = 1.35 values deduced in
the present study, produces a good fit to the experimental data
points. This provides further validation of the correlation
originally proposed by Skempton and Petley (1970), for almost
identical Gy, = 2.7 and G, = 1.4 values, which was based on
data for only 28 peaty soils (H3 to H9).

Weaker inverse bilinear and power relationships were found between
the natural water content and specific gravity of solids. Using these
approaches, with due consideration of the field context and for good-
quality samples, an initial guesstimate of the specific gravity of solids
could be gleaned from the measured natural water content value
determined on the basis of an oven-drying temperature of 105°C.

Furthermore, to overcome discrepancies in experimental results
caused by procedural differences between relevant codes and for
previous experimental work/researchers, it is recommended that
an oven-drying temperature of 105°C be consistently used for
drying the peaty specimens for water content, specific gravity and
ignition loss testing, along with an ignition temperature of 440°C.

Finally, pycnometer tests on peat and other organic soils often employ
kerosene (a non-polar solvent), rather than demineralised water, as the
liquid in the density bottles. An interesting hypothesis for the
evaporated sample’s G is the potential solubility of some of
the organic matter in kerosene, which could lead to differences with
the actual value, as organics have specific gravities lower than that
of the inorganic solids fraction. This aspect is more relevant to specific
gravity testing of, for instance, biosolid and sewage sludge materials
whose organic fraction has been identified as a mixture of fats,
proteins, carbohydrates, lignin, amino acids, sugars, celluloses, humic
material and fatty acids (O’Kelly, 2019). In such cases, calibration of
the results against those obtained from water pycnometry tests, or
against real values as determined by some methods (e.g. gas
pycnometer (ASTM, 2014c)), could be a useful exercise.
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Appendix

This appendix offers a theoretical background for the correlation
between P and G, for organic soils, considering the general
partially saturated condition typical of natural organic deposits —
that is, the organic soil material consists of inorganic solids,
organic solids, water and a gaseous phase (Figure 7). The specific
gravities of the inorganic and organic solids (Gg, and G,
respectively) can be expressed as follows:

_ Msm
sm
7. Vsmpw
_ Mgy
so
8. VsoPw

where mg;,, and V,, are the dry mass and volume of the inorganic
solids, respectively; mg, and V, are the dry mass and volume of
the organic solids, respectively; and p,, is the density of water.

Rearranging Equations 7 and 8, the ratio of Gy, to Gy, can be
expressed as follows:

9. Gsm Msm Vsm

Considering a unit mass of dry solids (g, + mg, = 1), according to

the definition of organic content (expressed as a ratio value, i.e. not
%), the mass of organic solids is equal to the value of organic matter
content — that is, mg, = P — mgy, = 1 — P. Then, from Equation 7,
the volume of the inorganic solids is given as Vg, = (1 = PY(GsmpPw)
and the combined volume of inorganic and organic solids is given as
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Figure 7. Phase diagram for organic soil expressed in volume and
mass fractions

Vim T Vso = L(Gypy,), where Gy is the specific gravity value based on
the combined inorganic and organic solids fractions. Hence, the ratio
of Vy, to Vg can be expressed as follows:

Vo VotV | G
10. Vsm Vsm Gs(l _P)

Then, Equation 9 can be rewritten as follows:

- ()l
11. G 1-P)/ |G(1-P)

Rearranging, the theoretical relationship between the specific

gravity of soil solids (Gy), its inorganic and organic solids
fractions (G, and G, respectively) and the organic matter
content (P) is given as follows:

G — GsmGso
12. ) P(Gsm - Gso) + Gso
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