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Abstract The general characteristics: particle size distri-
bution, pH, cation exchange capacity, organic matter content, total
NPK, surface area; and physical properties: coefficient of linear
extensibility, tensile strength, shear strength and cracking, were
investigated in unproductive soils of Northern China. Principle
component analysis showed that tensile strength, cohesion, crack-
ing characteristics, clay content, cation exchange capacity and
coefficient of linear extensibility were positively correlated with
each other, whereas negatively correlated with angle of friction,
indicating that these properties were subjected to clay % and
smectite content. These correlations might be mainly responsible
for low productivity (low yields) in Northern China.

K ey word: unproductive soils, physical properties, Northern
China

INTRODUCTION

The unproductive (low yield) soils in China are distribu-
ted in many climatic zones (tropical, subtropical and tempe-
rate zones) in general, and in semi-arid regions of Northern
China particularly (Li et al., 2011; Liangwu, 1991). These
soilswereformedunderdiversesoil formingconditionswhich
include alternative wet and dry climate, low and flat topo-
graphy, heavy texture, and parent material with high bases
concentrations. These soils are also formed locally due
to special parent material, heavy deposition of basalt and
carbonates, and clay textured material from rivers and
lakes (Xuelei and Zitong, 2004). Shrinkage and swelling
of clay dominated by montmorillionite undergoing peri-
ods of drying and wetting is another factor contributing
to their formation (Min et al., 1993). Limestone, basalt or
other calcium and magnesium rich parent material formed
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swelling type clays, which made them unproductive soils.
Besides this, there are some other properties which also
make them difficult for management, including cracking,
soil strength properties, specific volume, aggregate stabi-
lity, soil shrinkage characteristics and plasticity index. The
unproductive Northern China soils are also famous for their
improper structure and low yield caused by faulty physical
properties, high amount of clay contents, cation exchange
capacity (CEC) and smectite mineral (Li et al., 2011).
Generally, clay mineral defines the size, shape and surface
characteristics, and thereby determines the engineering
properties of soil.

Soil physical properties largely affect the soil func-
tions, including nutrients uptake, water movement, micro-
bial activities etc., and their management. Clay particles
(<0.002 mm), due to their large surface areca and mineral
composition, control many physical properties like shrink-
swell behaviour, plasticity, soil strength and chemical
adsorption. Mechanical properties of soil like coefficient
of linear extensibility (COLE), tensile strength and shear
strength play an important role for slope stability, seedling
emergence, root growth and plant development. Previously,
the effect of mineralogy and clay content on the mechani-
cal properties has been widely recognized and publicised
(Greene et al., 2002). A relationship between smectite and
COLE described that smectite and clay content increased
the COLE values and shrink and swell potential (Moustakas,
1990). Similarly, tensile strength of Na-saturated remould-
ed core was highly correlated with clay % and CEC (Greene
et al., 2002). In another study, shear strength of soil was
found to be subject to clay mineralogy and amount of soil
constituents (Tiwari and Marui, 2003). The size, rate and
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frequency of cracks are responsible for water and air move-
ment, leaching of nutrients and emission of gases, and thus
influence soil productivity and causes ground water pollu-
tion (Bandyopadhyay et al., 2003; Dadfar et al., 2010). In
addition, the swelling and shrinkage phenomenon proved
to dynamically change soil porosity and pore size distri-
bution and deteriorate the soil structure. The unproductive
soils of Northern China are also significant soil resources
for the country and have been cultivated for thousands of
years. Thus it is important to characterise these soils from
the physical and mineralogical point of view for sustain-
able crop production and to adopt better soil management
practices.

Therefore this study was conducted with the objectives
to examine the mineralogical characteristics, to determine
the particle size distribution (PSD), other properties such
as COLE, tensile strength, and shear strength, and crack-
ing parameters, and to establish the relationships of these
parameters with other soil properties.

MATERIALS AND METHODS

Six soil profile samples were collected from typical
‘low yield soils’ (locally called Shajiang Black Soils) of
Northern China. The sampling sites are located in Anhui
(N32°47'0.8"; E117°109.3" and 33°8'4.9"; E117°7'13.1"),
Henan (N32°50'41.7"; E114°41'19.7" and N33°7'31.5";
E114°26'17.3"), Jiangsu (N34°18'40.1"; E118°24'55.6")
and Shandong (N34°35'45.5"; E118°19'19.3") provinces
of Northern China (Fig. 1). They were crushed and passed
through 2 mm mesh and stored for further use. Soil pro-
files were labelled (Anhui soils = AH-05 and AH-09;
Shandong soil = SD-01; Henan soils = HN-03 and HN-10
and Jiangsu soil = JS-07). These soils were classified as the
Typical Calci-Aquic Vertisols (AH-05, 09, HN-03, 10) and
Shajiang-Aquic Camosols (SD-01 and JS-07) according to
Chinese Soil Taxonomy (Li et al., 2011).

