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ABSTRACT

In this study, resonant column tests carried out to investigate the influence of suction on the
shear modulus and damping ratio of two compacted lateritic sandy clays from Ghana (GL) and
Nigeria (NL) are reported. Each type of soils was tested under two confining pressures and at
three suctions. The microstructure of the soils was also studied through a scanning electron
microscope. It is found that the effects of suction on maximum shear modulus (Go) are about
10% larger for GL than NL, mainly due to the existence of smaller aggregates in GL. Moreover,
an increase in suction from 0 to 300 kPa for both soils resulted in a lower elastic threshold
shear strain, different from the behaviour of other soils reported in the literature. The
uniqueness of lateritic soils is likely attributed to their high sesquioxide content and much
larger aggregates, which shrink upon an increase in suction. Drying of specimens from 0 to
300 kPa resulted in an increase of about 22% and 100% in initial damping ratio (Do) for GL
and NL, respectively. The difference in Do for GL and NL and is attributed to larger aggregation

of NL because of its higher iron sesquioxide content, leading to more cladding.
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INTRODUCTION

Lateritic soil is a chemically weathered soil widely distributed in tropical and subtropical
regions (Netterberg 2014). The formation of a lateritic soil (i.e. laterization) results in the
reduction of silica and the increasing concentration of iron and aluminium sesquioxides (Blight
1991). This process generates iron nodules or cemented aggregates, because of the different
polarity of the surface charges of clay and sesquioxides. (Gidigasu 1976; Airey et al. 2012).
These aggregates would affect the hydromechanical properties of the lateritic soils (e.g. Miguel
and Bonder 2012; Ng et al. 2019). Lateritic soils are usually unsaturated and are extensively
used in the construction of many geotechnical structures such as railway embankment,
foundation and retaining wall. Coincidentally, a significant number of countries located in
these tropical regions are areas of medium to high seismicity (Pineda et al. 2014). Therefore, it

is necessary to investigate the dynamic behaviour of lateritic soils at unsaturated states.

The shear modulus (G) and damping ratio (D) at small strains are very important
fundamental parameters for predicting the dynamic response of geotechnical structures.
Several studies thus far have suggested that these dynamic properties are affected by a number
of parameters (e.g. confining pressure, void ratio, plasticity, structure, suction, degree of
saturation, compaction water content, gradation, and sample disturbance) (Wu et al. 1984; Seed
et al. 1986; Vucetic and Dobry 1991) whereas the G/Go—y and D—y curves are less sensitive to
these parameters (Vinale et al. 1999; Xenaki and Athanasopoulos 2008). The influence of
suction on Go of unsaturated soils has been well recognised (Mancuso et al. 2002; Vassallo et
al. 2007; Ng and Yung 2008; Sawangsuriya et al. 2009; Khosravi and McCartney 2012; Heitor
et al. 2013; Hoyos et al. 2015). On the other hand, very little is known about the relation
between suction and the normalised shear modulus (G/Go) as well as the elastic threshold shear
strain of unsaturated soils (Ng and Xu 2012; Ng et al. 2017). The research relative to the

dynamic response of geomaterials has been focused mostly on sedimentary soils (Pineda et al.



2014). However, there is evidence that materials from residual soils with cementing agents
(sesquioxides) in the soil structure show contradictory results due to their different

microstructures.

The objective of this study is to investigate the dynamic behaviour of unsaturated
compacted lateritic soils. As far as the authors are aware, this is the first study of the small
strain shear modulus and damping ratio of unsaturated compacted lateritic soils. Different from
the behaviour of other unsaturated soils reported in the literature, the behaviour of unsaturated
lateritic soils is influenced by their high content of sesquioxide (i.e. iron and aluminium oxides)
which causes significant particle aggregation. No attention has been given by previous
researchers to investigate the influence of sesquioxide composition on soil behaviour. In this
paper, two lateritic soils with similar total sesquioxide content but different contents of iron
and aluminium oxides are studied and compared. This is important because with the same total
sesquioxide content but different iron and aluminium oxide content, their microstructure and

dynamic properties are expected to be different.

