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Abstract: For thousands of years, the volcanic activity present along the Andes Mountain range has
generated a large amount of pyroclastic material. As a result, around 60 percent of the soils present in
Chile have a volcanic origin, of which, we can find soils derived from volcanic ash. These correspond
to soils whose origin is the weathering of volcanic ash, which generates minerals such as allophane,
imogolite, and halloysite. The presence of these minerals gives these soils unique geotechnical
properties, such as high plasticity, low dry unit weight, and a unique internal structure. Subjecting
these soils to extreme temperatures like those needed to perform standard laboratory tests produces
changes in their structures, and thus in their geotechnical behavior. These changes are important to be
aware of with respect to slope stability problems, embankment conformation, surface foundations, etc.
In the present study, a type of soil found in Chile originating from the weathering of volcanic ash and
locally named Trumao was studied. Due to its age and formation processes, the main minerals found
in the soil are allophane and imogolite, and hence it belongs to the allophanic soil type. The material
was studied in its natural state (undisturbed) and, after being oven-dried using common geotechnical
tests, the behaviors of both samples were compared. The study shows that some properties are
affected significantly by the oven-drying process, and thus it is not recommended to expose the
material to high temperatures during geotechnical laboratory testing to avoid misleading results.

Keywords: residual soils; volcanic ash; geotechnical characterization; volcanic soils

1. Introduction

Chile is characterized by an extensive chain of active volcanos that have erupted
over a long period of time a large volume of explosive pyroclastic material ranging in size
from bombs, lapilli to fine volcanic ash. The latter is transported by wind and deposited
over large areas. The volcanic ash is composed of silicate minerals and volcanic glass,
which, over time and weathering, form new minerals, giving rise to a type of residual soil
derived from this volcanic ash [1]. In Chile, one of the soils derived from volcanic ash
has the local name Trumao. According to Schlatter et al. [2] and Veblen [3], Trumao is a
type of allophanic soil of the Andosol order found in central and southern Chile, formed
from young volcanic ash or volcanic ash redeposited by aeolian or mobilized by alluvial
processes. Most of these soils occur near the Andes Mountain range, specifically within the
foothills geomorphological unit [4]. Wright [5] discussed the existence of different types of
Trumao, classified according to the zone where they are located, and differentiating each
depending on the morphology, chemistry, genesis, and classification. Based on the above,
the Trumao of this investigation corresponds to the northern area, presenting an annual
rainfall between 1100 and 2500 mm and maximum temperatures that oscillate between 26
and 28 ◦C.
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In general, the geotechnical properties of soils derived from allophanic volcanic ash
can be correlated to a variation in the temperature during the formation process and the
internal structure of the soils [6]. Trumao changes the internal structure of its particles
when exposed to high temperatures. For example, in preparing soils for geotechnical
laboratory tests, in most cases, the samples achieve temperatures above 100 ◦C. There-
fore, the preparation process could change the original structure, mechanical behavior,
and physical characteristics of some soils. Thus, caution must be considered in studying
the natural behavior of these soils when studied in the laboratory in order to prevent mis-
leading results. Due to the high occurrence of these soils in Chile, they are commonly the
foundation material of a wide variety of constructions and civil infrastructures. However,
due to their geotechnical characteristics, these soils are not commonly used as embank-
ment construction material. Furthermore, it is reported their usage as a filter material for
water treatments [7,8]. For these applications, the changes in the physical properties after
oven-drying could affect the capacities of the filters and should be taken into consideration.

The present research compares the geotechnical behavior of two samples of Trumao
allophanic soil; one, in an undisturbed state (without physical alteration or heat exposure)
and the other, in an oven-dried state (the sample achieves 110 ◦C in the oven and is
remolded if the test requires it). The samples were collected in the Ñuble Region of Chile.
The comparisons were made on common civil engineering properties, such as Atterberg
limits, specific gravity, modified Proctor, California Bearing Ratio (CBR), unconfined
compression strength, sensitivity, deformation properties, and Mohr–Coulomb failure
criterion parameters.

1.1. The Genesis of Soil-Derived Volcanic Ash

As mentioned, these soils are formed from the physical and chemical weathering of
the silicate minerals and volcanic glass present in the volcanic ash. The volcanic glass is a
material with an amorphous structure formed as a consequence of the rapid cooling of the
lava after its expulsion from the volcano. This material is highly susceptible to alteration,
the reason for which it produces different mineral phases over time, including allophane,
halloysite, kaolinite, sesquioxides, and finally forming a lateritic soil [9].