Stones, gravels and plant debris were removed and then
samples were air dried. The basic properties of soil are
listed in Table 1. Analyses of soil chemical and physical
properties were carried out according to routine proce-
dures (Bao, 2000). The particle size distribution (PSD) was
determined by a combination of wet sieving and pipette
methods. Soil pH was determined using a 1:2.5 soil to water
ratio with a pH meter, OM was determined by dichromate
oxidation method, and CEC was measured by NH, ace-
tate method. Total N was measured with a Rapid N Cube
Nitrogen Analyser. Total P was determined colorimetrically
as ammonium molybdate-ascorbic acid, following H,SO,~
HCIO, digestion, whereas total K was analyzed by atomic
absorption spectrophotometer after three acid digestion.
The clay fraction (<2 um) was separated using sedimentary
method after organic matter and carbonate were removed.
The clay fraction was further saturated with K, Mg and gly-
colated with ethylene glycerol for XRD analysis.
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Fig. 1. Schematic map of sampling sites in northern part of China.

Samples were saturated with 0.5 M Mg Cl, 6H,0 and
1 M KCI solutions whereas glycolation was achieved by
exposing the clay samples to ethylene glycol vapours in
desiccators in an oven at 60°C for 6 h. K saturated samples
were further heated at 330 and 550°C to clearly distinguish
mixed layer expandable 2:1 clay minerals in the samples.
The XRD patterns were recorded (Rigaku d/Max 2550pc)
at Cu Ka radiation at 40 KV and 45 mA. The samples were
scanned from 3 to 40° 20 with step width of 0.026°. All
the mineral phases were identified by JADE 6.5 and were
drawn in Origin 8 software.

The coefficient of linear extensibility (COLE) of soils
was measured on ground remoulded samples by following
the method of Schafer and Singer (1976). For this purpose
air-dried soil of 100 g (<2 mm) was used to make paste
slightly drier than saturation and kept for 24 h to achieve
equilibrium. The paste was loaded into a syringe and rods
of varying length (5-10 cm) were extruded on glass plate.
The resulting rods were trimmed from both sides and their
length was measured. The rods were air dried and their
length was measured again to calculate COLE by the fol-
lowing formula:

