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ABSTRACT: Sedimentary minerals, especially secondary clay minerals, are the significant
factor for the grain composition and microstructure of fine-grained soils, which further affect
dynamic characteristics. Much research has focused on the mineral content’s influence on
sand liquefaction research in which soil samples consisted of sand particles with a size larger
than 0.074mm and of fine-grained minerals with a size less than 0.074 mm (e.g., kaolinite,
illite, montmorillonite, etc.). However, few tests have been conducted for the dynamic charac-
teristics of fine-grained soil, especially for high plasticity clay (CH), which is often composed
of fine particles and even colloidal particles (less than 0.002 mm), including primary soil min-
erals and secondary clay minerals. According to the results of X-ray diffraction tests on the
mineral composition of marine clay in the Pearl River Delta and Han River Delta in Guang-
dong Province, resonant column tests were performed with mixture samples of four mineral
components in which quartz and albite act as matrix and Na-montmorillonite and kaolinite
act as variable quantity, with particle size less than 0.074mm, and are reported in this paper.
The growth of Na-montmorillonite content is demonstrated as increasing the maximum
dynamic shear modulus. Combined with sample performance under an environmental scan-
ning electron microscope (ESEM), the fact that maximum dynamic shear modulus is deter-
mined by the initial state of particle compositions is clarified. Given the same void ratio and
stress history condition, the sample with higher Na-montmorillonite content, due to the prop-
erty of Na-montmorillonite minerals, forms a flocculation structure with more intergranular
contact and is conductive to shear-wave propagation. The results further show that plasticity
is influenced by mineral compositions as an internal reason and reflects the maximum
dynamic shear modulus.

1 INTRODUCTION

Maximum dynamic shear modulus is an important parameter for the seismic response analysis
of soil layers. In laboratory testing, a resonant column test is the common method for measur-
ing the dynamic shear modulus in the small strain range.
There are many important factors in the dynamic shear modulus of fine-grained soil, such

as strain amplitude, effective mean principal stress, void ratio, plasticity and saturation
degree. Previously, Hardin and Drnevich (Hardin and Drnevich, 1972a) indicated that min-
eralogy has not significant influence and did not warrant further research. Until recently, clay
minerals such as montmorillonite and kaolinite were used as admixtures in sand soils to dem-
onstrate significant effects on liquefaction resistance and stiffness, as the studies of the
dynamic properties (Gratchev et al., 2007, Derakhshandi et al., 2008, Park and Kim, 2013)
demonstrate. Also, the effects of clay minerals on dynamic properties of silt soils have been
investigated by some researchers (Beroya et al., 2009, Wang and Zhou, 2014). These studies
show that different clay minerals have important influences on many dynamic properties,
including dynamic shear modulus, and provide significant findings.
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In fact, in marine clay, the particle size of each mineral is actually similar, and the distribu-
tion is not a gap-graded state. The influence of the difference of mineral composition and the
corresponding soil fabric on dynamic shear modulus is an urgent problem to be explored.

2 SAMPLE FORMATION OF SEDIMENTARY MINERALS

The marine clay of the two largest estuary deltas (the Pearl River Delta and the Han River
Delta) in Guangdong Province, South China, were sampled and analyzed for mineral compos-
ition in Table 1. These results are compared with the mineral composition of the marine clay
in the Pearl River Delta (Wang, 2013) in Table 2 and the Han River Delta (Yu, 2015) in
Table 3. All mineral-composition test results were measured by X-ray diffraction and doping
method in quantitative X-ray diffraction phase analysis (Popović and Gržeta-Plenković,
1979).
The main sedimentary minerals in marine clay are non-clay minerals of quartz and albite,

and clay minerals of montmorillonite, kaolinite, illite, and chlorite, along with a small amount
of other minerals. For non-clay minerals, the ratio of quartz to albite lies between 3/1 and 7/1,
the ratios between clay minerals vary among the three samples. The reason is that the flow
velocity and runoff of the Pearl River are larger than that of the Han River, and the locations
of the Pearl River Delta samples are all located on the west bank of the easily deposited river
channel, which can bring more non-clay minerals rather than the clay minerals that are
brought by the top lift of the delta’s extended seawater. The marine clay of the Han River is