TESTING SOILS AND SPECIMEN PREPARATION

Two soils, sampled from Nigeria (NL) and Ghana (GL), were tested in this study. Figure 1
shows their particle size distributions, which were determined using ASTM (2017a, 2017b)
with and without the use of dispersant for the wet and dry sieving, respectively. For each soil,
the difference between the wet and dry sieving curves is due to the aggregation of fine particles.
NL and GL are classified as sandy lean clay (CL) and sandy fat clay (CH), respectively,
according to the Unified Classification System (ASTM 2017c). Figure 2 shows the Proctor
compaction curves of the two soils. Table 1 summarizes the index properties, the optimum
compaction conditions as well as the chemical composition of these two soils. X-ray diffraction

(XRD) results confirmed the presence of quartz, hematite, and kaolinite as the common main



mineral components in the two different soils. However, in NL there is the presence of goethite
whiles in GL there is the presence of halloysite. Moreover, NL is different from GL in terms
of chemical compositions, which were determined through X-ray fluorescence (XRF) tests. It
can be seen that there is higher iron oxide content for NL than GL. With regards to aluminium
sesquioxides content, NL is lower than GL. These differences are likely to influence the
microstructure as well as the dynamic properties. More discussion on the basis of measured
microstructures and macro behaviour is given later. In addition, the total content of the
sesquioxide for NL and GL is 38% and 36%, respectively. With this sesquioxide content, these

two soils are both classified as lateritic soils (Netterberg 2014).

It is well recognized that the microstructure and hence dynamic behaviour of lateritic
soils are greatly affected by the sesquioxide content, which is the sum of iron and aluminium
contents (Goldberg 1989; Airey et al. 2012). For the same sesquioxide content, the fractions of
iron and aluminium oxides could be different. The effects of the different amounts of the two
oxides on the microstructure and dynamic behaviour have not studied. Hence, the two lateritic
soils were tested and compared in this study to investigate the influence of iron and aluminium
contents. The major mineral contents of these two soils are representative of the lateritic soils
widely distributed in West Africa (Lyon Associates and BRRI 1971). They have almost the
same sesquioxide content with a difference less than 2%, but consist of very different iron and

aluminium oxide contents.

Statically compacted specimens were prepared for the soils at 19.5% water content and
1.62 g/cm? dry density as indicated in Figure 2. The two lateritic soils were compacted at the
same water content and to the same density. This is because the compaction water content and
density affect the size of aggregates formed during specimen preparation (Tarantino 2011).
Moreover, due to the presence of iron and/or aluminium sesquioxides, the formation of

aggregations is significant in lateritic soils (Zhang et al. 2016). This compaction method allows



for investigating the influence of sesquioxide content on the aggregation and the possible

influence of compaction water content and density is eliminated.

The initial suction of the compacted specimens was determined using the null-test axis
translation technique. The initial suction of the compacted NL and GL specimens are 150 kPa

and 170 kPa, respectively.

Figure 3 shows drying water retention curves of the compacted NL and GL soils,
measured using a pressure plate apparatus (Tawiah 2019). The measured SWRC was fitted
with the model by Fredlund and Xing (1994) with three fitting parameters (i.e. a, n and m). The
fitting parameters a, n, and m are 2.22, 7.96 and 0.229 for NL, whereas for GL they are 2.56,
12.67 and 0.183, respectively. The residual water condition was not reached in the SWRC test
because only suctions lower than 400 kPa were applied. The air entry value (AEV) for NL and
GL is estimated to be 2 kPa and 2.5 kPa, respectively. It can be seen from Figure 3 that the
AEVs of these two lateritic soils are very low, even though they are classified as CL and CH,
respectively. This is likely because both soils present dual-porosity due to particle aggregation,
as supported by the SEM image. The dual-porosity may be missed in the SWRCs due to limited
data points. The desorption rate of both NL and GL appears to be similar. From Figure 3, it can

be concluded that that GL has a slightly higher water retention ability than NL.

