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Clayey soils exhibit viscoelastic behaviour in the plastic state,
implying simultaneous retentive and dissipative mechanical
properties as well as strain rate dependent properties. Such
response is partially captured by the so-called Atterberg plastic
limits. A more comprehensive evaluation of the mechanical
response of this type of soils in the plastic state can be obtained by
testing in a dynamic shear rheometer. Clayey soils consisting of
different proportions of kaolin and bentonite and different water
contents were subjected to dynamic shear tests to measure their
rheological properties. All tests were performed with a constant
strain amplitude of 10%, a fixed range frequency sweep (0.1 Hz to

100 Hz) and a constant temperature of 20°C. The results show that
the complex shear modulus has an inverse relationship with the soil
water content and a direct relationship with the plasticity index.
Moreover, the phase angle increases slightly and then decreases
suddenly as the frequency increases. The complex shear moduli
obtained by dynamic tests were compared with the oedometric
moduli estimated by correlations and showed satisfactory trends
between them. The study contributed to the understanding of the
complex behaviour of soils in the plastic state. Although the
mechanical response of these materials is affected by some factors,
the plasticity limits were consistent with the complex moduli under
analogous conditions of strain and frequency.

1 Introduction

Clayey soils are found in the construction industry and in infrastructure works both as foundation supports
and as building materials. Atterberg [1] stated that the plasticity of clay soils is a property that depends on the
water content of the soil and is used to explain the consistency of the soil mass. Soil plasticity is the ability to
resist cracking and deformation of a soil sample. Plasticity limits are useful properties to better understand the
behaviour of fine-grained soils.

The most important application of Atterberg limits is soil classification according to the so-called Unified
Soil Classification System (USCS). It is used to distinguish soils based on their particle size distribution and
their interaction with water. Several researchers have established correlations between plasticity limits and
other properties of soils. For several decades, scientists and engineers have studied correlations between
plasticity limits and a variety of physical and mechanical properties. For example, Wroth and Wood [2] have
shown that undrained shear strength correlates with liquidity index and compression index correlates with
liquid limit. On the other hand, the liquid limit can be related to the mineralogy of the clay [3] and the grain
size distribution.
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Taking into account the above, some proposals have been developed to study clayey materials using
rheological techniques and various laboratory methods, since the clay soil exhibits a behaviour between an
ideal elastic solid and an ideal viscous fluid, depending on the water content with respect to the fluid and plastic
limits [4]. These moist clay soils exhibit a physical and rheological behaviour characteristic of a viscoelastic
material, since the solid part interacts with different activities depending on its moisture or dispersion phase
[5].

Other complex rheological tests use other devices such as the rotational viscometer or the rotational
rheometer. These devices have been used to demonstrate that at high strain rate and low water content, the
elastic component of the deformation increases, while at higher moisture contents, the shear modulus and
viscosity decrease [6].

A type of rotational rheometer is the dynamic shear rheometer (DSR). With the DSR is possible to study
the rheological properties of clayey soils under a variety of conditions [4]. It is necessary to perform many
tests in samples with different plasticity indexes and water contents to understand the rheological properties of
these soils. Such a test campaign could be useful to find relationships between the liquidity index and shear
modulus.

The work shown in this paper includes the physical and dynamic characterisation of four types of clays
product of mixing different amounts of kaolin and bentonite. The physical characterisation includes specific
gravity of solids (Gg), water content (w), plastic limit (PL) and liquid limit (LL). Dynamic characterisation
comprises measurement of complex shear modulus (G*) for different frequencies (w) by using the DSR
equipment for a detailed rheological analysis of clays under four different water contents.

The objective of this work is to develop an alternative for the analysis of elastic and viscous properties of
clayey soils. The Atterberg limits and the indices derived from them were compared with different components
of the complex modulus. Finally, the complex moduli were compared with the oedometric moduli estimated
by correlations, showing satisfactory trends between them.