Table 1. The mass ratio of sedimentary minerals in marine clay of two deltas in Guangdong

Sample
name*

Quartz
(%)

Albite
(%)

Montmorillonite
(%)

Kaolinite
(%)

Illite
(%)

Chlorite
(%)

Calcite
(%)

Pyrite
(%)

Geological
age

HR-JP 20.1 11.5 - 20.8 23.9 23.7 - - Q3
4

PR-HX 24.8 -** - 23.3 23.4 26.3 - 2.2 Q2�1
4

PR-WQS 34.1 - - 19.3 17.5 24.1 5.0 - Q3
4

* HR and PR represent the Han River Delta and the Pearl River Delta, respectively.
** “-” indicate that a significant content has not been detected for this mineral component.

Table 2. The mass ratio of sedimentary minerals in the marine clay of the Pearl River Delta in the

Jinwan District of Zhuhai

Sample name
Quartz
(%)

Albite
(%)

Montmorillonite
(%)

Kaolinite
(%)

Illite
(%)

Halite
(%)

Calcite
(%)

Pyrite
(%)

Geological
age

PR-JW(1-1) 41.2 7.4 7.4 22.2 19.8 - - - Q3
4

PR-JW(1-8) 41.8 5.9 8.5 18.8 17.6 - - 2.6 Q2�1
4

PR-JW(2-1) 33.6 6.6 14.0 18.9 18.8 2.5 3.3 1.4 Q3
4

PR-JW(2-8) 40.5 5.2 11.9 16.1 17.8 2.5 4.3 2.3 Q2�1
4

Table 3. The mass ratio of sedimentary minerals in the marine clay of the Han River Delta in the Chen-

ghai District of Shantou

Sample name
Quartz
(%)

Albite
(%)

Montmorillonite
(%)

Kaolinite
(%)

Illite
(%)

Chlorite
(%)

Calcite
(%)

Pyrite
(%)

Geological
age

HR-CH(39-1) 25.6 8 19.9 15.5 13.4 17.7 - - Q3
4

HR-CH(39-4) 29.5 9.8 - 20.7 24.1 15.9 - - Q2�1
4
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generally at the leading edge of the delta, and the sedimentation of the Han River on marine
clay is already very weak. The deposition of marine clay is more affected by seawater.
According to the mineral component analysis results of the above-mentioned marine clay,

the samples obtained by mixing the corresponding proportions of pure minerals for further
dynamic characteristics tests have considerable practical significance. The pure minerals that
come from mining and the main parameters are shown in Table 4. First, the non-clay minerals
are selected from the main components: quartz and albite. Second, the clay minerals are
selected from the two clay minerals, Na-montmorillonite and kaolinite, which are two
extremes in terms of isomorphous replacement, specific surface area, and plasticity.
Through the laser-scattering particle-size distribution analyzer, the particle size distribution

of four kinds of pure minerals is shown in Figure 1. By screening out particles larger than
0.074mm, we specifically control the D50 of pure minerals from 5μm to 15μm, including
10.31μm for quartz, 7.67μm for albite, 14.81μm for Na-montmorillonite and 5.47μm for kao-
linite. There are three purposes for this control:

1. To ensure that all particle sizes are less than 74μm, which is consistent with the actual state
of marine clay. This particle size category allows silt-size particle (from 74μm to 5μm),
clay-size particle (from 5μm to 2μm) and colloid-size particle (less than 2μm) to coexist.

2. To control the silt-size group closer to small size. When the particle size is close to 74μm,
the soil will exhibit a shaking reaction, which will cause bleeding during sample preparation
and testing.

Table 4. The basic physical properties of pure minerals

Pure mineral
Specific gravity
Gs

Plastic limit
wpl(%)

Liquid limit
wLL(%)

Plasticity index
Ip

Specific surface area*
Ssðm

2=gÞ

Quartz 2.656 9.1** 15.7 6.6 2.66

Albite 2.659 6.8 12.6 5.8 5.47

Na-montmorillonite 2.888 42.0 173.0 131.0 336.94

Kaolinite 2.500 36.8 64.6 27.8 11.81

* The specific surface area of minerals is determined by using ethylene glycol monoethyl ether (Carter
et al., 1965).