Figures 4 (a) and (b) show the SEM images, which are used for characterising the
aggregation and hence for explaining the dynamic properties of the two lateritic soils. In this
study, the ImageJ software was used for image processing and analysis. The SEM micrographs
were imported into the ImageJ software and binarized to show the aggregates (white) and
interaggregate pores (black) (see Figure 4 (c) and (d)). The fraction was estimated from the
binarized images for the two lateritic soils. On one hand, NL contains about 36% aggregates

and 64% interaggregate pores, whereas GL is made up of 42% aggregate and 58%



interaggregate pores. Compared with GL, NL has more interaggregate pores and its aggregates
are less interlocked. On the other hand, the aggregate sizes of lateritic soils are generally larger
than other soils, attributed to their iron oxides. As illustrated by Zhang et al. (2016), iron oxides
provide cladding effects (i.e. coating on a material) and hence result in larger aggregations of
fine particles. Qualitatively, the SEM micro-photographs presented are useful for quantifying
the aggregate size and hence for explaining the dynamic properties of the two lateritic soils. In
further studies, more microstructural analysis such as MIP tests is needed to fully understand

the influence of sesquioxide on aggregation and the dynamic properties of lateritic soils.

TESTING PROGRAMME, APPARATUS AND PROCEDURES

To investigate the small strain behaviour of lateritic soils, 12 resonant column tests were carried
out in this study. For each soil, two confining pressures (50 and 100 kPa) were applied, and
three suction conditions were considered: as-compacted condition (150 and 170 kPa for NL
and GL, respectively), saturated condition (zero suction) and dried condition (300 kPa). Details
of the test programme are summarized in Table 2.

The tests were carried out using an energy-injecting virtual mass resonant column
equipment (Li et al. 1998). This device is a Drnevich type resonant column apparatus. Figure
5 shows the schematic diagram of the resonant column after Li et al. (1998). The equipment
allows for the continuous measurement of shear modulus and damping ratio in a strain range
of 0.0005% to 0.03%. In addition, the number of vibration cycles is minimized. Hence, the soil

sample disturbance is diminished. Details of the device were reported by Li et al. (1998).

Figure 6 shows the stress paths of the as-compacted, saturated and dried specimens.
The as-compacted specimens were directly put on the pedestal of the resonant column
apparatus after measuring their dimensions. After attaching a membrane, a low vacuum

pressure of about 10 kPa was applied to hold each specimen in place to minimize the soil



disturbance during the installation of resonant column components. The magnet was then
placed on the cap platen and other electronic components were arranged. Another series of
specimens (‘saturated’ specimens in Table 2) was set-up in the resonant column apparatus in a
similar approach and then saturated by applying a back pressure of 200 kPa. For the dried
specimens, their suction was increased to 300 kPa using the axis-translation technique in a
pressure plate. Suction equalisation generally took about 7 days in the pressure plate apparatus.
After suction equalisation, the specimen was transferred to the resonant column equipment.
The initial states of the as-compacted specimen, saturated and dried specimens prior to
application of the corresponding confinement are denoted by Ag, A1 and Az, respectively. Then,
an effective confining pressure of 50 kPa (i.e. B1) or 100 kPa (i.e. C1) was applied to the
specimen for the saturated condition. On the other hand, a net confining pressure of 50 kPa or
100 kPa was applied to the as-compacted specimen (i.e. Boor Co) and dried condition (i.e. B
or C»). During the application of cell pressure, the vertical of each specimen was monitored by
a linear variable differential transducer (LVVDT). The consolidation under a given confinement
was considered to be finished when the reading of LVDT reached a constant value. At the end
of compression, resonant column torsional shear test was conducted. All the resonant column
tests were conducted at constant water condition. Table 2 summarises the testing programme

and soil state after application of the corresponding confinement prior to resonant column test.

INTERPRETATIONS OF EXPERIMENTAL RESULTS

Maximum shear modulus of lateritic soils

Figure 7(a) shows the maximum shear modulus (Go) of NL and GL at a confining pressure of
50 kPa. At zero suction, Go values of NL and GL are 54 MPa and 50 MPa, respectively. Their
difference may be because GL shows a higher swelling during the saturation process and its

density after saturation is slighter lower, as shown in Table 2. When suction increases from 0



to 150 kPa, Go value of NL increases from 54 MPa to 73 MPa (35% increase) and then Go
value increases from 73 MPa to 86 MPa (18% increase) when suction increases from 150 to
300 kPa. For GL, the value of Go increases from 50 MPa to 84 MPa (66% increase) when
suction increases from 0 to 170 kPa. Go value subsequently increases from 84 MPa to 101 MPa
(20% increase) when suction increases from 170 to 300 kPa. It is clear that suction effects on
Go values of GL are more significant than those of NL. This difference is related to the
microstructure of these two soils. As illustrated in Figure 4, the size of aggregates and thus
inter-aggregate pores of GL are smaller than those of NL. The existence of smaller pores allows
GL to retain more water than NL at a given suction. For example, the equilibrium water
contents at a suction of 300 kPa are 17.9% and 16.5% for GL and NL, respectively (see Table
2). Thus, there are more air-water interfaces which provide more stabilising effect in GL,

resulting in a higher increase rate of Go with increasing suction.