2 Background
2.1 Consistency limits

In geotechnical engineering, some researchers have studied the concepts developed by Atterberg to
understand the behaviour of clay soils. The plastic limit (PL) is the water content where the soil stops behaving
solidly. The liquid limit (LL) is the water content that represents the lower limit of the viscous behaviour of
clay. The difference between these limits is called the plasticity index (PI). The liquidity index (LI) allows
knowing if the sample is in a plastic state (LI=0%) or liquid state (LI=100%) for different PI (see equation 1).

w — PL (1)
”_u—m

A mechanical method was developed by Casagrande to estimate the liquid limit, [7]. The liquid limit is the
water content that the soil needs to close a groove (2 mm) with 25 blows in the Casagrande cup. The test is
carried out at two blows per second equivalent to a frequency of 2 Hz. When dividing the soil sample of 8mm-
high, the soil has to slide 1 mm horizontally until touching the opposite slope. Hence, the maximum unit shear
strain is approximately 12.5% (see Figure 1).

T T —— —— —

8mm

Figure 1. Front view of a soil sample in the Casagrande brass cup.
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2.2 Rheology

As already mentioned, clayey soils with water content above the plastic limit can behave like a linear
viscoelastic model because they combine the properties of a viscous and an elastic material. Viscosity is the
property of dissipating the energy associated with irreversible deformation by the sliding of molecular chains.
Elasticity is the property of storing energy as the molecular chains move on a small scale, preventing the
particles from flowing [8].

Then, by rheological analysis is possible to analyse the response of clays to a cyclic shear strain. The
response can be described as a complex relation (see equation 2) [9], [10], in which o is shear stress, y is a
shear strain and t is time.

a(t) = G"(w) - y(t) )
The complex modulus is the vector summation of the elastic and viscous moduli [11] (see equation 3):
G*=G'+iG 3)

where:
G': elastic or storage modulus
G : viscous or loss modulus

i:v-1

]

amplitude (arb units)

radial freq x time

Figure 2. The response of a viscous system to an oscillatory strain or stress. Adapted from Goodwin and
Hughes [12].

Another of the measurements that can be made on viscoelastic materials is the phase angle (3), which is
defined as the lag between applied stress and the response in strain, as can be seen in Figure 2. This angle
shows the viscoelastic behaviour and can vary between 0° and 90°, where the 0° represents a total elastic
response and 90° a total viscous response (it is the case shown in Figure 2). In certain studies on clay slurries,
it has identified that the phase angle for a mineral suspension with bentonite is less than that of kaolin
suspension. [13].

In this research, the tests were carried out with a frequency sweep at a constant temperature, given that the
frequency dependence of the shear modulus exhibits the same trend as the one that can be seen in Figure 3.
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Figure 3. Typical behaviour of a polymer when scanning frequencies. Adapted from Barnes [14].
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2.3 Correlations between index and mechanic properties of soils

Some authors have found different correlations between index properties and geotechnical moduli. Mayne
[15] proposed a correlation between the compression index (C,) and the liquid limit for normally consolidated
clays:

C, = 0.009 (LL — 13) 4)

C. is the slope of the normal consolidation line in the e-log (¢”,,) plane with e: void ratio and ¢’,,: vertical
effective stress. Favre and Rahma [16] exposed that, Biarez et al. found that a slurry subjected to vertical stress
of 6.5 kPa will reach the equilibrium at a water content equal to the liquid limit. This finding and Equation (4)
allow to know the location of the normal consolidation line, which let to estimate the effective oedometric
modulus (E") with the following equation:

1+e
E'=23 o', ©)
Ce

Effective oedometric modulus could be related to the shear modulus for small strains. For example, Mayne
[17] related the effective oedometric modulus with the small-strain shear modulus (G,) (see equation 6), taking
into account a penetration resistance in the in-situ tests. This researcher estimated different coefficients of
proportionality (a'(;) that can oscillate between 0.02 for organic clays and 2 for overconsolidated quartz sands.