COLE=(L -L)/L,
where: L and L, are the length of dry and moist soils, re-

spectively. Tensile strength of soils was measured by crush-
ing method. Remoulded soil cores (2 cm in diameter and
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T able 1. Basic soil properties of studied soils
Total (g kg™) Particle size distribution (mm)(%)
Profile Depth pH CEC _ OM
(cm) (Cmol kg) (gkg?") N P K >0.25  0.25- 0.05- 0.02-  <0.002
0.05 0.02 0.002
0-20 6 50.72 15.68 1.21 1.13 0.52 0.47 0.45 18.07 5097  30.03
20-50  6.32 54.45 12.29 0.85 1.06 0.51 0.86 232 9.55 47.59  39.67
A3 50-70 7.3 58.48 3.9 0.72 1.27 0.45 2.14 8.10 1421  38.03 3752
70-90  7.55 57.36 5.02 0.83 1.65 0.42 1.63 6.01 7.44 4393  40.99
0-20 5.62 46.54 13.13 0.51 3.93 0.61 0.96 1.22 29.07  36.67  32.08
20-40 6.8 46.55 8.37 0.34 3.21 0.55 0.46 2.06 26.54  34.18  36.76
AT 40-60  7.36 43.42 7.87 0.41 2.7 0.43 1.12 1.21 14.07 5172  31.88
>60 7.31 51.32 1.89 0.38 222 0.43 0.77 0.93 20.16  37.02  41.12
0-16 6.65 41.70 10.41 0.9 1.47 1.12 1225 2308 1005 29.19 2543
16-25  6.84 42.22 5.59 0.73 1.36 0.97 1193 20.23 1426  30.64 2295
25-37 7.3 43.27 391 0.74 1.34 0.78 1124 2225 13.13 3519  18.19
sp-ol 37-60  7.49 47.89 1.36 0.6 0.94 0.73 6.99 18.14 1251  37.03 2533
60-80  7.48 47.52 1.47 0.39 0.72 0.65 6.71 15.63 15.08  34.68 2791
>80 7.33 15.53 1.82 0.42 0.89 0.63 1225  23.08 1005 29.19 2543
0-20 6.2 43.57 11.42 0.8 1.46 1.23 0.42 0.39 1475 5921 2524
20-50  6.43 59.60 10.14 0.79 1.51 0.89 1.42 2.76 16.04 4451 3527
HN-03 50-100  6.61 41.33 6.73 0.58 1.25 0.74 0.34 0.63 19.55  49.05 3044
100- 6.81 45.28 2.75 0.47 0.85 0.74 0.42 1.26 2824  38.69 3140
170
>170 7.23 45.80 4.97 0.42 0.89 0.73 0.38 1.19 3049 3831  29.63
0-35 6.23 41.85 12.97 1.4 1.91 0.97 0.46 1.22 2549 4387 2896
35-60  6.08 48.79 8.3 1.41 1.7 0.82 0.34 0.70 17.11 4693  34.92
HN-10 60-100 7.24 50.35 7.19 0.88 1.34 0.68 0.19 0.29 2628 3296  40.28
100- 7.32 39.99 2.74 0.70 1.15 0.65 0.49 224 3036 39.83  27.08
150
>150 7.26 39.46 2.47 0.73 0.7 0.63 0.87 3.63 3831 2992 2727
0-20 6.9 32.83 15.83 0.84 2.25 0.67 27.70  11.62 1732 26.65 16.72
20-40 7 38.72 253 0.82 1.19 0.64 3048  12.65  20.79 19.05 17.04
JS-07 40-60  7.29 42.82 4.93 0.79 0.96 0.53 28.13  22.03 16.35 1597  17.52
60-80  7.38 43.86 1.62 0.63 0.89 0.37 2624  18.72 1217 23.79 19.08
80-100 7.6 43.04 0.2 0.21 0.68 0.28 3358 1891 12.18 1790 17.44
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4 cm in height) were saturated under capillary action for
24 h, equilibrated on pressure plate for 12 h and air dried
at 105°C for 2 h. The soil cores were adjusted between two
parallel plates of a digital unconfined compression appara-
tus (YYW-2, Nanjing Soil Instrument Factory Co. Ltd.).
Pressure was applied on soil cores through plates by a mo-
tor at constant speed of 2 mm min"'. The maximum reading
was noted prior to core fracture under the pressure.

Direct shear tests (DST) were applied to determine
the shear strength of soil profiles by a quadruplex strain
controlled direct shear apparatus (Nanjing Soil Instrument
Factory Co. Ltd.). Uniform soil cores of 6.18 cm in dia-
meter and 2 cm in height were saturated for 24 h. The soil
cores were then equilibrated at 300 hPa matric potential
for 12 h. The equilibrated cores were mounted on the shear
testing device consisting of a soil shear box, a loading head,
a weight hanger, and weights of different loads. Loads of
50, 100, 200 and 400 kPa were applied to measure the shear
strength of clayey soils (Lu et al., 2014). A lateral displace-
ment at a speed of 0.8 mm min™' was applied until failure
occurred and the maximum shear force was recorded. The
cohesion (c) and the angle of internal friction (¢) were
obtained by the Mohr-Coulomb theory.

In order to investigate the cracking behaviour of the
soils a laboratory experiment was conducted. Uniform soil
slurries were made (50 g soil and 28 ml water) and spread
on glass plates with size of 10x10%2 cm. The glass plates
were put into an oven to develop cracks at 35°C. Digital
images were obtained after the development of cracks with
the help of a digital camera. These images were processed in
Erdos9.2 software to get binary images and were than digi-
tized in ArcView 9.0 and analysed in arc GIS 9.0 to calcu-
late crack area, length and width (Donghong et al., 2013).

All the parameters in the study were replicated three
times. The means were compared by SPSS 1.3 statistical
package. Principal component analysis (PCA) based on
factor analysis was used to find out correlations among dif-
ferent soil parameters. In PCA factor loadings with varimax
rotation were used.