Figure 7(b) shows Go values of NL and GL at a confining pressure of 100 kPa. At zero
suction, Go values of NL and GL are 71 MPa and 81 MPa. Go values of GL is larger than that
of NL by 15%. This is different from the findings at a confining pressure of 50 kPa (see Figure
7(a)), suggesting that stress effects on Goare more significant for GL than for NL. The observed
difference in stress effects can be explained using SEM images in Figure 4. Due to the existence
of smaller aggregations and higher clay content in GL, more inter-aggregate contacts are
observed. Hence, an increase in stress would contribute to the increase in Go values of GL more
than NL because of more aggregate contacts. Also, the void ratio of both soils at zero suction
and confining pressures of 50 and 100 kPa (see Table 2) indicates that GL is more compressible
than NL. This result is consistent with those of Cha et al. (2014), who suggest that highly

compressible fine-grained soils have higher stiffness sensitivity to changes in stress.

It can be seen from Figure 7(a) that when suction increases from 0 to 300 kPa, the

moduli of GL and NL increase by about 87% and 54%, respectively. For Figure 7(b), the



moduli of GL and NL increase by about 70% and 60%, respectively. The suction-induced
increment in modulus is larger for GL. This is likely because, at a given suction, GL has a
higher water content than NL, as shown in Figure 3. As a consequence, GL has more water
meniscuses which can enhance contact stress between soil grains leading to an increase in shear
modulus. According to Table 2 and Figure 7, the GL soil at the dried state has a higher Go but
a larger void ratio than that at the compacted state. The difference in void ratio is only 0.004
and 0.007 at 50 kPa and 100 kPa confining pressure, respectively. Hence, the influence of void
ratio should be negligible and suction effects play a dominant role. Note that, the soil suction
was increased to higher suction before subsequent compression in the RC apparatus. This led
to the lower compressibility due to a lower degree of saturation of the dried specimen compared
to the as-compacted soil. Hence, the lower compressibility resulted in the dried soil having
void ratio slightly higher than the as-compacted soil. The higher Go at the dried state is mainly
because at a higher suction, the soil specimen is stiffened by water meniscus (\Wheeler and

Karube 1996).

From Table 2, the difference in void ratio at different suctions is small (less than 0.002).
This implies that soil behaviour during the drying/wetting process is essentially elastic and soil
states are within the LC curve. Thus, density effects on the Go at different suctions would play

a very minor role.

Equation (1) was proposed and verified by Ng and Yung (2008) based on extensive
data. All of the parameters have very clear physical meaning, as explained above. In the current
study, this equation is applied to interpret the experimental results of the two lateritic soils. It
should be noted that some other models can be also used to meet this objective, such as several
models able to capture the non-linear relationship between suction and stiffness at lower and
higher suctions (Vassallo et al. 2007; Sawangsuriya et al. 2008, 2009; Hoyos et al. 2015; Hoyos

and Puppala 2017).



2n _
Gogyjy = Cij F(e) || [1 4 Hetdyz (1)

where Gy ;jy is the maximum shear modulus at the shear plane ij; Cij is a function of soil
structure; F(e) is a void ratio function; p is confining pressure; pr is a reference stress; Ua - Uw IS
matric suction; n and b are fitting parameters. The value of all parameters in equation (1) is
calibrated using experimental results in Figure 7 and summarized in Table 3. The calculated
Go values are also included in the figure for comparisons. It can be seen that the measured and
calculated results are well-matched, suggesting that the equation is able to well capture Go
value of unsaturated soils. On the other hand, among the model parameters, Cjj is used to
describe the structure of the soil on Go. The value of this parameter is smaller for NL (310)
than GL (320) because of smaller aggregations and smaller inter-aggregates pores in GL,
resulting in more stable soil skeleton. This is because of more aluminium oxides in GL than
NL. In general, the aluminium oxides have a greater stabilizing effect on the microstructure
than the iron oxides (Goldberg 1989). The value of n for NL is 0.19 whiles that of GL is 0.25.
The higher the value of n implies the soil with a larger change in void ratio during compression.
Hence, GL is more compressible than NL between 50 kPa to 100 kPa confining stress
considered in this study. In the case of b, it describes the sensitivity of Gg values with changes
in suction. The value of b for NL is 0.17 whereas for GL is estimated as 0.24. In other words,
the influence of suction on the Go values will be larger for GL than NL. The difference in
parameter b is likely due to the existence of smaller aggregations and pores of GL than NL, as
revealed by SEM images (see Figure 4). Hence, GL is able to hold more water at the same
suction of 300 kPa, leading to more meniscus water in GL and thus stiffened the inter-particle