Several investigations have reported that the volcanic residual soil in the area of study
is composed of the minerals allophane and imogolite [6,10–13], and thus they are often
named allophanic soils. These minerals are formed according to the following processes:
(I) dissolution of the primary silicate minerals (Si, Al, and base cations, i.e., Na and Ca);
(II) lixiviation (on a primary instance of Si and base cations and later of Al); and lastly
III), re-precipitation of new minerals such as allophane, imogolite and halloysite [9,14].
The soils with these minerals are called volcanic ash-derived soils and are formed during
an extensive time frame which can oscillate between 500 and 80,000 years [14,15].

1.2. Morphology of Allophane and Imogolite

Allophanic soils are composed principally of two minerals, allophane and imogolite,
mixed with vitreous material. Several investigators have studied the morphology of these
two minerals using TEM and SEM microscopy. Some works study only allophane [16–18]
or imogolite [19,20], but as these minerals usually occur together, most studies describe the
combination of the two minerals that naturally occurs in soils [21–24]. According to these
studies, the allophane morphology is described as having two principal forms. The first
form is a hollow sphere of 35 to 50 Å in diameter, while the second is a discontinuous
annular ring with an inside diameter of 35 Å. The imogolite is conformed as a shape of
hollow microfibers, with diameters of 10 to 30 Å and of variable length [25]. In nature,
allophane and imogolite usually occur together in clusters. Thus, the allophane forms
point clusters, while the imogolite fibers are intertwined with each other [21–24].
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The allophane and imogolite morphologies confer that these types of soils can retain a
large amount of water. The retention of water occurs both inside the particles and their
pores’ macro-structures. This fact plays an essential role in the behavior of these types
of soils.

2. Materials and Methods
2.1. Geological Context and Sample Location

In the Ñuble and Biobio regions, numerous authors have noted the presence of differ-
ent types of soils derived from volcanic ash as the result of weathering over thousands of
years and which occurs overlying the local glacio-fluvial and volcanic geological forma-
tions. Locally, these different types of soils have been named as Trumao, Ñadis, and Rojo
arcilloso. The Trumao presents an age varying between 500 and 20,000 years, while the
Ñadis soils span 10,000 to 20,000 years [10]. The Rojo arcilloso soils are the oldest at around
80,000 years, and due to a more prolonged weathering, the mineralogy is different with the
presence of halloysite in the soil [10]. The soils mentioned above are usually distributed in
bands with a north–south direction, as shown in Figure 1.
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Figure 1. Distribution of the different volcanic soils in the Ñuble and Biobio regions and the location of the area of study.
(Modified after [26]).

The sampling area is located in the region of Ñuble, 35 km to the southeast of Chillán
(Figure 1). The location has the geographic coordinates of 36◦47′26.85′′ S; 71◦46′52.37′′ W,
and an altitude of 520 m above sea level.

The samples were extracted from an exposed slope along a road cut of a forestry road
near route N-55 (close to the town of Recinto). Within the road cut, three soil horizons of
Trumao could be distinguished (Figure 2): H1, corresponding to the upper-most surface
layer, with a large amount of roots and organic material, and a high grade of weathering;
H2, Trumao, with a high grade of weathering, a lesser amount of roots and organic material
and the characteristic that it disintegrates on contact. H3, Trumao, with a lower grade of
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weathering, little or no presence of roots, high moisture content and cohesive behavior.
Table 1 summarizes the different soil horizons with their on-site description.
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Figure 2. Roadside cut where the Trumao samples were extracted for the laboratory studies; (a) soil horizons are defined
based on weathering, (b) location where the sample blocks were collected.

Table 1. On-site geotechnical description of the horizons.

Horizon Description

H1
Light-brown colored sandy silt, with low-to-medium plasticity in its original state.
Medium humidity. Large amounts of roots. Material easily disintegrated into dust

due to its high degree of weathering.

H2
Light-brown colored sandy silt, with medium plasticity in its original state.

Medium–high moisture content (challenging to estimate in the field). Medium–low
amount of roots. The weathering degree of the soil confers its disintegrated features.

H3 Light–brown colored sandy silt, with medium-to-high plasticity. Medium–high
moisture. Null or very low amount of roots.