RESULTS

The unproductive soils of Northern China were cha-
racterized for their physical and mechanical properties in
order to investigate the reason for their low yield. The PSD
values showed that all the profiles contained a high amount
of clay (<0.002 mm), except for profile JS-07 (Table 1).
Tensile strength values for profile AH-05 increased at 20-50
cm and 70-90 cm depths (Table 2). Profile AH-09 had high
values at upper horizon while its tensile strength decreased
at lower horizons. Profile SD-01 showed an increase in the
values of tensile strength with increasing depth. Profile
HN-03 showed a low tensile strength at upper sub-layers
while high values were noted at lower layers. In contrast to
profile HN-03, in profile HN-10 high values at upper and
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middle layers were observed. In contrast to other profiles,
profile JS-07 had decreasing values of tensile strength with
increasing depth.

Table 2 also presents the shear strength of soil profiles
along the depth. The shear strength is expressed in cohe-
sion and angle of friction. Profile AH-05 had high values
of cohesion from top layers to bottom layers while the
angle of friction decreased significantly in a similar pat-
tern. Profile AH-09 showed high cohesion at upper layer
while at lower layer, at depth >60 cm, the value of cohesion
decreased significantly and the angle of friction increased
from top to bottom compared to profile AH-05. In pro-
file SD-01 cohesion had high values at top layer and then
decreased gradually along with depth, and the angle of
friction did not show any significant difference with depth
except some low values at lower depths. For profile HN-03,
low values of cohesion were observed at depths of 0-20 cm
and >170 cm and high values were noted at middle layers,
while opposite trends for the angle of friction were noted at
the same depths. A little increase in the values of cohesion
was observed for profile HN-10 at middle layer, but low
cohesion was found at top and bottom depths. However,
the values for the angle of friction showed similar trends as
was observed in profile HN-03. Profile JS-07 showed high
values of cohesion at lower layers (80-100 cm) while no
marked difference was observed for other layers, whereas
the values for the angle of friction decreased with depth.

Table 3 represents the crack area, length and width. It
is clear that the crack surface area increased with depth in
profiles AH-05, AH-09 and SD-01. In profile AH-05 crack
length and width increased with increasing depth except
for depth 50-70 cm where a small decrease in crack length
was found. Crack length in profile AH-09 decreased from
top layer to bottom layer, whereas crack width increased in
a similar fashion. Profile SD-O1showed no prominent dif-
ferences in crack length at upper layer while crack length
increased at lower layers, whereas crack width decreased at
lower depths. Cracking parameters (area, length and width)
of profile HN-03 decreased with increasing depths except
for crack length value at depth of 100-170 cm. Similar trends
were observed for profile HN-10 where crack parameters de-
creased along with depth, except at depth 35-60 cm which
showed high values for crack area, length and width. The va-
lues of crack area and length increased with increasing depth
in profile JS-07, while the increase in crack length was more
pronounced. In contrast to crack area and length, crack
width decreased with the depth (Table 3) in profile JS-07.

Figure 2 presents the variation in the COLE val-
ues of all soil profiles with the depth. The COLE values
ranged from 0.02 to 0.13 in all profiles. The COLE values
increased with depth in all profiles except for some low val-
ues at lower depth, >80 and >150 cm, for profiles SD-07 and
HN-10, respectively. XRD analysis of six soil profiles of
Northern China for mineral phase identification is shown in
Figs 3, 4. Figure 3 includes air dried samples of all profiles
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Profile ]?:};t)h Tensile strength (kPa) Shearstreneth
C (kPa) ¢ ()
0-20 5433.47+78.10 22.42+0.53 18.24+0.30
20-50 6466.85+150.03 33.32+0.48 6.34+0.15
AH-05
50-70 5151.87+158.41 29.29+0.27 1.30+0.11
70-90 9177.42+32.05 27.88+0.23 3.23+0.08
0-20 8757.02+47.69 29.90+0.23 9.73+0.08
20-40 9695.64+94.10 23.04+0.14 12.45+0.10
AH-09
40-60 6469.79+105.81 28.57+0.52 13.36+0.17
>60 6840.76+68.67 10.38+0.18 15.76+0.19
0-16 1074.47+57.33 25.93+0.56 20.02+0.19
16-25 2942.32+46.74 30.58+0.32 22.48+0.37
25-37 2082.91+50.79 27.954+0.06 21.53+0.33
SD-01
37-60 2396.79+18.72 26.57+0.28 22.53+0.22
60-80 2466.94+42.26 21.44+0.37 17.55+0.30
>80 3277.78+31.63 18.44+0.45 17.67+0.38
0-20 4260.99+51.24 13.65+0.32 22.83+0.35
20-50 5569.04+48.13 26.67+0.28 9.37+0.17
HN-03 50-100 6931.624+43.31 21.65+0.43 12.36+0.13
100-170 7944.54+67.37 18.01+0.18 18.54+0.27
>170 7734.33+47.36 13.5340.35 15.43£0.18
0-35 7768.09+52.19 12.11+0.13 20.59+0.19
35-60 5670.32+53.50 18.70+0.35 11.63+0.33
HN-10 60-100 10114.39+63.78 14.89+0.59 15.54+0.26
100-150 5393.42+33.65 24.64+0.45 10.41+0.25
>150 5870.78+39.68 12.57+0.09 20.25+0.07
0-20 2347.92+51.40 19.49+0.43 26.86+0.36
20-40 2173.59+46.27 23.56+0.26 18.46+0.63
JS-07 40-60 1975.15+61.88 21.66+0.37 17.82+0.31
60-80 1065.86+44.90 19.70+0.24 20.37+0.33
80-100 2074.85+46.87 29.97+0.35 19.83+0.39
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Table 3.Cracking parameters of studied soils