** Atterberg limit of non-clay minerals is due to the long-range interparticle attractive force i.e., van der
Waals forces (Mitchell and Soga, 2005).

Figure 1. Particle size distribution curves of four kinds of pure mineral
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3. To ensure that the size of each pure mineral particle has the same order of magnitude. On
the order of magnitude, particle size does not become a factor influencing the results of
dynamic characteristics.

For sampling, the sedimentary mineral fine-grained soil samples, after mixing according to
specific mass ratios, are remoulded by a moist tamping method in eight layers. We can control
the void ratio and avoid the delamination caused by different mineral deposition rates. The
parameters and maximum dynamic shear modulus of six test series are shown in Table 5.
According to the mineral composition of marine clay, the ratio of quartz to albite is fixed at
8:2, while the ratio of Na-montmorillonite to kaolinite is adjusted between 9:1 and 2:8. From
the table, the increase in the content of Na-montmorillonite increases the plastic limit slightly,
increases the liquid limit greatly, and is accompanied by a surge in the plasticity index. It
should be noted that since the void ratio has a significant influence on the dynamic character-
istics, all the samples are remoulded at the same void ratio (1.537), and each pure mineral has
volume fraction ratios corresponding to different mass ratios. In order to synthetically express
the mineralogy of a soil from a geotechnical point of view, a plasticity chart is shown in
Figure 2 which states that all remoulded sedimentary mineral fine-grained soils belong to the
category of CH(Materials, 2011).

Table 5. The parameters and resonant column test results of remoulded sedimentary mineral fine-

grained soils

Mass ratio of pure minerals
(Quartz: Albite: Na-mont-
morillonite: Kaolinite)

Specific
gravity
Gs

Plastic
limit
wPL

(%)

Liquid
limit
wLL

(%)

Plasticity
index
Ip

Liquidity
index*
IL

Maximum dynamic
shear modulus
Gmax(MPa)

8:2:9:1(8291)** 2.75 23.2 124.1 100.9 0.32 8.56

8:2:8:2(8282) 2.73 22.8 119.0 96.2 0.35 8.08

8:2:6.7:3.3(8273) 2.71 22.3 108.3 86.0 0.40 8.03

8:2:5:5(8255) 2.68 21.3 95.5 74.2 0.49 6.29

8:2:3.3:6.7(8237) 2.64 19.9 77.8 57.9 0.66 5.71

8:2:2:8(8228) 2.62 19.6 67.1 47.6 0.82 4.94

* The liquid limit index of the remoulded sample is calculated at the void ratio of 1.537.
** The number of test series in this paper is in parentheses.

Figure 2. Plasticity chart of remoulded sedimentary mineral fine-grained soils
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3 DYNAMIC SHEAR MODULUS AND SOIL MICROFABRIC ANALYSIS

Because of the hydration of clay minerals, the time-sensitive consolidation also has an effect
on dynamic shear modulus of the remoulded sedimentary mineral fine-grained soils. The tests
of maximum dynamic shear modulus are conducted using a GZZ-10 resonant column test
machine (Yongchang Geotechnical Laboratory Instruments Co., Ltd., Jiangsu, China). Con-
solidated under isotropic-mean effective stress p0 ¼ 200kPa over 24 hours and undrained tor-
sional dynamic loading were carried out. The maximum dynamic shear modulus were
calculated by putting resonant frequency into the wave equation. The maximum dynamic
shear modulus of remoulded sedimentary mineral fine-grained soils in Table 5 is consistent
with the magnitude of the test results of the Han River Delta in Guangdong Province under
the same stress conditions (Mo et al., 2016). It can be considered that the remoulded sediment-
ary mineral fine-grained soils have a high degree of reproducibility in terms of the dynamic
characteristics of the marine clay in this area.
As a common engineering index, the plasticity index can reflect the linear relationship in

maximum dynamic shear modulus when the mineral composition changes as in Figure 3.
Meanwhile, the degradation of the normalized dynamic shear modulus also follows the test
results of Vucetic and Dobry (Vucetic and Dobry, 1991) regarding the effect of soil plasticity
on dynamic shear modulus in Figure 4. The Davidenkov model (Martin and Seed, 1982) is
used for trace test points in the figure. As the content of Na-montmorillonite increases, the
degradation strain will occur over a larger strain range.
The environmental scanning electron microscope (ESEM) photo of remoulded sedimentary

mineral fine-grained soils after resonant column test for vertical core sections which are paral-
lel to the axial direction of the triaxial samples with a magnification of 1000 times (3.43 pixels/
μm) is shown in Figure 5. Although the tamping energy of the moist tamping method could