The sampling was carried out during two different field campaigns, where several
undisturbed block samples were collected (Figure 2b). The samples were isolated with
several layers of plastic film to reduce moisture change during transportation and storage.
In addition, the surface layer of each block was removed before testing to ensure that the
samples were not influenced by drying.

2.2. Sample Description

The present work aims to compare the geotechnical behavior of weathered volcanic
ash soils tested in the laboratory under two different conditions: an undisturbed state
and an oven-dried state. The undisturbed state corresponds to those samples that do
not present any type of alteration or disturbance, especially avoiding moisture changes.
They were extracted directly from the sample blocks, removing the surface layer, and tested
promptly. The oven-dried state corresponds to samples that were oven-dried at 110 ◦C
for at least 24 h and then rehydrated for at least 12 h to achieve the original moisture and
natural unit weight. All samples used in the present work focused on the H3 horizon.

2.3. Methods and Regulations

The American Society of Testing Material (ASTM) standards were followed for the
laboratory determinations. The following tests were strictly performed as specified in the
corresponding standard: specific gravity (ASTM D854), sieve analyses (ASTM D422 and
ASTM D2217), one-dimensional consolidation (ASTM D 2435), unconfined compression
(ASTM D 2166), and direct shear test (ASTM D3080). However, if the ASTM standard pro-
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cedure required oven-drying of the undisturbed samples, the test procedures were adapted
to avoid it. These modifications were made for the following tests: plasticity (ASTM
D4318 and BS 1377-2), modified Proctor (ASTM D1557), and California Bearing Ratio (CBR)
(ASTM D1883). Any changes made have been clearly indicated in this document.

2.3.1. Particle Size Distribution

Particle size analyses were carried out using the following procedures: for the dry
samples, the test was conducted per ASTM D422 standard, while procedure B of the ASTM
D2217 standard was used for the wet samples. Procedure B proposed was performed
for particles passing the No. 10 sieve (2.00 mm openings) without washing. In this case,
the size analyses were done to maintain the in-situ moisture. The moisture content of the
size analyses was determined with an extra sample that was dried in the oven for at least
24 h.

2.3.2. Plasticity

The plasticity behavior tests were performed per ASTM D4318 (Casagrande apparatus
method) and BS 1377-2 (fall cone apparatus method) to both the undisturbed and oven-
dried soil samples, with a slightly different preparation process depending on sample type
as the abovementioned standards require drying the samples prior to performing the tests.
Usually, the material is dried in an oven at 110 ◦C for at least 24 h. However, the preparation
procedure for both liquid and plastic determinations for the undisturbed samples were
modified to avoid exposing the material to high temperatures. First, to the material with
its natural moisture, sufficient water was added to the undisturbed material to achieve a
moisture percentage close to the required (liquid or plastic limit). This moisturizing process
lasted for at least 24 h for all undisturbed specimens. Afterwards, the procedure carried
out was identical to that indicated in the corresponding standard. The oven-dried samples
were dried at 110 ◦C (without passing through the No. 40 sieve) and moistened 24 h before
the test, following the standard procedure.

2.3.3. Specific Gravity

The specific gravity was determined following the ASTM D854 standard, using pro-
cedures A and B for undisturbed and oven-dried samples, respectively. Both procedures
propose the water pycnometer method. The principal difference between the two pro-
cedures is the preparation of the initial sample. Procedure A uses the material with its
original moisture content, while procedure B requires oven-drying the samples before
testing. Nevertheless, the results obtained were compared and resulted similar.

2.3.4. Modified Proctor

The modified Proctor (ASTM D1557) studies the variation of the dry density applying
an equal amount of compaction energy to each sample, changing the moisture content of
the material. In this study, tests were carried out considering the following variations in
the procedure. For the modified Proctor test of the undisturbed state samples, during the
preparation of the samples and in order to avoid the effect of drying of the sample which
may alter the result of the test, instead of drying the sample and adding the amount of
water necessary to obtain the different moisture contents required, the test started with
a sample with its natural moisture content. The samples for the rest of the points were
obtained adding water to the samples. Therefore, the point of lowest moisture corresponds
to the natural moisture content. On the other hand, in the oven-dried state, there were no
deviations from the procedure. The results obtained in this work were also compared with
those obtained by other researchers.