Depth

Profile (cm) Area (%) Length (m m?) Width (cm)
0-20 17.00+0.20 179.47+36.52 0.10+0.02
20-50 26.51+0.48 230.40+21.71 0.12+0.01
AH-05
50-70 24.54+0.52 176.73£17.97 0.14+0.02
70-90 25.51+£0.24 226.28+17.06 0.11+0.01
0-20 18.47+0.34 243.08+45.22 0.08+0.01
20-40 19.32+0.21 228.99+30.61 0.09+0.01
AH-09
40-60 19.04+0.30 187.26+28.45 0.10+0.02
>60 24.39+0.27 225.97+28.56 0.11+0.01
0-16 13.52+0.28 149.23+£39.37 0.10+0.03
16-25 13.63+0.31 141.56+33.44 0.10+0.03
25-37 15.13£0.60 174.92427.45 0.09+0.01
SD-01
37-60 17.27+0.31 172.09+£17.25 0.10+0.01
60-80 16.40+0.22 274.474£25.32 0.06+0.00
>80 13.60+0.31 168.44+31.78 0.08+0.02
0-20 22.48+0.27 197.70+20.76 0.11+0.01
20-50 17.72+0.32 191.43+34.62 0.09+0.02
HN-03 50-100 16.35+0.39 185.01+28.85 0.09+0.02
100-170 16.69+0.20 203.37+£23.52 0.08+0.01
>170 15.56+0.30 183.224+28.16 0.09+0.01
0-35 18.55+0.37 208.80+10.06 0.09+0.00
35-60 21.72+0.23 224.53+39.14 0.10+0.02
HN-10 60-100 14.34+0.13 178.82423.73 0.08+0.01
100-150 13.47+0.30 169.60+27.41 0.08+0.01
>150 13.73+£0.29 148.11£30.92 0.10+0.02
0-20 13.91£0.16 140.07+17.11 0.10+0.01
20-40 14.98+0.30 176.35+31.56 0.09+0.02
JS-07 40-60 17.11+0.51 175.40+11.73 0.10+0.00
60-80 16.53+0.34 274.56+25.46 0.06+0.01
80-100 14.34+0.39 229.53+14.13 0.06+0.00
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at top layers. The soils contain montmorillonite, vermicu-
lite, kaolinite and muscovite as the main mineral phases.
Smectite and vermiculite exhibited swelling capabilities,
and vermiculite was mostly found in soils of subtropical
and temperate climates. Montmorillonite is often reported
to intermix with muscovite, chlorite, illite and kaolinite. In
all profiles, fine clay (<0.002 mm) samples had dominant
mineral phase of montmorillonite, vermiculite, and mus-
covite, except for profiles HN-10 and JS-07 which also
contained nentronite (Fig. 3). Smectites are considered
most important in the development of soils in temperate re-
gions; seasonally wet and dry climates are responsible for
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Fig. 2. Variation in COLE values of soils (AH-05, AH-09, SD-01,
HN-03, HN-10 and JS-07) along their depth.
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swelling and shrinkage properties of soils. Smectite with ver-
miculite have a high cation exchange capacity and a high
affinity for exchanging K*, Ca ?*, and Mg*. K, Mg and
glycerol saturation along with heating were applied to dis-
tinguish swelling and non-swelling 2:1 clay minerals.