contacts of GL than NL.

Figure 8(a) and 8(b) illustrates the changes in Go values with confining stress (p) at

different suctions for NL and GL, respectively. As expected, Go value increases with an



increase in confining pressure at all suction conditions. With respect to the parameter n and the
microstructure of the soils, the higher the value of n of GL than NL is because of the many
aggregate contacts found in the SEM image of GL. Thus, the influence of stress is observed to
be higher in GL than NL due to the existence of many small aggregations and thus more
aggregate contacts. Stress effects on the dynamic properties of soils have been extensively
studied (Hardin and Black 1966; Vassallo et al. 2007; Ng and Yung 2008; Shankar Kumar et
al. 2014; Hoyos et al. 2015 etc), and the reported results show a very consistent trend. Hence,
stress effects are not the focus of the current study and only two confining stresses (50 and 100

kPa) are considered.

Shear modulus degradation curves

The shear modulus (G) with increasing shear strain was normalised by the maximum
shear modulus (Go) and is represented as the normalised modulus degradation (G/Go) curve.
At a very small strain range (<0.001%), the shear modulus remains nearly constant and the soil
behaves elastically (Simpson 1992). As shear strain increases from a very small strain range
(<0.001%) to small strain range (0.001% - 0.1%), the normalised shear modulus reduces
drastically. The shear strain value separating these two ranges is called the elastic threshold
shear strain. In other words, the elastic threshold shear strain corresponds to the limit of the
elastic proportion (Vucetic 1994; Ng and Xu 2012). The experimental data are best-fitted with
Ramberg—Osgood model parameters (Borden et al. 1996). This is then used to estimate the
elastic threshold shear strain, at G/Go = 0.95 (Clayton and Heymann 2001; Ng and Xu 2012).
This quantification is used in the discussion of the experimental results presented in this

section.

Figure 9(a) shows the G/Go degradation curves for NL. It can be seen from this figure

that the G/Go of NL shifts towards lower shear strain values for 50 kPa confining pressure when



suction increases from 0 to 150 kPa (i.e. NLs p50 to NLc p50). The G/Go further moves towards
lower shear strain values for NL with an increase in suction to 300 kPa for p50 (i.e. NLd p50).
Similarly, at 100 kPa confining pressure, an increase in suction to 300 kPa resulted in a shift

of the G/Gg curve to lower shear strain values for NL.

Regarding GL in Figure 9(b), the G/Go curve also shifts to lower shear strain values
with an increase in suction to 300 kPa for 50 kPa confining pressure. When confining pressure
increases from 50 kPa to 100 kPa (i.e. p100), the G/Go for GL similarly decreases with an
increase in suction to 300 kPa. For both GL and NL an increase in suction to 300 kPa resulted
in a shift of the degradation curve to lower elastic shear strain values. This is due to a change
in the elastic threshold shear strain. Moreover, a shift in the G/Go towards lower shear strain
values could be speculated as a decrease in plasticity (\Vucetic and Dobry 1991; Vardanega and
Bolton 2013) causing the soil to behave more granular after drying to 300 kPa suction due to
the aggregated structure of the NL and GL (see Figure 4). On the contrary, the G/Go of an
unsaturated CDT at suction of 150 kPa and 300 kPa from a previous study (Ng and Xu 2012)
showed that an increase in suction resulted in a shift of the G/Go curve to higher shear strain

values.