Figure 3. Relationship between plasticity index and maximum dynamic shear modulus for sedimentary

mineral fine-grained soils

Figure 4. Relationship between normalized dynamic shear modulus versus cyclic shear strain curves

and mineral composition for sedimentary mineral fine-grained soils
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easily form a dispersed and deflocculated arrangement with face-to-face association of clay
particles, fine-grained soils of higher Na-montmorillonite content still have a more flocculated
and aggregated arrangement with edge-to-edge or edge-to-face association of clay particles.
Moreover, the maximum dynamic shear modulus is determined by the propagation velocity

of the shear wave (S-wave) during the resonant column test. The S-wave can only spread by
contact between the particles, but not through the intergranular pore. This opinion has been
proved in sand (Santamarina and Cho, 2004)and fine-grained soil(Shan et al., 2016) in labora-
tory dynamic testing. In order to observe the mineral particles of remoulded sedimentary min-
eral fine-grained soils, the angle between the long axis direction of the particle and the positive
X-axis which is perpendicular to the axial direction of the triaxial specimen is defined as the
direction angle of which the range is from 0° to 180°. In ESEM images, the particle unit is
divided by image-processing software (Image-Pro Plus), and the number of particle units in
each direction angle interval is shown in Figure 6. A particle orientation diagram that reflects
the proportion of each direction interval is shown in Figure 7.
From Figures 6 and 7, sedimentary mineral fine-grained soils with higher Na-montmoril-

lonite content have a greater number of particle units, depending on the platy particle struc-
ture of montmorillonite, which can be observed in a narrow field of ESEM. Meanwhile, the
long axis direction of the particle units is concentrated at the direction angles of two peaks of

Figure 5. Quanta200 environmental scanning electron microscope (ESEM) photo of remoulded sedi-

mentary mineral fine-grained soils with a magnification of 1000 times
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about 20-40 degrees and 150-170 degrees. This phenomenon is more pronounced in samples
with high Na-montmorillonite content, due to Na-montmorillonite resulting a more flocculate
fabric under the wet tamping method using the same axial energy as a premise. Even after
experiencing the same energy and similar strain, it is clear that Na-montmorillonite provides a
more opportunities for intergranular contact than kaolinite. These are conducive to the trans-
mission of an S-wave. Related Study (Petrakis and Dobry, 1987)have shown that the more
regular cubic array of particles under small strain conditions, the better the orientation, the
faster shear wave velocity and the larger dynamic shear modulus. The initial state of mineral
composition and microfabric of particles are the internal factor of the difference in maximum
dynamic shear modulus and stiffness attenuation under small strain conditions. In this sense,
the plasticity index is only the result of an engineering application caused by minerals, not the
fundamental factor.

4 CONCLUSION

Conventionally, void ratio and plasticity index are the influencing factors of the maximum
dynamic shear modulus and stiffness degradation. From the paper, particle orientation and
particle contact are indicators that reflect the initial state of the sample, which are useful for
determining the maximum dynamic shear modulus of sedimentary mineral fine-grained soils
with different mineral compositions. Meanwhile, the stiffness degradation shown to be
affected by intergranular pores and intragranular pores. These research conclusions are often
not revealed by natural soils or mixtures of sand and mineral, but the remoulded sedimentary
mineral fine-grained soils under true conditions of mineral composition ratio is better for the
above studies, especially on the effect of montmorillonite in clay minerals on the maximum
dynamic shear modulus.

Figure 6. Number of particle units in each direction angle interval for remoulded sedimentary mineral

fine-grained soils

Figure 7. Particle orientation diagram for remoulded sedimentary mineral fine-grained soils
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