Figure 4 shows XRD results of soil profiles which
were subjected to different treatments of ethylene glycerol,
Mg and K saturation in order to illustrate the complexity
of verities of expandable layer sequences in the samples.
Smectite (montmorillonite and nentronite) expands on
ethylene glycerol and Mg treatments in all samples.
Montmorillonite is known as Al rich, dioctahydral smec-
tite formed from primary octahyderal substitutions of Mg.
Figure 4a, b show that smectite (montmorillonite) and
vermiculite phases are dominant after glycolation and Mg
saturation, but with K and subsequent temperature (350 and
550°C) application these phases converted to muscovite.
Vermiculites are generally formed by alteration of miceous
minerals (chlorite to trioctahyderal vermiculite, muscovite
to dioctahyderal vermiculite) and mostly Mg saturated
vermiculite collapses on heating, ie at 550°C. Muscovite
(non-swelling) is common mica composed of phyllosilicate
mineral of Al and K.

Figure4c,d,e(profilesSD-01,HN-03 and HN-10) show
illite and vermiculite phase on addition of Mg and ethylene
glycerol, which also suggested that these soils have mixed
layer of clays. The illite phases disappear by K addition
and temperature treatments. Figure 4c shows soil samples
having vermiculite and smectite as major phases and with
addition of K these phases converted into illite and later to
muscovite with application of temperature. Figure 4d exhib-
its smectite, vermiculite and kaolinite phases in air dried
samples, while it converted to vermiculite with glycolation
and Mg addition and later to muscovite with addition of K
and temperature. Similar results were also found for HN-10

2907

Fig. 3. XRD analysis of air dried samples of all soils at top layer (M — montmorillonite, K — kaolinite, Ms — muscovite, V — vermiculite,

Q — quartz, M/Ms — montmorillonite/muscovite, N — nontronite).
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Fig. 4. XRD of soils (a) AH-05 (b) AH-09 (c) SD-01 (d) HN-03 (e) HN-10 (f) JS-07 with A — air dried, G — Ethylene glycerol, M —
MgCl, K - KCl, K+350 — KCI+350 °C and K+550 — KCI+550°C treatments. Explanations as in Fig. 3.
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and JS-07 profiles (Fig. 4e, f), where vermiculite and illite
phases changed to muscovite with addition of K and tem-
perature, while smectite phase expanded with glycolation
and Mg addition. Addition of Mg and K in clay mineral
predicted the behaviour of smectite and vermiculite layers
of variable charge. As confirmed from Fig. 4, the addition
of Mg clearly distinguished the vermiculites from smec-
tites. Vermiculites were distinguished from smectite by
having 1.45 nm peaks compared to smectites at 1.77 nm.
Addition of K and temperature treatments resulted in the
loss of expandable layers, while expansion of fine clay
(<0.002 mm) with Mg saturation and glycolation (ethylene
glycerol) confirmed the presence of smectite and vermicu-
lite. The abovementioned results revealed that high COLE
values were found along depths for all the soil profiles,
except depths >80 and >150 cm for profiles SD-07 and
HN-10, respectively. Tensile strength of profiles AH-05,
AH-09, SD-01, HN-03 and HN-10 increased with increas-
ing depth. Shear strength showed high values of cohesion
for profiles AH-05, AH-09, HN-03 and HN-10 along the
depth whereas angle of friction values decreased. Cohesion
values for profile SD-01gradually decreased from top layer
to bottom layer while no marked differences were observed
for shear strength in profile JS-07 with depth. Cracking area
increasedinprofilesAH-05,AH-09,SD-01andJS-07whereas
crack length increased in profiles HN-03 and HN-10. XRD
analysis showed that the mineralogy of the profiles was
composed of smectite and vermiculite phases, and smectite
was dominant in the fine clay fraction along the depth.
PCA was applied to all the soil data (Fig. 5). The
principal component which had eigenvalue higher than 1
was extracted and two components were obtained. The first
component accounted for 70.62% of variances for all of
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Fig. 5. Principal component analysis of soil parameters of all
studied soils. Clay — clay contents (<0.002 mm), sand, silt, CEC,
Tensile — tensile strength, OM — organic matter, C — cohesion,
AF — angle of friction (¢), CA — crack area, CL — crack length,
CW — crack width.
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the data. The first component revealed that at component 1
COLE, CEC, tensile strength, clay, silt and crack area were
positively correlated with each other, while negatively cor-
related with the angle of friction ().