2.3.5. California Bearing Ratio (CBR)

In the California Bearing Ratio test (CBR), the procedure outlined by the ASTM D1883
standard was used, with the following modifications. For the undisturbed state samples,



Appl. Sci. 2021, 11, 11708 6 of 19

CBR tests were carried out at the optimum moisture content obtained from the modified
Proctor test. The amount of moist mass required to perform a CBR test was 45 kg, according
to ASTM D1883 and ASTM D698. An uncompacted and undisturbed sample with a high
moisture content was collected to carry out this test. The material was spread out in a
closed environment under shadow conditions to slowly reduce its moisture content. Daily
moisture content determinations were performed to carry out different moisture contents
versus dry unit weight determinations close to the optimum. In the oven-dried state,
there are no variations, and the ASTM D1883 standard procedure was followed as is.

2.3.6. Compressibility

Oedometer tests were performed to determine the deformation properties according
to ASTM D 2435. To determine the influence of exposing the material to high temperatures,
unaltered specimens carved directly from the blocks collected on site and specimens
prepared using material dried in the oven at 110 ◦C until constant mass were tested. Oven-
dried specimens were prepared to match the on-site characteristics, in terms of dry-unit
weight and moisture content. The results from both types of samples were compared.

2.3.7. Undrained Shear Strength

Unconfined compression tests were performed per ASTM D2166 standard to deter-
mine the undrained shear strength. Undisturbed samples were obtained carving specimens
from blocks collected from the sampling area. The material for the oven-dried specimens
was dried in the oven for at least 24 h before specimen preparation. The specimens were
prepared with the same in situ conditions, such as water content and unit weight.

2.3.8. Drained Shear Strength

The drained strength was studied by performing direct shear tests, following the
ASTM D3080 standard. For the undisturbed samples, the test specimens were directly
carved from blocks extracted from the sampling site. Some changes were applied to the
procedure to test the influence of subjecting the material to high temperatures in its drained
shear strength. The sample was first dried to a constant mass at 110 ◦C. Afterwards,
water was added to match the moisture content of the undisturbed samples. Direct shear
specimens were prepared in the shear box in three layers by tampering until the target
unit weight was reached on each layer. The water content of the specimens was checked
before the test, and specimens with significant differences were discarded. After specimen
preparation, the test was carried out following the procedures described in ASTM D3080.

3. Results and Discussion
3.1. Particle Size Distribution

No significant differences were found comparing sieve results performed by dry or
wet procedures. For both procedures, the material that passed the No. 200 sieve (0.076 mm
openings) was 89% and 87%, for the dry and wet method, respectively. Despite the similar
results obtained, based on practical experience, it is recommended to use the wet method
to determine the fine fraction. It should be noted that the dried fine particles tend to
agglomerate, complicating the separation process, and thus extending the washing time
for several hours.

3.2. Atterberg Limits

Two methods were used to study the liquid limit of the material: the Casagrande
method (ASTM D4318) and the fall cone method (BS 1377-2). Figure 3 shows the results
obtained with the Casagrande method. A total of nine determinations with different
moisture contents were carried out in this investigation. The liquid limit determined with
the Casagrande method on the undisturbed and oven-dried samples was 110% and 62%,
respectively. For the cone fall method, several penetrations were applied to each sample
for every moisture content, as indicated in BS 1377-2. The number of determinations used
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to determine the liquid limit of undisturbed and oven-dried samples with the cone fall test
were 16 and 14, respectively. The moisture content was determined in three different stages
for the undisturbed and four for the oven-dried samples. Figure 4a,b shows the results
obtained in the cone fall tests for the undisturbed and oven-dried samples, respectively.
The mean moisture content was plotted against the resulting penetration to obtain the
liquid limit (Figure 5). The liquid limits determined with the cone fall test were 110% and
83% for the undisturbed and oven-dried samples, respectively.
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The plastic limit was obtained for the undisturbed and oven-dried samples using
three and five samples, respectively. Figure 6 shows the results of the plastic limit as a box
plot representation. The mean plastic limit determined for the undisturbed samples was
80%, while the oven-dried was 58%.
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3.3. Soil Classification

The Unified Soil Classification System (USCS) was used for soil classification as
described in ASTM D2487. The mean percentage of particles passing the sieve No. 200
(0.076 mm openings) was above 50%, and thus the classification was based on Casagrande’s
plasticity chart. The results obtained in this work and others found in the literature for
similar material [10–14,27,28] are summarized in Figure 7.
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Wesley [15] studied volcanic clays located in Java (Indonesia) and determined areas
on Casagrande’s chart where andosols and latosols can be found. These soils are mainly
composed of allophane and halloysite, respectively. The areas mentioned can be seen in
Figure 7 with the black dashed line representing latosols and the red area andosols.