E'=d's G (6)

3 Materials and methods

The kaolin object of this study represents one of the most widespread materials in clayey soils, whose
minerals allow them to absorb water or other substances to a large extent and expand [18]. On the other hand,
bentonite is made up of highly colloidal clay minerals [19]. This clay has been studied due to its rheological
properties to be used as a mineral filler in polymeric compounds, such as bentonite-polyester [20]. Mixtures
of kaolin and bentonite composed the soils used in the work. The characterisation of these two materials is
summarised in Table 1.

Table 1. Characteristics of the materials.

Material Gs LL PL PI
Kaolin 2.68 41 30 11
Bentonite 2.69 301 75 | 226

These clayey soils were mixed in different proportions to obtain four different soils with several plasticity
indexes. The amounts of kaolin and bentonite are presented in Table 2. As demonstrated in other studies [21],
when making these type of mixtures, resulting in plasticity limits are not proportional to the relative amounts
of each of the components in the mixture. Plasticity limits of the mixtures were obtained according to the
ASTM D4318-17el standard test [22]. Results are shown in Table 2.

Table 2. Description and characteristics of the mixtures.

Mixture Kg,z')'” Bef(‘g/‘;)f“te LL | PL | PI
1 95 5 58 | 31 | 27
2 90 10 76 | 31 | 45
3 70 30 154 | 36 | 118
4 50 50 242 | 43 | 199
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Four different samples were prepared for each soil mixture, each one with different water content (i.e.
different liquidity index) between the plastic limit and the liquid limit. Table 3 shows the liquidity indexes of
the sixteen samples obtained for the tested samples of clays. Column A groups liquidity indexes around 0%.
Columns B and C, 20% and 60%, respectively and Column D samples with liquidity index close to 100%.
Liquidity indexes reported in Table 3 were computed from water contents measured after the rheological test
and hence there were smalls yet admissible variations between the desired liquidity index and the final one.

Table 3. Liquidity indexes of the samples.

Mixture 3 = c o
(%) (%) (%) | (%)
1 -7 16 67 118
2 5 23 59 97
3 1 20 58 102
4 22 63 101

To perform the rheological tests, a DSR was used under the methodology established in AASHTO T 315-
10, to measure the complex shear modulus (G*) for asphalts [23]. The same process was used by other
researchers in previous studies on soils rheology [4]. The only difference in this study regarding the mentioned
standard is the gap between plates (i.e. the height of the sample). For asphalts, the gap should be 1mm, while
in this case the gap was adjusted to 2 mm. The complete assembly of the test can be observed in Figure 4. The
controlling parameters used for tests are the following:

= Geometry: 25mm in diameter, 2mm of the gap between parallel plates. The volume of all the samples is
constant during the test.

= The test temperature remains constant at 20°C by mean of water circulation within the Peltier plate.

= A controlled sinusoidal sweep of 10% strain amplitude is applied. The sweep range starts at 0.1 Hz and stops
at 100 Hz.

= An isolation chamber is installed to prevent the flow of air and reduce the evaporation of water from the
sample.

= The total time of the test does not exceed 10 minutes. During this period, the maximum loss of moisture was
lower than 0.5%.

= The results of the test include storage, loss and complex shear moduli, as well as the phase angle. All these
data as a function of frequency.

Figure 4. Assembly of the rheological test in clays.
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4 Results and discussion

The results of the rheological tests performed by DSR are presented in Figure 5, 6, 7. As can be seen Figure
5, the complex shear modulus decreases as the liquidity index increases, which confirms that as the samples
are more fluid, their shear stiffness is lower.

Likewise, samples with water content close to the plastic limit (i.e. LI = 0%) have different behaviour, since
in all of these samples there is a zone between 1Hz and 10Hz where the complex shear modulus has an irregular
fall. Particularly, figures 5a) and 5c) diagrams show an anomalous G* behaviour, because samples with less
PI and L1=0 are more solidly, while the other samples are more liquid (5b) diagram) y with high plasticity (5d)
diagram).