DISCUSSION

Physical properties of soils are important indicators
for agricultural production. Our results demonstrated that
the unproductive soils of Northern China have high amounts
of clay and smectite. The higher values of mechanical and
physical properties like COLE, tensile and shear strength
were observed in the studied profiles, while cracking para-
meters indicated that these soils are subject to swelling and
shrinkage. The results suggest that the amount of clay and
clay mineralogy are responsible for the poor physical pro-
perties of these soils. PCA analysis (Fig. 5) indicated that
tensile properties of soil profiles were positively correlated
with the amount of fine clay. The positive correlation of
tensile strength with CEC and clay content suggested that
this property solely depends on the clay contents in the soils
(Greene et al., 2002). Similar to our findings, Imhoff et al.
(2002) reported a positive correlation of tensile strength with
clay and silt contents and organic matter. Increase in the
values of tensile strength with depth was probably due to
increase in clay content, low organic matter, and less micro-
bial activity (Abid and Lal, 2009; Blanco-Canqui and Lal,
2007). We found high values of tensile strength for profiles
AH-05, AH-09, HN-03 and HN-10 with varying depth. The
results suggest that the high values in the tensile strength
properties may be due to the amount of clay and its mine-
ralogy with the depth. Similarly it was found previously that
an increase in the tensile strength was more pronounced in
clayey soil than silty loam soil (Zhang et al., 1997).

The shear strength, cohesion and angle of friction
exhibited irregular trends at different depths of different pro-
files (Table 2). Several factors could be responsible for the
irregular trends in the shear strength along the depths, such
as clay content, mineralogy, cohesive forces, soil granulo-
metry, organic matter and water contents (Wilson et al.,
2013). Bhattarai et al. (2007) also found irregular trends
in the cohesion and angle of friction with depth for differ-
ent profiles. The results suggested that the irregular trends
in shear strength are probably due to variation in the clay
contents along the depth as well as to the mineralogy of
soil (Tiwari and Ajmera, 2011). PCA analysis also showed
a positive correlation between the cohesion and CEC and
clay content, whereas the angle of friction had a negative
correlation with CEC and clay contents (Fig. 5). In our re-
sults, cohesion of soil profiles increases with increase in clay
content, however the angle of friction decreases in a simi-
lar pattern. The mineralogy of the investigated soils was
mostly composed of smectite (montmorillonite), which
had a negative effect on the angle of friction, as also found
in other studies (Al-Shayea, 2001; Stark and Eid, 1994;
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Tiwari and Marui, 2005). The positive correlation between
clay contents and cohesion in the soil profiles suggested
that it might be due to clay minerals and arrangement of
the particles.

The low yield soils of Northern China are composed
of large amount of expansive clay minerals which absorb
high quantities of water and increase their volume. Upon
drying, these clay minerals shrink and cause cracking in
soil and made the soil difficult for management. The soil
samples showed variation in their cracking properties with
relation to clay contents and clay types. Profiles AH-05,
AH-09, SD-01 and JS-07 showed high values for crack
area with increasing depth, whereas the values of crack
area decreased in profiles HN-03 and HN-10. The cracks
length increases along depth in profiles HN-03 and HN-10
due to variation in their clay contents. The results suggest-
ed that the soil profiles might be subject to cracking upon
drying. The phenomenon of cracking in soil depends on
the amount and type of clay minerals (Moormann, 1978).
Smectite induces vast changes in the shrinkage properties
of soils due to the small pore sizes and porosity of smectites
(Boivin et al., 2004). Mostly the clay minerals composed
of high amount of montmorillinite have a high shrink-swell
potential. Our XRD results showed that all of the profiles
have a high amount of smectites (montmorillinite) and,
moreover, the PCA analysis (Fig. 5) revealed that crack-
ing parameters were positively correlated with CEC and
clay %. These results suggested that cracking parameters
in our samples were dependent on clay mineralogy and on
the amount of clay. Shrinkage and swelling potential of
soil is usually measured through shrinkage characteristics
curves, COLE, and from the correlation with clay contents.
Cracking parameters in our samples were correlated with
clay contents, CEC and COLE (Fig. 5). Change in shrink-
swell potential with water content in soil was related to
COLE, and the variation in vertical shrinkage and swell-
ing could be explained by variation in COLE (Crescimanno
and Provenzano, 1999; Dinka et al., 2012).