The undisturbed and oven-dried results obtained applying the Casagrande and cone
fall methods are shown in Figure 8 in orange and blue, respectively. The allophanic soil
samples tested in the undisturbed and oven-dried samples were both classified as MH
based on ASTM D2487. With these results, the material could be classified as andosols [15].
The results from the classification and description provided for andosols match the charac-
teristics of the soils studied in this investigation. The liquid and plastic limits determined
in the oven-dried samples decrease by approximately 45% and 20% compared to the undis-
turbed samples. Allophane and imogolite are fine particles that contribute to the plastic
behavior. The plasticity reduction between the undisturbed and oven-dried samples can
be seen as grey dotted lines in Figure 7.

3.4. Specific Gravity

The specific gravity of the solids (GS) determined for the undisturbed and oven-dried
samples are 2.49 and 2.44, respectively. As noted above, the specific gravity performed on
the undisturbed samples was performed following procedure B of ASTM D854.

Varela [6] determined the specific gravity of allophanic soils using procedures A and B
of ASTM D854 with variations in room temperature. The author recommends determining
the specific gravity using both procedures, A and B, of the standard. Several Chilean
researchers determined the specific gravity of different soils derived from volcanic ash,
with values ranging between 2.71 and 2.77 [6,10,11].
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3.5. Modified Proctor

Figure 8 shows the modified Proctor compaction curves obtained in this study and
others for allophanic soils reported in the literature. The maximum dry density (γdmax )
determined in this investigation for the undisturbed samples was 9.76 kN/m3 with an
optimum moisture content (wopt) of 64%. Therefore, it must be noted that the maximum
dry density achieves a value slightly lower than the water unit weight (γw = 9.81 kN/m3).
On the other hand, for oven-dried samples, a value of 10.95 kN/m3 for the maximum dry
density is achieved, with an optimum moisture content of 46%.

The maximum dry density and the optimum moisture content obtained on undis-
turbed and oven-dried allophanic soils samples are significantly different. Similar results
were observed by other researchers [9,13]. The optimum moisture obtained in oven-dried
samples ranges from 35 to 60%, while in the undisturbed samples it is between 70 and
140% (Figure 8). In contrast, the maximum dry density is higher in oven-dried (γd: 9 to
12 kN/m3) than in undisturbed samples (γd: 5 to 9 kN/m3). Some Proctor curves found in
the literature cannot be used to determine the compaction characteristics as they do not
have a clear maximum or they do not even show a relationship between dry unit weight
after compaction and soil water content. For this reason, in this study, these curves were
not analyzed, and thus their results are not included in this investigation. One of these
curves can be seen in Figure 8, corresponding with oven-dried material from Indonesia [9].
The author suggests using a different compaction control method for those materials,
based mainly in strength rather than in compaction itself.

The zero-air-void curve is a function of the dry density, moisture content, and the
specific gravity of the soils. Figure 8 shows two zero-void-curves for allophanic soils
for different specific gravity values: (I) a mean specific gravity of soils obtained in this
work (GS = 2.44), and (II) a value determined by Verdugo [12] (GS = 2.7). In general,
the wet side of the Proctor curve in undisturbed allophanic samples is very close to the
zero-air-void curve.
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3.6. California Bearing Ratio (CBR)