In clays with moisture close to the liquid limit (i.e. LI = 100), the complex shear modulus gradually increases
with frequency. As the frequency approximates to 100Hz, the slope has a sudden rise.

The four plots in Figure 5 suggest that for high-plasticity soils (LL > 50), the shear modulus is less affected
by variations of the liquidity index. In samples with liquidity indexes near 100%, G™* increases from 7 kPa to
20 kPa as the plasticity index increases (For example, in Table 4 shows G* at a frequency of 2 Hz). The above
in accordance with Cruz [13] that found higher viscosity values in bentonites than in kaolinites. This finding
could be related to the colloidal interactions within particles, which is higher in soil mixtures with more
bentonite content.

Table 4. G* for samples with LI=100% and 2 Hz.

Mixture PI (OL/(I)) (kCI;Da)
1 27 118 8.23
2 45 97 9.86
3 118 102 | 14.68
4 199 101 17.77

In summary, G*does have the dependence of the frequency, for the samples with liquidity index higher
than 20%. This property is characteristic of rubbery materials because the mixed soils have low loss factors by
their interactions between solid and liquid phases. Pritz [24] indicated the above affirmation and additionally,
he said that is usual to assume that ¢*is similar to ¢"for viscoelastic materials, as can be analysed in Figure
6.

Figure 6 presents separately the elastic G’ and viscous G moduli as a function of frequency and liquidity
index for the different soils. In accordance with the complex modulus, these moduli decrease as the liquidity
index increases.

The samples with water content close to the plastic limit have two behaviours. Tadros [25] explained these
behaviours for viscoelastic materials. The first one appears at low frequencies, where G'is greater than G".
This zone is called the rubbery region where the dissipation of energy is reduced. The second behaviour
happens at intermediate frequencies, where G is greater than G This range of frequencies is called viscous
region in which the samples can dissipate energy. Therefore, it could be said that the clayey soils have diverse
kind of interactions between particles for different frequencies. For this research, low frequency is 0.1 to 1.0
Hz, intermediate until 10.0 Hz and high is > 10 Hz.
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Figure 5. Complex shear modulus for different LI a) Mixture 1, b) Mixture 2, ¢) Mixture 3 and d) Mixture 4.

G*, G'y G depends on the frequency and could be due to the different vibration response between solid
particles and the water present in the pores. Biot [26] explained this behaviour, as the Kinetic energy dissipation
depends only on the relative motion between the fluid and the solid, associated with a frequency and velocity
pattern.

At high frequencies, all the mixtures presented a region where G is equal to G’, in which the intersection
is denominated as the transition to flow region. For samples with LI highest to 20%, the viscous modulus G
always dominated the elastic modulus G’ until intermediate frequencies (20 to 60 Hz). This behaviour is the
transition to the flow for the rubbery zone, and it is characteristic of a viscoelastic liquid.

Another research [18] estimated that the cross of elastic modulus G’ and viscous modulus G’ is a
deformation limit in the strain sweep test. For this analysis, the frequency point in which G'=G" can be
designated as frequency limit. In most of the samples, the frequency limit is higher for soils with low liquidity
index, because as the water content approaches to the plastic limit, the mixtures have stronger interparticle
connections than in the liquid limit zone.

The mixtures with higher PI resulted in less variation of moduli against frequency. For example, the moduli
for samples of mixture 4 are approximately lineal and around 10 kPa, while other mixtures are in a range of
10 kPa to 1000 kPa.