Variation in COLE values in sub-layers of all profiles
was probably due to variation in clay % (Fig. 2). The results
indicated that profiles AH-05, AH-09, HN-03 and HN-10
showed high values of COLE in the sub-layers with high
percentage of clay content and CEC. High COLE values
are also found in other studies (Moustakas, 1990) and
COLE value greater than 0.03 cm cm™ suggests having
a high amount of montmorillonite (Grossman et al., 1968).
XRD analysis (Figs 3, 4) showed that all profiles of the soils
of Northern China are composed of smectite (montmoril-
lonite) and vermiculite, so we can say that the mineralogy
of the soils was mainly responsible for the high values of
COLE in our samples. A positive correlation was observed
between COLE, CEC and clay content (Fig. 5), which further
strengthens the assumption that smectite mainly controlled
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the shrink-swell properties of the soils, along with high
clay contents. Moustakas (2012) found similar results for
vertisol soils, where the author found a positive correlation
between COLE, total clay content and CEC. The high values
of CEC (=50 cmol kg') showed the presence of a consider-
able amount of smectitic clay (Greene ef al., 2002), and the
high amount of smectite in the soil controlled the shrink
and swelling phenomenon. In our results, XRD analy-
sis showed that smectite was more abundant in soil pro-
files with a considerable amount of hydroxy-interlayer
(vermiculite). These hydroxy-interlayers are not easily
detected with glycolation but are evident with K saturation
and heating at 550°C, with a broad peak of 10 nm (Pal et
al., 2012). Figure 4 depicts the conversion of hydroxyl-
interlayer (vermiculite) to muscovite (10 nm) on addition
of K and subsequent heat treatment at 350 and 550°C.
The inter-conversion of mica to vermiculite is a result of
weathering of K which was released from trapped position
in the mica lattice to form hydrous mica or illite, and to
vermiculite with an addition of water and swelling of clay
lattice (Biswas and Mukherjee, 2001). The interlayer phas-
es in smectite are not only hydrated but also expansible,
depending on the type and concentration of cations in the
interlayer and on the amount of water in the soil. Due to the
presence of these expansible interlayers, smectite is often
referred as swelling clay. On the other hand, vermiculite
is somewhat expansible but less so than smectite because
of K ions present in the interlayer hold the layer together.
Hence the swelling and shrinkage behaviour is controlled
by the presence of smectite and vermiculite, as it is clear
from the XRD results of six soil profiles of Northern China.
From the above discussion it is evident that many physical
properties of the soils of Northern China are controlled by
the CEC, clay %, COLE and smectite. The correlation of
these parameters with tensile strength and cracking charac-
teristics might be mainly responsible for the low yields in
Northern China. The above studied soil profiles are major
grain (wheat, maize and peanuts) as well as vegetables and
cotton producing areas of Northern China plains. The high
values of tensile strength of these soils reflect the extent of
soil stiffness which is an important factor controlling physi-
cal properties of soils by offering resistance in the tillage
operations and plant root growth. Shijiang black soil was
reported to be a stiff, thin, barren and low yield soil affected
by flood and drought spells (Liu e al., 2011). Similarly, the
development of large cracks (both vertical and horizontal)
in these soils is another character that makes them diffi-
cult for crop production ie depletion of moisture from deep
layers, breakage of young plants roots, exposure of root
to external harsh environment, deterioration of soil poro-
sity and blockage of ground water supply to plough layers
(Huang et al., 1997).



PHYSICAL PROPERTIES OF UNPRODUCTIVE SOILS OF NORTHERN CHINA

CONCLUSIONS

1. Unproductive soils of Northern China are charac-
terized by high amount of fine clay (<0.002 mm), rich in
smectite (montmorillonite) mineral with its high cation
exchange capacity values. This mineral is mainly responsi-
ble for physical functions of the soil profiles.

2. Soil profiles were subject to cracking upon drying.
They showed variations in their cracking properties accord-
ing to clay contents and clay type.

3. Principle component analysis showed that tensile
strength, cohesion, cracking characteristics, clay content, ca-
tion exchange capacity and coefficient of linear extensibility
were positively correlated with each other, whereas nega-
tively correlated with angle of friction, indicating that these
properties were dependent on clay content and smectite con-
tent. These correlations might be mainly responsible for
low productivity (low yields) of the soils in Northern China.
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