Figure 10 shows changes in elastic threshold shear strain with suction. The elastic
threshold shear strain of NL at confining pressure of 50 kPa remains unchanged when suction
increases from 0 to 150 kPa. However, the elastic threshold shear strain values for NL decreases
with an increase in suction to 300 kPa for p50. Similar to p50, the elastic threshold shear strain
at p100 for NL similarly decreases with an increase in suction to 300 kPa. In summary, the
elastic threshold shear strain is lower at higher suction of 300 kPa for the two confining
pressures considered in this study. Generally, the elastic threshold shear strain for all suction

states increases with confining pressure for NL specimens with the exception of NLd.



Regarding GL in Figure 10, the elastic threshold shear strain of GL is also lower at
higher suction for the two confining pressures considered in this study. When suction increases
from 0 to 300 kPa, the elastic threshold shear strains of NL and GL consistently become
smaller. This trend is different from that of other fine-grained soils such as completely
decomposed tuff (CDT), whose threshold shear strain is larger at a higher suction (Ng and Xu
2012). The unique behaviour of GL and NL is likely because they have a high sesquioxide
content (i.e. a large amount of iron and aluminium oxides) and form large-size aggregates.
These aggregates shrink upon suction increases, resulting in larger inter-aggregates pores and
thus a lower elastic threshold shear strain. The decrease in the elastic threshold value with
increasing suction and confining stress is possible due to micro-fissuring., Nevertheless, more
studies on the linkage between microstructural features and elastic threshold strain value are
required in the future. For other fine-grained soils, an increase in suction would increase the
normal force and hence prevent slippage between the soil particles (Wheeler et al. 2003).

Consequently, the elastic threshold shear strain becomes larger at a higher suction.

Initial damping ratio

Figure 11 shows the trend of the initial damping ratio (Do) at a confining pressure of 50 kPa
and 100 kPa. At a particular confining pressure, Do of NL decreases slightly for 0 kPa to 150

kPa followed by a significant increase from 150 kPa to 300 kPa. With respect to GL shown in
Figure 11, Do remains approximately constant as suction increases at 50kPa and 100kPa
confining pressure for GL. In the figure, Do is significantly larger when suction increases to

300 kPa for NL.

The relationship between Do and confining pressure at a particular suction for NL shows
that, generally, the Do decreases with confining pressure. Mostly, the Do decreases as confining

pressure increases with the exception of GLc (s =170 kPa). The decrease in Do with an increase



in confining pressure is consistent with what has been observed by other researchers (Dobry
and Vucetic 1987; Senetakis et al. 2013). As summarised in Dobry and Vucetic (1987), the

damping ratio stays constant or decrease with confining pressure.

The values of Do for NL ranges from 10% to 23% whereas for GL, the Do takes values
ranging from 11% to 14%. From previous studies, higher values of Do have been determined
for some special categories of soils, i.e. 14% for soils with cemented bonding, and 9% for
compacted soils (Mancuso et al. 1993; Tzyy-Shiou et al. 2001; Kallioglou et al. 2008). Hence,
it can be inferred that the presence of iron and aluminium sesquioxides in lateritic soils which
causes aggregation to the compacted soil resulted in the high Do values obtained in this study.
However, the differences between NL and GL implies that the Do values of unsaturated GL are
less sensitive to suction than NL. For instance, at a confining pressure of 50 kPa, Do decrease
slightly (about 12% decrease for both soils) when suction increases to 150 or 170 kPa. On the
other hand, Do increases significantly for NL than GL (i.e. 100% and 22% increase for NL and
GL, respectively) during drying to 300 kPa suction. The difference in Do for NL and GL after

drying to 300 kPa suction is because of the initial microstructure and soil plasticity.

The damping in a soil is the energy dissipation within the material itself, mainly due to
microstructural mechanisms (Ashmawy et al. 1995). According to Upreti and Leong (2018),
increase confining pressure for saturated soil specimen and increase of suction in unsaturated
soil specimen increases the interlocking of the soil grains which reduces the relative movement
of the soil particles and lowering damping of the soil specimens. However, changes in suction
do not only increase interlocking between soil grains, especially in an aggregated soil structure.
Moreover, compacted clayey soils with aggregated structure undergo microstructural changes
following wetting—drying hydraulic paths (Romero 2013). Thus, for an aggregated soil, the
effects of suction on the soil may also result in the evolution of microstructure together with

stiffening of the soil skeleton. With a suction increment from 0 to 300 kPa, the initial damping



ratio (Do) of NL increased from about 15 to 25%. This is likely because the aggregates of
unsaturated soils shrink with an increase in suction (Romero 2013). Consequently, the
interlocking between aggregates may be weakened, resulting in an increase in the damping
ratio. On the contrary, with the same suction increment, Do of GL remained almost constant.
The difference between these two soils is likely because the aggregate size of GL is much
smaller, as revealed by the SEM images. The smaller aggregations are more interlocked, as
revealed by the results of ImageJ analysis. Therefore, suction effects on the damping ratio do

not change significantly.