J.F. Rincén-Morantes, J. Camacho, O. Reye-Ortiz: Rheology of clays in plastic state... 36

1000 ¢ :
E a) Liquidity Index [ Liquidity Index
[ 7% || b) 5%
16% | 23%
67% 59%
. : fi LT 118% . 97%
© v ttere,
g 100 |
T
C
m
110k
& -
1 al 1 1 1 'l 1
1000 ¢
c) Liquidity Index d) Liquidity Index
1% 1%
20% 22%
58% —_— 3%
102% - 101%
©
g100 B e T T TR,
O Fainsiivons Wi seernte oW
> S [ P 0 F Y T Pre
c b e
L R | 11 Lot
- 10 ST ——
B e =
1 A A A AL ALL
0.1 1 10 100 0.1 1 10 100

Frequency (Hz) Frequency (Hz)

Figure 6. Elastic (G") and viscous (G") moduli to different L1 a) Mix. 1, b) Mix. 2, ¢) Mix. 3 and d) Mix. 4.

The phase angles obtained for the mixtures of kaolin with bentonite show an evident dependence of the
frequency, as can be seen in Figure 7. Considering that, all the tests at high frequencies (10 to 100 Hz), in
general, presented a negative slope, representing that, at said frequencies, all materials tend to behave more
elastic than viscous. Ghezzehei and Or [4] explained the reason whereby the phase angles decrease at high
frequencies. These results are related to frequencies of the test since the applied load was constant, too low
frequency provides longer loading time, thus the result is a viscous dissipation or higher phase angle.

The results of the mixtures with LI higher than 20%, low and intermediate frequencies have a positive
slope phase angle, and the phase angles are in the medium range (30 to 60°). This range represents that, the
clayey soils are viscoelastic for these frequencies, due to the low frequency of loading, and the relative motion
between the fluid and the solid, as explained previously.

Particularly at a frequency of 100 Hz, the mixtures show that with less PI, the phase angle is more scattered
for different LI. Moreover, as bentonite is added (PI increase), the phase angles for different liquidity indexes
approach to 20°. The above observation indicates that the minerals of the bentonite influence in the behaviour
of mixes, as Schmitz [3] confirmed in his research.
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Figure 7. Phase angle (9)to different L1 a) Mixture 1, b) Mixture 2, ¢) Mixture 3 and d) Mixture 4.

For low and intermediate frequencies, the phase angle of the clayey soils should increase with the LI, as a
result of the reduced solid-solid interactions, due to the expanded spacing between clay particles. However,
results in Figure 7 show that phase angles do not evidence an organized sequence. Precisely, this fact could be
caused by the vibration produced between solid and liquid phases and the mineralogy of the clays. Thence that
Ghezzehei and Or [4] concluded that the rheological properties of soils are related to the flow of solid—water
and microscopic clay structure.

Liquid limit test and the rheology test at 2Hz and liquidity index at 100% were compared. It was expected
similar complex moduli for samples with LI =100%. Nevertheless, Figure 8 and Figure 9 show that samples
with less PI, G*tend to decrease.
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Figure 8. Complex shear modulus (G*) as a function of LI at a frequency of 2 Hz.

For all the mixtures in Figure 8, the complex modulus decreases abruptly until LI = 20%, acts differently
for different mixes when LI is between 20% and 60% (for Mixture 2 it slightly increases and for Mixture 3 the
decrease is not slight as for the Mixtures 1 and 4). Tadros [25] explained that this trend is due to a dispersion
between solid particles caused by the high water content. The mixtures with around 60% have a similar
modulus, but it should be subject for further study.

Figure 9 shows the complex shear modulus of the samples with water content equals in the liquid limit (G ),
as explained previously, this condition serves to compare with the conventional Casagrande Test. The complex
shear modulus is higher for mixtures with high PI (mixture 4, with 50% bentonite and 50% kaolin). Vucetic
and Dobry [27] concluded that the plasticity index (PI) is the main factor controlling the reduction of shear
modulus and damping ratio versus cyclic shear strain of wide variety of saturated soils ranging from clays to
sands. From the above explanation, it can say that G* has a trend relating to PI.