California Bearing Ratio (CBR) tests were carried out to complement the Proctor test
results. Figure 9a,b shows the stress applied of each specimen against the penetration
of the undisturbed and oven-dried samples, respectively. For example, in the specimen
prepared applying 56 hits per layer, the dry unit weight obtained for the undisturbed
samples is equal to 9.1 kN/m3, whereas for oven-dried samples it is equal to 10.7 kN/m3.
The CBR is determined at the penetration of 5.08 mm for both samples, with a value
of 15.4 and 29.4%, for the undisturbed and oven-dried samples, respectively. Therefore,
the CBR at 5.08 mm of penetration determined in the oven-dried specimen doubles the
one obtained for the undisturbed samples. Thus, commercial laboratories should not dry
allophanic soil samples in the oven to measure the CBR due to significant changes in
their results. This is especially relevant as the obtained values for oven-dried samples
are significantly higher, leading to unsafe designs. For example, for AASHTO technical
standards, a CBR equal to 100 for the granular base layer and about 30 for the granular
subbase is required. According to this standard, the oven-dried allophanic soil could be
used as subbase material in pavement construction with a CBR of 29.4%, while the same
soil in undisturbed conditions (with a CBR of 15.4%) could only be used as a subgrade.
The variation of the CBR with the dry specific weight for both samples is presented in
Figure 9c. The behavior of an intermediate state has not been evaluated in this work,
such as drying in the air or under the shade.
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3.7. Compressibility

The behavior of sedimentary and residual soils differs in several aspects, and this
difference can usually be observed analyzing the void ratio-pressure plots both as linear
and semi-logarithmic representations [29]. Furthermore, in sedimentary soils, the precon-
solidation pressure determines the reaction of the soil to a variation of stress, whereas
vertical yield pressure governs the behavior of residual soils. Both the significance and the
physical meaning of these two stresses are different. The preconsolidation pressure can
be modified by partial soil erosion over time after deposition or by height variation of the
water table. An increase in the vertical effective stress caused by either reason generates the
compression of the soil and the increase in its constrained modulus. In contrast, the yield
stress is related significantly to the rock’s weathering in a geological context rather than
the depth where the samples were collected [30]. For this reason, consolidation is usually
not studied in the same way in residual and sedimentary soils. Although in both cases the
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void ratio-pressure plot is analyzed, for sedimentary soils it is typically represented with
the effective pressure axis in a logarithmic scale, whereas for residual soils, a linear scale
is used.

Three undisturbed and three oven-dried specimens, all 50 mm in diameter, were tested
in the oedometer for this investigation. The oedometer curves obtained in the testing cam-
paign for undisturbed and oven-dried samples in a linear form are shown in Figure 10a,b,
respectively, while Figure 10c,d shows them in log form.
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The results plotted in a linear form do not show a clear and pronounced gradient
change at a particular stress level, as reported in the literature [29]. The analyses of the
traditional void ratio against vertical effective pressure in log scale show a preconsolidation
pressure between 200 and 300 kPa (Figure 10c,d). Oven-dried specimens show vertical
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yield stress that depends on the energy used to remold the sample rather than a natural
preconsolidation pressure.

Independent of the logarithmic or linear form of analyses, the initial void ratios
determined in undisturbed samples were between 2.57 and 2.44 (Figure 10c), while the
oven-dried samples were in the range between 2.25 and 1.97 (Figure 10d). Therefore,
the initial void ratio of undisturbed samples can be considered high in comparison with
most sedimentary soils.

For foundations supported in residual soils, it is recommended to assess the consoli-
dation settlement with the coefficient of compressibility (mv) instead of compression (Cc)
and swell (Cs) indexes [29]. The mean coefficient of compressibility determined for undis-
turbed samples within the vertical effective stress range of 25–400 kPa was 6.42·10−3 kPa−1,
whereas for oven-dried specimens in the same effective vertical stress, an average mv of
9.7·10−3 kPa−1 was obtained. The compressibility coefficient determined on residual soils
and allophanic soils reported in the literature and performed within the same stress range
as in this research range from 6·10−3 and 2.5·10−4 kPa−1 [29].

In oedometer tests, a minimum number of settlement readings per loading pressure
are required to determine an accurate coefficient of consolidation (cv). If the number of
readings in the straight part of the curve is less than three, the coefficient of consolidation
is inaccurate. Wesley [29,31] indicated that the coefficient of consolidation of undisturbed
allophanic soils obtained in an oedometer apparatus are unreliable for low pressures (25 to
1000 kPa). Values of the coefficient of consolidation above 0.1 m2/day are inconsistent with
the oedometer test due to the excessive rapid velocity of reducing the water pore pressure
induced by the vertical stress increment [29,32].

Figure 11a,b shows the variations of the settlement percentage with the square root
of time (Taylor’s procedure) at 25 to 50, 100 to 200, and 800 to 1.200 kPa increments for
undisturbed and oven-dried allophanic soil samples tested. None of the curves shown in
Figure 11 can be used to determine an accurate value of the coefficient of consolidation.