Strain effects on damping ratio at various stresses and suction

Figure 12(a) shows the relations of normalised damping ratio (D/Do) and shear strain for NL.
For p50, the figure illustrates that the D/Do shifts towards lower shear strain values when
suction increases from 0 to 150 kPa (i.e. NLs p50 to NLc p50) beyond the elastic threshold
strain. However, the D/Do curve of NLd (s = 300 kPa) is between that of NLd and NLc (s=0
and 150 kPa, respectively). Regarding p100, similar to p50, the normalised damping ratio of

NLd p100 falls between NLs p100 and NLc p100 beyond shear strain of 0.008%.

In the case of GL in Figure 12(b), the D/Do curve also shifts to lower shear strain values
with an increase in suction to 300 kPa for 50 kPa confining pressure. When confining pressure
increases from 50 kPa to 100 kPa (i.e. p100), the D/Do for GLs and GLc showed similar
patterns. However, for GLd there is a significant shift of D/Do to lower shear strain values
beyond the elastic threshold shear strain. Consistent with the normalised shear modulus, an
increase in suction to 300 kPa resulted in a shift of the normalised damping ratio curve to lower

elastic shear strain values for GL. This is due to a change in the elastic threshold shear strain.

Discussion



The dynamic properties of each soil were determined at three different states, i.e. as-compacted,
wetting post compaction, and drying post compaction. These three states are not representative
of the same hydraulic path. If the soil water retention curve (SWRC) is considered, the as-
compacted state corresponds to a point on a scanning curve, whereas saturated and dried states
are located on different hydraulic branches due to the hysteretic behaviour of the SWRC. The
hydraulic hysteresis would affect the dynamic behaviour of unsaturated soils, as reported by
some previous researchers (Ng et al. 2009; Khosravi and McCartney 2012; Khosravi et al.
2018). Consequently, the observed differences in Go at the three different states are not only

due to suction, but also hydraulic state.

Pineda et al. (2014) investigated the effects of weathering intensity on the dynamic
properties of two intact weathered soils (a residual soil and a saprolitic soil) at the saturated
state. They determined the microstructure and dynamic response of soil specimens retrieved
from different depths within the same weathering profile. They found that the residual soil had
greater shear modulus than the saprolitic soil. This difference was attributed to the presence of
sesquioxides acting as cementing agents in the residual soil. For each type of soil tested in the
current study, the specimens are expected to have the same weathering intensity because they
were sampled from the same depth (1 m). It is worthwhile to test lateritic specimens retrieved
from different depths within the same weathering profile in future studies, similar to the work
of Pineda et al. (2014). Such a test program is useful for assessing effects of weathering degree
(i.e., iron oxide content, sesquioxides content, and degree of particle aggregation) on the

dynamic properties of the same lateritic soil in an unsaturated state.

Indeed, subjecting lateritic soil specimens to shear strain levels between 0.01% and
0.1% may have induced some changes in the original structure of the soil (degree of particle

aggregation). Further microstructural analysis after shearing is recommended to examine more



closely the influence of the degree of particle aggregation on the observed G/Go and D/Do

responses at rather high strains.

CONCLUSIONS

Based on the experimental study, it is found that the maximum shear modulus Go increases
with increasing suction for both NL and GL. The increase rate for GL is larger than NL by
about 10%. This difference is likely attributed to their different degrees of aggregation. SEM
images reveal that NL consists of larger aggregations whereas GL is made up of many smaller
aggregations. The larger aggregation of NL is likely due to its higher contents of iron oxide,
which enhances cladding of particles. Consequently, GL has a higher degree of saturation than

NL at a given suction, resulting in more air-water interfaces which stiffen the soil skeleton.