1000 ¢

100 |

C
10 ¢

G, * (kPa)

1 1 1 1 1 1 1 1 1
50% 60% 70% 80% 90% 100%

% Kaolin

Figure 9. Complex shear modulus (G;;) when LI is approximately 100% a frequency of 2Hz.

For compare complex shear modulus (G;;) with oedometric modulus (E"), when LI is approximately 100%
a frequency of 2Hz. It is necessary calculated from equations 4 and 5, with the LL of each mixture and the
water content (w) of the samples tested. The summary of the parameters estimated is presented in table 5.
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Table 5. Parameters for estimated oedometric Modulus a frequency of 2 Hz.

. C o e
Mixture | LL w < 1
(%) QO (kPa) | ()
62.99 2.7 |1.69
49.05
. - 041 338|131
35.02 438.1 | 0.94
28.69 1391.8 | 0.77
74.98 7.53 | 2.01
57.85
> 26 0.57 50.91 | 1.55
41.65 310.73 | 1.12
33.60 762.67 | 0.90
156.38 5.98 | 4.19
104.15
3 154 197 54.74 | 2.79
99.12 369.13 | 1.58
36.69 955.21 | 0.98
244.88 6.09 | 6.56
167.65
; 249 206 42.83 | 4.49
86.72 330.41 | 2.32
44.60 957.13 | 1.20
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Figure 10. Correlation between Complex Modulus G* and oedometric Modulus a frequency of 2 Hz.

Figure 10 shows E' (calculated from equations 4 and 5) versus G* for different LI. It was found that the
measured moduli G* correlate with moduli E’. The determination coefficients between these two variables are
high, and these are among 85% to 99%. This correlation is specific for each mixture tested, as between mixtures
there is no definite tendency. As Mayne [17] indicated in his research, the relationship between moduli depends
on a constant own the soil tested (equation 6), for this paper the performance of each mixture was different.
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5 Conclusions

This paper presented an assessment of clayey soil mixtures with different proportions of kaolin and
bentonite. The measurements were carried out in terms of rheological properties. From the analysis of the
results, the following conclusions can be drawn:

= The complex modulus G* increases when the plasticity index increases, for samples that are above the plastic
limit. This is related to the colloidal interactions within particles, as which is higher in soil mixtures with
more bentonite content.

= The modulus G* decreases with the increase of the liquid index in clayey soils. As the samples are more fluid,
their shear stiffness is lower.

= The phase angle is a measure that can explain the behaviour of the clayey soil of an easy and clear way.

= The response the clayey soils of the phase angle measured was, that it increased slightly at low and
intermediate frequencies, but then decreases suddenly at high frequencies

= The Plastic Index caused an increase of its phase angle at high frequencies concerning the applied impulse.
In such a way that, it changed from a response as an elastic material to a more viscoelastic one (i.e. at
frequencies of 100 Hz, the mixture 4 had a phase angle between 10° and 30°). The minerals of the clays
influence in the behaviour of mixes.

= In general, the samples of clayey soils presented a transition of flow for low and medium frequency.
However, when the clay is in the plastic limit, it behaves as rubbery material in the same frequencies.

= The rheological properties soils are related to the flow between soil-water and mineralogical structure of the
clay.

= Based on the results, the complex shear modulus correlates with the oedometric modulus for bentonite and
kaolin mixtures.

With the previous conclusions, it was demonstrated that the Dynamic Shear Rheometer (used mainly in civil
engineering to describe the behaviour of Visco-elastoplastic elements such as asphalt and similar) can be used
to describe the behaviour of clayey soils in the plastic state (moisture between plastic limit and liquid limit).
The response of clayey materials is influenced by factors as mineralogy, water content, the plasticity, and
others. The plasticity limits were consistent with complex moduli under analogue conditions of strain and
frequency. Based on the results of this study, the application of this methodology can be applied to other types
of materials used in the construction of civil works.
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