The oedometric results obtained in this work for the undisturbed samples were similar
to data found in the literature for the same kind of material [29,31]. However, the oven-
dried results do not show a regular pattern of evolution of their results. Wesley [31]
recommended performing the dissipation of the pore pressure on a triaxial cell instead of
oedometric tests to study the coefficient of consolidation of allophanic soils.
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3.8. Undrained Shear Strenght

Cylindrical specimens with a diameter of 50 mm and a height of 100 mm were tested in
the laboratory to obtain the undrained shear strength of the material. A total of 18 samples
were tested, 9 for the undisturbed state and 9 subjected to oven-drying. Figure 12 shows a
box plot of the obtained results for both states.
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On average, an undrained shear strength of 36.3 kPa was obtained for the undis-
turbed samples, whereas in the oven-dried samples, a value of 8.8 kPa was obtained.
Standard deviation was 7.94 and 3.87 kPa for undisturbed and oven-dried samples respec-
tively. With this data, the sensitivity to remolding of the material can be obtained using
Equation (1).

St =
Su unaltered

Su oven−dried
(1)

The sensitivity value corresponds to 4.15, and thus would classify the samples as very
sensitive soil [33]. Some authors obtained a sensitivity equal to 13 [13], 3 [12], and even a
value of 42 is reported [10]. The scatter of the reported data for the sensitivity to remolding
of the material, depending on the place of sample extraction, indicates the need for a
site-specific characterization of the material. However, a trend in the behavior can be
extracted, with all reported samples being classified at least as sensitive.

3.9. Drained Shear Strenght

Consolidated drained direct shear tests were used to evaluate the drained shear
strength of the material and the influence of oven drying on it. Twelve specimens with
different normal stress were tested for the undisturbed state whereas four were tested
for the oven-dried state. For the undisturbed samples, eight circular (60 mm in diameter,
represented with dashed lines in Figure 13) and four square (100 mm sides) represented
with solid lines in Figure 13) specimens were tested. For the oven dried sample, four
specimens were tested, all using a 100 mm square box. Results are shown in Figure 13.



Appl. Sci. 2021, 11, 11708 15 of 19Appl. Sci. 2021, 11, x FOR PEER REVIEW 17 of 21 
 

 
Figure 13. Direct shear test results (a) Shear stress against shear displacement for undisturbed specimens. (b) Vertical 
displacement against shear displacement for undisturbed specimens. (c) Shear stress against shear displacement for oven-
dried specimens. (d) Vertical displacement against shear displacement for oven-dried specimens. 

For the undisturbed state, specimens with a normal stress lower than 52 kPa behave 
as over consolidated, while for higher stresses, a normally consolidated behavior is ob-
served. However, for oven-dried samples, the specimen with a normal stress of 50 kPa 
behaves as normally consolidated and show neither peak resistance nor increase in vol-
ume. This could be an effect of dynamic compaction. 

To study the drained shear strength of the material, the Mohr–Coulomb criterion was 
used. Figure 14 shows the linear envelopes obtained for undisturbed (red line) and oven-
dried (blue line) samples. 

A friction angle of 29° and 33° was obtained for the undisturbed and oven-dried 
samples, respectively. As for the cohesion, for undisturbed samples, a value of 18.7 kPa 
was obtained while the cohesion of oven-dried samples resulted to be 4.3 kPa. Both enve-

Figure 13. Direct shear test results (a) Shear stress against shear displacement for undisturbed specimens. (b) Vertical
displacement against shear displacement for undisturbed specimens. (c) Shear stress against shear displacement for
oven-dried specimens. (d) Vertical displacement against shear displacement for oven-dried specimens.

For the undisturbed state, specimens with a normal stress lower than 52 kPa behave as
over consolidated, while for higher stresses, a normally consolidated behavior is observed.
However, for oven-dried samples, the specimen with a normal stress of 50 kPa behaves
as normally consolidated and show neither peak resistance nor increase in volume. This
could be an effect of dynamic compaction.