With an increase in suction, the elastic threshold shear strain of lateritic clays becomes
smaller. This observation implies that if the stiffness degradation characteristics of unsaturated
lateritic soils are only determined at saturated condition, the elastic threshold shear strain would
be overestimated. Consequently, the stiffness reduction and hence soil deformation may be
underestimated. Moreover, the observed trend is different from that of other fine-grained soils
such as completely decomposed tuff (CDT), whose threshold shear strain is larger at a higher
suction. The difference is likely because lateritic soil has more iron and aluminium oxides to
enhance the formulation of aggregates. These aggregates shrink upon suction increases,
resulting in larger inter-aggregates pores and thus a lower elastic threshold shear strain. For
other fine-grained soils such as CDT, with an increase in suction, the water meniscuses increase
the normal force and hence prevent slippage between the soil particles. Consequently, the
elastic threshold shear strain becomes larger at a higher suction. This may also be due to micro-
fissuring with suction increase. Further research is needed to explore the relation between

microstructural features and elastic threshold strain value.



In terms of the initial damping ratio Do, measured values range from 10% to 23% for
NL and 11% to 14% for GL. These two soils have much larger Do than other soils such as
compacted loess reported in the literature. The high Do values of lateritic soils are likely due to
the presence of iron and/or aluminium sesquioxides, which promote the aggregation of

particles.

The value of Do increases with an increase in suction. As suction increases from 0 to
300 kPa, the value of Do for NL and GL increases by 100% and 22%, respectively. It is clear
that suction effects on NL are more significant than those on GL. The difference is likely
because NL has larger aggregates caused by its iron oxide content. These larger aggregates

shrink more and therefore result in a larger increment in Do.
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Table 1 Physical properties of the lateritic soils

Index test NL* GL*
Atterberg limits

Liquid limit 47 54
Plasticity index 21 32
Particle size distribution (%)

Sand fraction 50 48
Silt fraction 36 26
Clay fraction 14 26
Standard Proctor compaction

Optimum moisture content (%) 19.5 21.2
Maximum dry density (Mg/m?) 1.702 1.612
Classification

USCS (ASTM 2017) Sandy lean clay (CL) Sandy fat clay (CH)
Main chemical composition (%)

Si02 60 62
Fe,03 10 4
ALO; 28 32

*Note: NL: Lateritic soil from Nigeria; GL: Lateritic soil from Ghana



Table 2 Testing programme and soil state prior to resonant column test

Specimen ID* Suction, s: Confining pressure,  Void ratio before Void ratio after Water Degree of
kPa p: kPa compression, €o compression, ef content, w: % saturation, S,

NLs p50 0 0.652 0.647 24.3 0.99
NLc p50 150 50 0.651 0.648 19.5 0.80
NLd p50 300 0.651 0.646 16.5 0.68
NLs p100 0 0.649 0.629 23.6 0.98
NLc p100 150 100 0.651 0.642 19.5 0.81
NLd p100 300 0.651 0.638 16.5 0.69
GLs p50 0 0.652 0.653 23.7 1
GLc p50 170 50 0.652 0.645 19.5 0.83
GLd p50 300 0.651 0.649 17.9 0.76
GLs pl100 0 0.652 0.626 22.8 1
GLc p100 170 100 0.651 0.639 19.5 0.84
GLd p100 300 0.650 0.646 17.9 0.76

*Note: NL: Lateritic soil from Nigeria; GL: Lateritic soil from Ghana; s: saturated c: as-compacted state with a water content of 19.5%; d: drying
in a pressure plate apparatus to 300 kPa suction.



Table 3 Summary of measured & calculated parameters of stiffness and damping ratio

Measured

Specimen 1D €, a b Meegured Calccl}llated therleassfslocld MeaSIOJred Do

0 0 shear strain, (%)

G/Gp =0.95

NLs p50 _ 54 53 0.003 13.3
NLc p50 73 73 0.003 115
NLd p50 86 86 0.002 22.9
NLs p100 310 0.19 0.17 71 72 0.005 10.7
NLc p100 77 96 0.005 10.4
NLd p100 114 112 0.002 22.0
GLs p50 50 50 0.004 12.8
GLc p50 84 79 0.004 11.3
GLd p50 101 98 0.002 13.8
GLs p100 320 0.25 0.24 80 74 0.005 12.5
GLc p100 96 113 0.004 13.2
GLd p100 138 140 0.001 13.1
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