Appl. Sci. 2021, 11, 11708 16 of 19

To study the drained shear strength of the material, the Mohr–Coulomb criterion
was used. Figure 14 shows the linear envelopes obtained for undisturbed (red line) and
oven-dried (blue line) samples.
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A friction angle of 29◦ and 33◦ was obtained for the undisturbed and oven-dried
samples, respectively. As for the cohesion, for undisturbed samples, a value of 18.7 kPa was
obtained while the cohesion of oven-dried samples resulted to be 4.3 kPa. Both envelopes
showed an acceptable fit with a coefficient of determination (R2) of 0.962 for undisturbed
material and 0.999 for oven-dried material. As demonstrated in other test results, oven-
drying the material produces a change in its behavior, with oven-dried specimens showing
more sand-like behavior, while undisturbed samples behave as a more cohesive soil.

4. Summary and Conclusions

The geotechnical behavior of undisturbed and oven-dried allophanic soils was deter-
mined and compared using geotechnical laboratory test. Table 2 summarizes the obtained
results for both states, along with the standard used in the testing procedures. The principal
conclusions attained in the present work are summarized below:

• The plastic behavior soil moisture range was considerably reduced by oven-drying.
Both undisturbed and oven-dried samples classify as MH using the Unified Soil
Classification System, as described in the ASTM D2487 standard.

• Specific gravity tests were performed following procedures A and B described in
the ASTM D 854 standard, with similar results for both methods. The mean specific
gravity of particles determined were 2.44 and 2.49 for undisturbed and oven-dried
samples, respectively. However, other authors have reported values close to 2.7 for
the same type of soil [6,10,11].

• The maximum dry density obtained with the modified Proctor tests increases notice-
ably (12%) with oven-drying, and the optimum water content decreases (−28%)

• The Californian Bearing Ratio (CBR) obtained on undisturbed and oven-dried samples,
determined at the penetration of 5.08 mm, is 15.4% and 29.4%, respectively. With these
results, the material could be used as a subgrade or subbase, depending on material
condition. Thus, commercial laboratories should not dry allophanic soil samples in
the oven to measure the CBR due to significant changes in their results.



Appl. Sci. 2021, 11, 11708 17 of 19

• The initial void ratio of undisturbed allophanic soils is considered high in comparison
with most sedimentary soils. The mean coefficient of compressibility (mv) determined
for undisturbed and oven-dried samples in the range between 40 and 200 kPa of
vertical effective stress was obtained. In these conditions, the value of the coefficient
of compressibility was 6.42·10−3 and 9.70·10−3 kPa−1 for the undisturbed and oven-
dried samples, respectively. It was verified that the oedometer test could not determine
adequately the value of the coefficient of consolidation (cv) in the usual foundations
pressure range (40 to 200 kPa). The aforementioned is explained due to the small
number of lectures in which the soil reduces the excess pore pressure in the typical
vertical effective stress range used in the design of foundations.

• The sensitivity obtained was near 4, classified as very sensitive soil as proposed by
Terzaghi et al. [33].

• A friction angle of 29◦ and 33◦ was obtained, while the cohesion was 18.7 kPa and
4.3 kPa, for undisturbed and oven-dried respectively. Minor changes were achieved
between the undisturbed and the oven-dried samples considering Mohr–Coulomb
failure criterion.

Table 2. Summary of results of the testing campaign.

Property Unit
State

Test Standard
Undisturbed Oven-Dried

Fine content % 87 89 ASTM D422
Liquid limit (Casagrande) % 110 62 ASTM D4318

Liquid limit (Cone fall) % 110 83 BS 1377-2
Plastic limit % 80 58 ASTM D4318

Classification (USCS) - MH MH ASTM D2487
Specific gravity (Gs) - 2.49 2.44 ASTM D854

Modified Proctor γdmax kN/m3 9.76 10.95 ASTM D1557
Modified Proctor wopt % 64 46 ASTM D1557

CBR % 15.4 29.4 ASTM D1883
Initial void ratio (e0) - 2.44–2.57 2.25–1.97 ASTM D 2435

Coefficient of
compressibility (mv) kPa−1 6.42·10−3 9.7·10−3 ASTM D2435

Unconfined shear strenght
(su)

kPa 36.3 8.8 ASTM D2166

Sensitivity (St) % 4.15 -
Frition angle (φ) ◦ 29 33 ASTM D3080

Cohesion (c) kPa 18.7 4.3 ASTM D3080

Based on the results, it is recommended performing geotechnical characterization of
allophanic soils in the same conditions found in-situ and avoid drying samples during the
tests when possible. If these cautions cannot be taken, the uncertainties of the change in
behavior induced by testing conditions should be considered on subsequent analysis using
the obtained parameters.
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